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Abstract. This note presents an indirect adaptive control scheme applicable to nominally con-
trollable non-necessarily inversely stable first-order continuous linear time-invariant systems with
unmodelled dynamics. The control objective is fo achieve a bounded tracking-error between the
system output and a reference signal. A least-squares algorithm with normalization is used to es-
timate the plant parameters by using two additional design tools, namely: 1) a modification of
the parameter estimates and 2) a relative adaptation dead-zone. The modification is based on the
properties of the inverse of the least-squares covariance matrix and it uses an hysteresis switching
function. In this way, the non-singularity of the controllability matrix of the estimated model of the
plant is ensured. The relative dead-zone is used to turn off the adaptation process when an absolute
augmented error is smaller than the value of an available overbounding function of the unmodelled
dynamics contribution plus, eventually, bounded noise.
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1. Introduction

Adaptive control of continuous linear time-invariant systems has been succesfully devel-
oped in the last decade (Feuer and Morse, 1978; Ioannou and Tsakalis, 1986; Morse,
1980; Narendra et al., 1980). Most of the proofs of convergence of the adaptive control
algorithms proposed in the literature are all based on a set of assumptions. Two of these
assumptions are: the knowledge of the system order and the knowledge of the system
relative degree. Besides, the approach of adaptive control via pole placement needs ex-
plicity the controllability of the estimated model of the plant. The hypothesis of inverse
stability and the knowledge on the sign of the high-frequency gain of the plant are suffi-
cient conditions to obtain a controllable estimated model. Works whose goal was to relax
some of these aforementioned assumptions have been presented. In particular the studies
in (Lozano ef al., 1994) and (Suarez and Lozano, 1996) relax the assumption of inverse
stability of the plant. An adaptive control algorithm which stabilizes a first-order contin-
uous time-invariant perfectly modelled regulator system has been designed in (Lozano et
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al., 1994). Also, a global asymptotical stability for a robust adaptive pole placement con-
trol scheme for continuous time-invariant systems with bounded disturbances has been
established in (Suarez and Lozano, 1996). The knowledge of an upper-bound of the dis-
turbances was not assumed and it was estimated as well as the plant parameters. The sta-
bility has been established in both articles without either requiring persistent excitation
probing signals into the system or assuming any prior knowledge of the plant parameters.
However, there is not yet any work which studies the stability of a potentially inversely
unstable system under the presence of unmodelled dynamics.

The presence of unmodelled dynamics and possibly bounded noise on a first-order
continuous time-invariant non-necessarily inversely stable plant is considered in this
work. In this way the assumptions of knowledge of the system order and inverse stability
of the plant are relaxed. Besides, the knowledge of the sign of the high frequency gain
will be also relaxed. This work differs from that proposed in (Suarez and Lozano, 1996)
in that it adds the presence of unmodelled dynamics which complicates the stability anal-
ysis of the system. The tracking of a reference signal, given by a stable filter W,,,(s), with
an additional pole placement is taken as control objective in the ideal case. This objective
is relaxed to achieve a bounded tracking-error in the case of the presence of unmodelled
dynamics, bounded disturbances and uncertainties in the plant parameters. The designed
control law is such that the dynamics of the modelled part of the closed-loop system is
defined by the zeros of an arbitrary Hurwitz polynomial. The controller takes directly the
tracking-error as one of its inputs instead of the system output and it incorporates a new
control parameter with respect to those considered in (Lozano ef al., 1994) and (Suarez
and Lozano, 1996). This parameter makes equal the gain of the closed-loop system with
that of W, (s).

In a non-inversely stable controllable system where the sign of the high frequency
gain is unknown, the controllability of the estimated model of the plant has to be ensured
at all time instant. There are basically two different approaches to circumvent the regions
in the parameter space corresponding to uncontrollable models. One of them relies on the
use of excitation probing signals (Anderson and Johnstone, 1985; Elliot ef al., 1985; Giri
etal., 1989; Goodwin and Teoh, 1985; Kreisselmeier and Smith, 1986; Polderman, 1989),
while the other one is based on the use of a suitable modification of the plant parameter
estimates as in (Larminat, 1984; Lozano et al., 1994; Suarez and Lozano, 1996). In this
paper, the latter approach is used. The modification is of the form § = 0+ wP[3, where
6 and 6 are the modified and unmodified estimated parameters vectors, respectively. It is
based in the properties of the matrix P, which is the inverse of the covariance matrix of
the least-square algorithm. 3(t) is an hysteresis switching function and 7 (¢) is defined
such that the estimated model of the plant is controllable for all time. This modification
adds the function 7(¢) with respect to that used in (Lozano et al., 1994) and (Suarez
and Lozano, 1996). The goal is to avoid the use of the modification procedure when the
estimated model of the plant obtained with the unmodified estimates is far of the non-
controllability domain. Such a function is nonzero only when the unmodified estimated
model is close to losing its controllability domain. This technique is different from that of
Landau, (Landau, 1979). In this paper the modification of the plant parameter estimates
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is analitic. Instead, in the Landau’s techniques a standard estimation algorithm without
modification of the plant parameter estimates is used. When the estimated model of the
plant is close to the non controllability domain the value of the forgetting factor or any
other free-design parameter of the estimation algorithm is modified on line within its
admissibility domain for stabilization purposes.

