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In adaptive control, the objective is to provide a single controller (consisting of
a feedback law and a parameter adaptation law) which can control each system
belonging to a certain class of systems. The systems are not known precisely:
only structural properties (e.g. minimality, minimum phase, known relative
degree) are assumed to hold. The control objectives are stabilization, tracking
or servomechanism action. The paper surveys those aspects of the field of
adaptive control which started in the 1970s wherein no parameter estimators
are used. In addition to universal adaptive controllers for finite dimensional
minimum phase systems of relative degree 1, controllers for higher relative
degree, non—minimum phase, infinite—dimensional, and nonlinear systems are
also presented.

1. Introduction

A WIDE range of control theory deals with the problem that, for a known plant,
a controller has to be designed in order that the feedback system achieves a pre-
specified control objective. The fundamental difference between this approach and
that of adaptive control is that the plant is not known exactly, only structural in-
formation is available. The aim is therefore to design a single controller which can
be applied to a variety of systems belonging to a certain class. The control law has
to be designed so that the controller learns from the behaviour of the system, and