A normalized least-squares algorithm with a relative adaptation dead-zone and the
aforementioned modification is used to estimate the plant parameters. The above com-
bined technique is the basis to prove the convergence of the estimated parameters and
the boundedness of all the signals in the closed-loop system. The inclusion of forget-
ting factor in the parameter estimation algorithm is not obligatory since the plant is time-
invariant and the controllability of the estimated model of the plant is ensured by means of
the aforementioned modification of the estimates. The knowledge of an upper-bounding
function for the contribution of the unmodelled dynamics and disturbances to the out-
put is necessary to design the adaptive relative dead-zone (Feng, 1995). Besides, it is
proved that the normalized modified prediction error belongs to a residual set defined by
a normalized upper-bound for the contribution of the unmodelled dynamics, and bounded
noise, to the output.

Section 2 of this paper presents the problem statement with the control objective and
the control law. The pole placement problem of the tracking-error dynamics is solved for
the ideal case, i.e., when the plant is known. Section 3 presents the parameters estimation
algorithm that provides a controllable estimated model of the plant. Section 4 presents
the main result of the stability analysis. Section 5 is devoted to a numerical simulation.
Finally, conclusions are drawn at the end of the paper.

2. Problem Statement
Consider the following system under a time-differentiable input

with b; # 0, where 7 is the contribution of unmodelled dynamics and bounded noise of
any order to the output. The argument (¢) has been omitted in the signals u, y and 1 and
their time-derivatives. The following assumption is introduced.

ASSUMPTION 1. The modelled part of the true plant is controllable in the sense that
b1 — abo 7é 0.

As in (Middleton et al., 1988), the following filtered signals are introduced
Y =—qys +y; Uy =—quptus np=—qnp At 2)
with any real constant ¢ > 0. Then, the filtered plant output is given by

Up = —ays + botis + brus +np + € = 07 ¢+ 1y, 3)
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with £ = £ e~ being an exponentially decaying term that depends on the parameterized
initial conditions, denoted by &y, and where

9T = [b07 b1> a, 50]7 ¢T = [Uf, Uf, _yf7 e—qt] (4)

are the true plant parameters and the filtered signals regression vectors, respectively. The
following assumption is introduced in order to be able to calculate a worst-case contribu-
tion of the unmodelled dynamics and bounded noise to the plant output.

ASSUMPTION 2. There exists real constants op € (0,1), ag > 0 and « > 0 and a
constant vector v = [v1, v2], which are known, such that

Inf@)] <7p(t) = ap(t) + gVt >0, )

where p(t) = sup {|vius(7) + vaey(T)]e DY, e = y;p — Yy is the fil-
ST

tered tracking-error with y,, s being the filtered reference signal obtained from g,y =

/ b/
—qYmf F Yms Ym(t) = Wi (s)r(t), Win(s) = % and r(t) a bounded piecewise

continuous signal.

REMARK 1. Assumption 2 is necessary to design a relative dead-zone for adaptation
purposes in the parameter estimation shown in section 3. The width of the dead-zone is
N
1+ /o]l
fulfilled by any system in which the signal n¢(¢) is the sum of a bounded term, plus a
term related to u(t) by a strictly proper exponentially stable transfer function, as shown
in (Middleton et al., 1988).

governed by the overbounding normalized function 77, = . This assumption is

The control objective is the tracking between the system output and the reference
signal with a bounded tracking error. The following adaptive control law is designed to
meet the control objective:

u(t) = ror(t) — riug(t) —ro (yf(t) — erf(t))

W,
_ro(s+q) +r2 (4 — 2 y () ©)
$+q+m $+q+m
t
with 7; being such that 7y = —gqry + 7. % = W(s) = Wo(s)(1 + vAi(s)) +
u
. . bos + by .
vAs(s) is the transfer function of the plant. Wy(s) = ot S the modelled part of
s+a

the plant, vA; (s) and vAx(s) are the transfer functions of the multiplicative and additive
unmodelled dynamics, respectively, and v is a positive constant. A;(s) and Ay(s) must
be both strictly Hurwitz and strictly proper so that Assumption 2 is feasible. The signal
Ym (t) = Wir(t) is the reference signal to be asymptotically tracked by the plant output
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y(t) in the ideal case (i.e., when v = 0). The transfer function of the closed-loop system
is:

(5)

S

<

= )

_ 7'0(8 —+ q)+T2Wm(S)] ((bos —+ b1)+l/((b05 + bl)A1(5)+(S —+ a)Ag(s)))
(s+q+71)(s+a)+ra(bos + b1)+ur2((bos +b1)A1(8)+(s+ a)Ag(s)) '

<
—~
— ~—

The closed-loop transfer function of the system has the pole of the filter W,,,. This fact
gives the possibility of achieving a slower or faster transient tracking-error, depending
on the relative placement of the poles, than in the case of the system with non filtered
reference signal (W,,,(s) = 1) which only has two closed-loop poles. Two poles of the
modelled part of the closed-loop system (v = 0 in (7)) are fixed according to the Hur-
witz polynomial C'(s) = 52 4+ c15 + co by the control parameters r; and ro, and its
low-frequency gain is adjusted to that of W,,, by the control parameter ry. From (7) the
equations to calculate these parameters are

(S+q+’l"1)<8+a>+7"2<b08+b1):C<s>’ - L = = —, (8)

Eqgs. (8) can be written more compactly as
Allro mmo]" =10 ¢1 —q 2], )

where A is the non-singular 4 x 4 matrix

1 0 0 0
- —gbia gqa’by —bla 0
a 0 1 bo
aq 0 a by

This equation is uniquely solvable if the determinant of A is not zero, i.e.,

’Det (A)| = ’qa'bl(bl — abo)’ 2 (56 >0
6/
= |b1(by — abo)| = =% =& (Controllability condition) (10)
qa
for some real small positive constant (. Looking at Assumption 1, it can be seen that the
nominal system is controllable and the control parameters g, r; and ry can be uniquely
obtained from the algebraic system (9).

3. Adaptive Control

When the plant parameters are unknown an estimation algorithm calculates a controllable
estimated model of the plant.
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Estimation Algorithm

The algorithm has three steps. A least-square algorithm with normalization and a relative
adaptation dead-zone is used to obtain an a-priori estimation of the plant parameters in
Step 1. A suitable modification provides an a-posteriori estimation of the plant parameters
in Step 2. This modification ensures the controllability of the estimated model of the plant
obtained with the a-posteriori estimated parameters. It is based on the properties of the
inverse of the covariance matrix of the least-square algorithm. Finally, the functions used
in the modification of the parameters are described in Step 3. One of the functions is an
hysteresis switching function which ensures the convergence of the a-posteriori estimates
provided that the a-priori estimates converge.

Step 1 (A-priori estimation)

en = is used as adaptation error where e = 3¢ — ngG = ¢T§+ 7y is the

T+ 1l9ll
predlctlon error, § = [bo, b1, a, fo] the a-priori estimation vector of the plant parameters
and 6 = 6 — 0 the parametrical error. The augmented error, w = (€2 + ¢L P2, )'/?, is
utilized in the design of a relative adaptation dead-zone, with P(¢) > 0 being the inverse

of the covariance matrix of the least-square algorithm and ¢,, = the regressor

1+ 9]l
of normalized signals. The parameters a-priori estimation is obtained from
P n TP n P n+=n
_SPn0nl g 5POnen (11a)
L+ ¢5, Pon L+ 7¢, Poén

where P(0) = PT(0) > 0, ~(t) is a real function chosen such that 0 < v < (t) <
Y2 < oo with y; and 2 being any predefined real constants, and s(¢) is the relative
adaptation dead-zone defined as

0, it w(t) < g (),
s(t) = . " 11b
0= { Fumy ) w00 010, otormi (e
for any constant iz > 1, and
_Jw—g, if w>y,
f(g,w)—{07 ifow<g (11¢)

It will be proved in Lemma 3.1 of the current section that || P~1(£)8(t)| is bounded.
Then, a bounded function 3*(¢) € 94! exists such that § = 6(t) + P(t)53* (t). This fact
provides the motivation for the following modification to obtain the a-posteriori estimates
of the plant parameters.

Step 2 (A-posteriori estimation)
The modified estimates are calculated from

0(t) = 0(t) + w(t)P(t)B(t), (12)
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where 0(t) = [bo, b1, @, &y)T is the a-posteriori estimation vector of the plant parameters,
B(t) = R and w(t) € R. B(t) is an hysteresis switching function which is equal to
one of the following vectors

Br=p1; B2=p1+p3; P3=0p1+p2+ps;

13
Ba=p3; Bs=p2+p3; B6=p2 (13)

at each time instant, with p; denoting the i-th column of the matrix P. In this way, 3(t)
converges provided that P(t) converges. This function tests the value of the functions
9(Bk) = |pT Bipd Bipl Bk, for k = 1,...,6, to choose the function 3, among those
in (13) as follows. Suppose that the current value for [ is [3; and that j is such that
9(B;) = g(B) for k = 1,...,6. Then, for some hysteresis width o*, 1 > o* > 0, 3
will switch from §3; to 3; as

8= {ﬁja if g(ﬁj) > (L+a%)g(Bi), (14)

0B;, otherwise.

m(t) is chosen below in Step 3 such that the plant estimation model is controllable for all
t>0.

Step 3 (Choice of )
As it will be shown below, in Remark 3, the controllability condition of the estimated
model of the plant is
$(0) = [by(by — abo)| > 6 (15)
for some real 0 < 6 < 1. By introducing the Eq. (12) in Eq. (15), one obtains

U(m,B) = |f3(B)7° + f2(B)7* + fL(B)m + fo| = 6, (16)

where

fo :gl @1 —306); 1(8) = ((2/51 */l;oa)Pz */1;161)1 *30/1;11)3)5

~ ~ (17
f2(8) = (b3 3)* — ap1 Bps B — bops B3 B — bipi Bp3 B;
f3(8) = pi Bps B3 B
Then, 7 (t) is defined as
7(t) = {min{my > 0, mo € R} | Y(m0, ) > 6} (18)

REMARK 2. One way to compute the function 7 (¢) at each time instant is the following,
a) take o = 0, if 7 is such that ¥ (7o, §) > 6, then the search is finished, otherwise,
b) T = 0
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while w<ﬂ'o, 6) <6
do o = 7o + A(’IT())
end
where 0 < Amg < 1 is a real constant. As it will be shown below, in Lemma 3.2,
f3(8) # 0 at all time instant. Then, ¥ (7, 3) is the absolute value of a cubic function on
7 which increases from a starting value Ty € fR. This procedure thus provides a finite
value for the function 7(¢) for all time.

REMARK 3. By introducing (12) in the expression e = 7 — ¢T§ the following plant
estimated model

= —ays +botis +brug + e+ Ee " —nfTPo =670 + eq (19)

is obtained where e, = e — w37 P¢ is referred to as ‘a posteriori’ identification error,
which has uy and y; as input and output, respectively, and e + Eoe 1 — 13T P as
an external disturbance. The controllability condition of the plant estimated model is
¥(0) = |by(by — @b0| > 6. It is obtained from the determinant of the matrix A which is
constructed from A, in Eq. (9) of Section 2, by replacing the parameters of the vector ¢
with those corresponding to the vector § = 6(, 3) through (12).

REMARK 4. If the modification of the parameters was not considered (i.e., 3’ = wﬁ =0
and 6 = 9) the controllability condition of the plant estimation model would be (6 )
|fo| = & > 0. This condition cannot be ensured for all ¢ > 0, thus the modification of the
parameters, with a suitable choice of the functions 7(¢) and 3(t), is crucial to guarantee
the controllability of the plant estimated model.

REMARK 5. In the case of adaptive stabilization for a time-varying plant, the described
algorithm would not ensure the exact identification of the plant parameters for all time.
Then, an estimation algorithm with forgetting factor would be necessary to track time-
varying parameters of the plant.

Let Lo denote the space of square integrable functions. The convergence and stabil-
ity scheme’s properties are given in the following results. Step 1 posses the properties
indicated in the following lemma:

Lemma 3.1.
1) P(t) is uniformly bounded and converges;
2) f(t) € Ly N Lo and sw? € Ly N Lo,
3) a(t) € Ly N Lo and é\(t) is uniformly bounded and converges;
4) s(t) € LyN Lo and P(t) >0 Vt =0,
5) [|P=1(t)6(t)]|| is bounded.

The proof is given in Appendix A. Steps 2 and 3 of the estimation algorithm have the
following properties:
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Lemma 3.2.
1) g(8) = |p{ Bp3 Bp3 Bl > 0 for all time;
2) There exists a finite number of switches in 3(t), and 3(t) and f;(3), for
1 =20,...,3, are bounded and converge;
3) 7(t) and 0(t) are piecewise continuous and bounded functions which converge;
4) TI(t) = max{1, z1x(, f1, f2, f3)} is an upper-bound function for the absolute
—f2+\/f5 +415[(6 — fisgn(fs) — fo)

value of m(t), where z1 =

2| f3]
X = L i 82 fot fusgn(fs), is a logical function which is zero when the
0, otherwise,
1 ) 0
value of z1 is a non-positive real, and sgn(f3) = _’17 Z:;i i 0;

5) The controller parameters ro(t), r1(t) and r2(t) are piecewise continuous and
bounded functions with discontinuities at the discontinuity time instances of
G’ (t) = w(t)B(t) which converge and besides they are time-differentiable
functions except for the discontinuity time instances of 3 (t);

ea(t)
6 €an®) = T8N

max — 1 .
6 Ogaggo{ |wB]1*}

is such that lim {ean 2Bmax M7, } < 0 where

The proof is given in Appendix B.

REMARK 6. In view of Property 6 of the Lemma 3.2 the normalized ‘a posteriori’ iden-
tification error e, (t) belongs to the residual set D given below

D= {ean | tli>n<;lo {ean(t>} < V 261‘113»)(,“/ tliglo {ﬁfn(t)}}

If 7, converges to zero, which can occur with g = 0 in (5) if p(t) converges expo-
nentially to zero, then the residual set D converges to the zero equilibrium. Thus, the
properties of the algorithm are the proper ones of the perfectly modelled case.

4. Convergence Analysis

The substitution of (2) and (6) into (19) leads to the following time-varying closed-loop
system

(t) = A.(t)z(t) + 9(t) (20a)
with 27 = [, uy], 97 = [91,72] and

— - 7(64’507‘2) l_)l 71_)0((] +7’1)
Aw=| "1, i | (20b)

91(t) = boror(t) + (g — @yms(t) + Eoe ™" — ym(t) + ealt),
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(20c¢)
192 (t) = ToT‘(t) .

The proposed modification procedure introduces commutations in the closed-loop
system due to parametrical switchings in the adaptive controller. The issue of existence
of solution of (20a) needs to be discussed before proceeding to the convergence analysis.
Briefly, the solution obtained by linking the solutions between the time instants at which
switchings occur. When there is a discontinuity in 8’ = 73 bounded jumps are produced
in 0,79, and ro. First, note that A.(t) is uniformly bounded from Lemma 3.2 (Parts 3
and 5). If u; and ¢ ¢ are bounded, then there is a bounded jump in @y when 3’ presents a
discontinuity since ¥2(t) is bounded, from (20a) to (20c). The bounded jumps in % and
(' means that e, = 75T¢+ nf— 73T P¢ which also causes bounded jumps. This means
that there is also a bounded jump in € ¢, from (20a) to (20c). The signal z(¢) is therefore
continuous if the signals us and ¢ are bounded, although () is discontinuous at the
discontinuity instants of 3’.

The following theorem establishes the main result of the convergence analysis.

Theorem 4.1 (main result). The adaptive control law applied to the plant (1) is stable
in the sense that u(t) and e(t) are bounded for all finite initial states and any bounded
reference signal r(t), subject to Assumptions 1 and 2 and provided that o in (5) is suffi-

k 2 max
kv 2Bmaspalloll o iy >
g

k is an upper bound of the state transition matrix associated with A.(t) and o is a lower
bound of the absolute value of the real part of the closed-loop system poles.

ciently small so that t1, where t1 is a finite time instant,

The proof is given in Appendix C.

5. Simulation Results

In this section, some simulation results are presented to illustrate the effectiveness of

the robust adaptive control scheme described in Sections 2 and 3. The plant to be

-1 0.2 0.2
controlled is given by Wy(s) = 272, Aq(s) = T35 and As(s) = I

-2
3 and the external input signal is 7(¢) = 0.5(sin 3¢ + sin 5¢). The con-

WM(S) =

stants ¢ = 5in (2), @ = 0.003, ap = 0.25, 09 = 0.25 and vT = [1,0.6] in (5),
the function y(¢) = 0.05 in (11a), x = 1.1 in (11b) and o* = 0.05 in (14), and
1 09 09 09
09 1 09 09
09 09 1 09

09 09 09 1
tial conditions of the estimation algorithm are considered. Besides, 6 = 0.01 is chosen in

(15) as the controllability lower bound. The procedure described above in Remark 2 of
Section 11T is used to compute 7 (¢) with Amg = 1075, The control objective is defined by

P(0) = 10000 x and 6(0) = [—0.2, 0.2, 0.8 0.5 as ini-
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Fig. 1. Output signal in the interval [0, 20]. Fig. 2. Output signal in the interval [0, 2].
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Fig. 3. Control signal in the interval [0, 20]. Fig. 4. Control signal in the interval [0, 2].

the polynomial C(s) = s%+ 3s + 4. The simulation results are shown in the Figures 1-8.
Figures 1 and 2 show the output signals y(¢) (solid line) and y.,, (¢) (dashdotted line). Fig-
ures 3 and 4 show the control signal u(t). Figures 5 and 6 show the a-posteriori estimated
parameters, with by given by the solid line, b; given by the dashdotted line, @ given by
the dotted line and ZO given by the dashed line. Fig. 7 displays the index of the function
(3 chosen from those of (13) and finally, Fig. 8 shows the evolution of the function 7 (t).

REMARK 7. Figures 2 and 4 present, respectively, bounded jumps in the output and con-
trol signals. These jumps occur at the time instants at which the function 5 (¢) = 7 (¢)3(t)
presents a discontinuity. The a-posteriori estimated parameters also present discontinu-
ities at those time instants. These discontinuities are crucial to ensure the controllability
of the estimated model of the plant. The number of instants at which occur discontinuities
in 3’ (¢) and the a-posteriori estimated parameters is finite as it is shown in the Figures 6,
7 and 8, respectively. Fig. 5 shows that the estimated parameters are very large when the
estimation starts since the matrix P(t) is very large at those time instants.
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Fig. 7. Index of the chosen 8-function in [0, 20]. Fig. 8. Function 7(¢t) in the interval [0, 3].

6. Conclusions

An adaptive control algorithm has been presented that stabilizes an, in general, inversely
unstable first-order nominally controllable continuous-time system in the presence of un-
modelled dynamics and, eventually, bounded noise. The algorithm includes the use of a
relative adaptation dead-zone for the closed-loop robust adaptive stabilization. The con-
trollability of the estimated model is ensured by incorporating an appropriate modifica-
tion in the standard least-squares estimation algorithm. The boundedness of the tracking-
error and all the remaining signals in the closed-loop control system is ensured provided
that the nominal plant is controllable.
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A. Appendix

Proof of Lemma 3.1.

1) The matrix P(t) is a continuous monotonic non-increasing function from Eq. (11a).
Besides, P(0) is positive and if P(t;) = 0 atany t; > 0 then, P(t;) = 0 from (11a) and
then, P(t) = 0 V¢ > t1. Thus, P(t) is such that 0 < P(¢) < P(0) and it also converges.

2) Consider the time function V' = 6TP~10 + tr P whichis a non-negative function
since tr P(¢t) > 0Vt > 0 because P(t) is positive semidefinite. From Egs. (11a) to (11c)
and (5) it follows that

s s, = w?) _ s, — w?)
L+ 79l Pén ~ 1+ 7L Py
2

2_1 2_1 2
< () < () L <0 @
p? /1479, Pon ne 1+ ¢ Pon

where sw? = fw > f? has been used. From the integration of the inequality (A.1) it
follows that

[e%e] 2
2 1Y
dtg—(

/0 / p? =1

2

< (MQ"_ -) sup {1+ 965 P} (V(0) = V(o))

0<t<oo

)/000(1 4T P, )V dt

2

< (lﬂ‘i 1)MV(O) < o0, (A2)

where M is areal constant since P(t), ¢y, (t) and y(¢) are bounded. Thus, f () € LoNLe
from (A.2), (11c) and the fact that w(t) = (e2 + % P?¢,,)"/? is bounded since e, (t) is
also bounded. In the same way, sw? € L1 N Ly can be also proved, since s € [0, 1] from
(11b).

3) From Egs. (11a) and (11b) one gets

~

Té\: SQeELQbZ;PQan 32w2¢£¢n

1+v¢L Phn ~ 1+790L Py,
(P(®))[Ipnll*sw® < kosw? (A3)

< Ao
for some real constant ko, where the facts that s € [0, 1]and ||y || is bounded have been
used and \ax (P(t)) denotes the maximum eigenvalue of matrix P at time instant ¢. The

~ ~

integration of this inequality and sw? € L; N Lo, leads to 6(t) € Ly N Lo. Thus, ()
converges to zero as time tends to infinity.
The differentiation of the identity PP~! = I with respect to time and the Eq. (11a)

d sn @l
leads to —(P~1) = ————2"— > (. Thus,
eads Odt( ) T 10T Por 0. Thus

Amin (P7H(t)) = Amin (P71(0)) V2> 0. (A.4)
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From Eq. (A.1), it follows that

t) <
< eT(O)P 1(0)5(0) +tP(0) Vit 0. (A.5)
Egs. (A.4) and (A.5) lead to

Amax (P7H0))]|0(0)[|* + tr P(0) = Ain (PTH0)) | 0(8)||” + tr P(2)
Amax (P(0)) I wP(0) —uP(t) _

i (P0) 7O S PT0)

|00 < < oo, (A.6)

Hence 6(t) and thus 6(t) are both bounded and they converge since 6(t) converges to
zero.
4) From Eq. (A.1), it follows that

/detV(O)V(oo)<oo (A7)
o 1+7¢ Py ' '
Let Iy and Iy be I; = {t € [0,00) | s(t) = 0} and Iy = {t € [0,00) | s(t) # 0},
respectively. At the time instants ¢ € Iy, w > pijp,, > |nyn| and thus, w? — 77]2% > ( are
fulfilled. Then, (A.7) implies

o0 s w? — s(w? —n?
1+’7¢ P¢n Is 1+’Y¢np¢n
>inf { ————— dt = inf { ————— dt. A.
tezz{1+y¢,§P¢n}/bs tlélzz{uwgpqsn}/o s (A-8)

Since inf {M} > 0 so that s(t) € Li N Loo. Then, from i(P_l) =
tel L1 +ypL P, ! < ’ dt -

5¢PnPr

——— it follows that
1+ y¢L Péy,

SPndL
L+~y¢l Pon,

< P7H0) + — s :
(0) Ogﬁx {1 Tpg, ; sdt < oo, (A.9)

P~ !(o0) = P7H0) +/Ooo

since ¢, is bounded and s(t) € Ly. Then, P(t) > 0Vt € [0, 00).
5) From Eqgs. (11a) one can obtain,

[P~ ®e)]| = [P~H©00)] < [|P~H 16 — P~ ©)60)

H/dt P~19)d /Ot (d 9+P19)‘
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/t S¢n¢z:§+ S5Pnen /t 5¢n77fn
p— ———————————————————————————— T - —
0 1+ 7¢£P¢TL 0 1+ ’7¢5P¢n
Losllgnlmy
< [ 2O Wlym 4 A10
[ Trearte (A10)

where e, = —¢76 + Nfn» and the fact that [y, | < 7, have been used. Thus,

— Y — Y k ngbTLHﬁfn
P 1 < P 1
[P < [P0 + [ 132t
—1 Y Hd’nuﬁf’n ¢
<||P (0)9(0)||+01£3§t{m}/0 sdt < oo, (A.11)

since s(t) € L1 N Lo, from part 4 of this lemma, and P, ¢,, and Ty, are bounded.

B. Appendix

Proof of Lemma 3.2.

1) Since P(t) > for all ¢, from Property 4 of the Lemma 3.1, p;(t) # [0 0 0 0] for
alltandi = 1,...,4. For 3 = 31 = p1, 9(B) = |Ip1l|*|p¥ p2||p¥ ps| > 0 except at the
time instants at which p{ p; = 0 and/ or p{ p3 = 0.

If p{ps = p{ps = O then, for 3 = B2 = p1 + p3, 9(8) = [Ip1 [P psl[lps)|* > 0
except at the time instants at which pl'ps = 0. If pT'py = pI'ps = pl'ps = 0 then, for
B = B3 = p1 +p2+ ps, 9(B3) = |Ip1lI?I|p2l|*|lps)|* > 0 since P(¢) > 0 for all ¢ implies
that ||p;(t)|| > Oforall tandi =1,...,4.

If p{'p2 = 0 but p{'ps # 0 then, for 3 = B4 = ps, g(B) = |p{ psllp3 pslllps)|* > 0
except at the time instants at which pd p3 = 0. If pI'p3 = 0 then, for 8 = 35 = p2 + ps,
9(8) = [p1psllp=?lps|® > 0.

If pi'p3 = 0 but p{ py # 0 then, for 3 = G5 = p2, g(8) = Ip{ p2|lIp2/*[p3 P3| > 0
except at the time instants at which pd'ps = 0. If pI'p3 = 0 then, for 8 = 35 = ps + p3,
9(B8) = |pTpa|||p2|l?|lp3|l > 0. Thus, the Property 1 is proved since the modification
algorithm takes the function 3(t) according to eqn. (14) and at every time instant at least
one of the functions g(3;) fori = 1,..., 6, is higher than zero.

2) Since P(t) is bounded and converges from Part 1 of Lemma 3.1, all the functions
Bi(t) in (13) and thus g(B;), for i = 1,...,6, are bounded and converge. From the
hysteresis rule (14), it can be seen that the number of switches in 3(¢) is finite and 3(¢) is
bounded and converges. Besides, since P and 9 are bounded and converge from Parts 1
and 3 of Lemma 3.1, the functions f;(3), fori = 0,...,3,in (17) are also bounded and
converge.

3) The function () takes values which depend on the functions f;(5), for i =
0,...,3, from (16) to (18). 5(¢) has been constructed such that (7, 5) in (16) is the
absolute value of a third order function on 7 since g(3) = |f3(8)| > 0Vt > 0. There
exists a bounded function 7(¢) such that ¢(m, 3) > 6. Besides, 7(t) is a piecewise con-
tinuous function and converges since the functions 3(¢) and f;(3), fori = 0,...,3, are
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also piecewise continuous functions and converge. Thus, 6(¢) is also bounded, piecewise

o~

continuous and converges from Eq. (12), since P(t) and 6(t) are bounded and converge.
4) When |fy| > ¢ the function 7(¢) = 0 fulfils the condition (16). Thus, in this case
|7(t)| is bounded. When | fo| < é then the function 7 (¢) that fulfils the condition

[+ for® + fim+ fo 2 6 (B.1)

also verifies (16). By considering 7 = |m|sgn ( f3) the function 7(¢) such that

§—
Falla? + fls + s () > L2 (B2)
also fulfils the condition (B.1). If |7 (¢)| > 1 then the function 7(¢) such that
\fal|7|* + falm| + fisgn(f3) — 6+ fo =0 (B.3)

also verifies the condition (B.1). Any w(t) such that |7(¢)] > =21, where z3 =
—f2+ Vf5 + 415106 — fisen (f3) — fo)

2| f3|
|f3]|72 + fa|m| + fisgn (f3) — & + fo, fulfils (B.3). Then, the function 7(¢) such that

is the highest root of the function G (|7]) =

|w(t)| = max {1,21x(6, f1. f2. f3)} (B.4)

1, ifé6 > fo+ fisen(fs)
0, otherwise
which is zero when the highest root of G (||) is negative.

In any case, II(t) = max{1, z1x} is an upper-bound function for the absolute value
of 7(t).

5) The estimated model of the plant is controllable since there exists a bounded func-
tion 7r(¢) which makes ¢ (7, 3) > 6. Then, ro(t), r1(¢) and r2(t) are bounded while being
piecewise continuous functions with a finite number of discontinuities from the resolution
of the controller. Thus, they are time-differentiable functions except at the time instants
of discontinuity of 3’ (t) = (t)3(t). Besides, 7 (t), r1(t) and ro(t) converge since 6(t)
converges.

6) From the definition of e, (t), e, = e—7 3% P, it follows that e, = e, — 7T P,,.
From (a + b)? < 2(a? + b?) for any a, b € R, one obtains that

fulfils (B.3) and thus, (16), where x = { is a logical function

2 < o(,2 24T P2, | < 20 (.2 . 4T p2
ean < 2(eq, + 78] 67 P?¢n) \QOgiﬁo{laHWﬁH Jen + & P2n)

= 2BmaxW” = €5y = 2Bmaxt N1y < 2Bmax(w® — 1°77,)
= lim {ef, = 2Bmaxtt®T},} < Jim {20max(w® = p*77,)} <O (B.5)

since 5(t) € L1 N Lo implies that w? < 1?77, when ¢ tends to infinity.
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C. Appendix

Proof of Theorem 4.1.

A.(t) is bounded since 0(t) and the controller parameters o, 71(t) and ro(t) are
bounded, from parts 3 and 5 of Lemma 3.2. The eigenvalues of A.(t) are strictly inside
the stability boundary for all ¢ because of the control objective. The elements of A.(t)
are bounded and time-differentiable functions in the open interval between any two con-
secutive discontinuity instant of 5’, from Part 5 of Lemma 3.2. Then

T - Nt
/t ||AC<T)y|dT:/t y|AC<T>y|dT+Z/f 1A dr
=1 i
N—-1 t;rl N t+T .
+Z/+ ]|AC(T)Hd7'+/+ [A(r)|| dr < oT() +}n (C.1)
=1 ti tN

for all ¢t and T and where kq is sufficiently small, with ¢;, for ¢ € {1,..., N}, being
the switching time instants of the function §’(t) in the open interval (¢,¢ + T') and
A(r) = BE: : Z; E: : Z;] with §(¢) being the Dirac-delta function. f:j IA®)| dr
is bounded since the interval of integration is of zero width. The condition (C.1) is veri-
fied since the number of switches of 3 (t) is finite and A(t) is time-differentiable in the
open interval between any two consecutive discontinuity instants of 5’. Then, the condi-
tions of Lemma 3.1 of (Ioannou and Datta, 1991) are fulfilled and thus the homogeneous
system @(t) = A.(t)z(t) is exponentially stable.

The algorithm ensures there are no finite escapes and the upper bound func-
tion for the absolute value 7(t), TI(t), converges asymptotically to a value such that

ag
We then redefine the time origin ¢; as the time instant such that for ¢ > ¢; there are

kv/2Bmaxpc||v]]

g

< 1 is verified, provided that o in Assumption 2 is sufficiently small.

not switches in 3'(¢) and the condition < 1 is verified. From (20a), it

follows that
t
z(t) = ¢(t, t1)z(t1) + | o(t, 7)d(7) dr. (C2)
t1

where ¢(t, T) is the state transition matrix associated with A.(). Since the homogeneous
part of (20a) is exponentially stable and x(¢;) is bounded, (C.2) leads to

¢

l2(0)]| < k1 + / kae ) (7| dr (C3)
t1

for some k1, k2, o > 0. The term ||9)(¢)|| is upperly bounded by

PO < [1@O] + [92(6)] < (14 [bo]) o] | ()]
+ g =@l [yms O] |Solle™ | + [ym (B)] + |ea(®)] < ks + [ea(t)

,(C4)
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where the Eqs. (20c), the Schwarz’s inequality and the fact that bo(t), a(t), &,(t) and
ro(t) and the signals y,, ¢ (t), ym(t), e~ %, r(t) are bounded have been used. The sub-
stitution of (C.3) yields

t
z(t)]| <k +/ koe ™) (ks + |eq(7)]) dr. (C.5)
t1

From Eq. (B.5), €2,, < 2fmaxw?. Thus, from (C.5), it follows that

()| < ka+ / ko v/2Bomae =" (1 + || 6(7)]|) (w(r) — £(7)) dr
[ B o1 4 o)

t1

t
< ks +/ ko/2Bmaxe " pa sup {\fulqu(T’) + 1)2€f(T/)|6700(7—77J)} dr
ty

Gt <T'<T

/k‘ﬁe—"(t T)f (1—1—“(;5 H)dT
2 max
n ko ﬁaﬂa”UH sup {Hx(T)H}
1STKE

t
+/k66 ENF(r) (1 4+ ||o(r)]]) dr, (C.6)
t1

where the term w has been split into the terms f and w — f < p7j;,, = (1 + [|¢]]) 7,
from (11c) and (5) and the fact that [[v]| sup {[|=z(7)|} > sup {|vius(r) +

1STSE 1STSE

vee (T } for a vector constant vI' = [v1, v2] have been used. Since the right-hand
side of (C.6) is monotonic non-decreasing in ¢, it follows that

ko208 max || v
sup {[le(m)l]} < ks + 2V Hmaiallvl o
t1 <7<t 9 t <<t
t
+ / koe =" F(r) (1 + |o(r)])) dr. 7
t1

Then, provided that & < o /k2v/2Bmax/t||v], one obtains

t
le(®]) < b+ ks [ £ (1 ot (©8)
t1
From Eq. (4), one gets

. _ 1/2 . _
18]l = (i3 +u% + 3 + e 22 < Jag| + ug| + lys] + e
< ug|+ lugl + lef| + [Ympl + e < ug| + lug| + leg| + ko (C9)
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Also, from Eqgs. (2) and (6), if follows that
lipl < lg+riflug| + Iralle sl + [rollr(E)] < kio + Kiafug| + Fraley] (C.10)

for some constants k19, k11 and k12 since 7o(t), 71 (¢) and r2(t) are bounded. The use of
(C.10) in (C.9) leads to

ol < kig + kralug| + kisler| < kis + kasllz|- (C.11)

From (C.8) and (C.11), it follows that
t
o) < bae + s |2 (b + b))
ty
t
< ko1 + Im/ F@)?|a(n)|]? dr, (C.12)
i1

where the fact that f(¢) € Lo has been used. Gronwall’s lemma (De Guzmadn, 1982) in
(C.12) leads to

t
Hx(t)H2 < koy exp (Z kgng(T) dT) < 00. (C.13)

Thus, ||z(¢)|| is bounded and then, w(¢) and € ;(¢) are bounded. From (C.11) and (5),
#(t), p(t) and7);(t) are also bounded.
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Robastinis adaptyvus pirmos eilés tolydinio laiko sistemos,
galimai nestabilios, ja apvertus, sekimas su poliu keitimu

Santiago ALONSO QUESADA, Manuel De la SEN

Darbe pasidlyta ir tiriama nominaliai valdomu, nebiitinai jas apvertus stabiliy pirmos eilés toly-
diniu tiesiniy, nesikeicianciu laike sistemu su nemodeliujama dinamika netiesioginio adaptyvaus
valdymo schema. Pateikti modeliavimo rezultatai.



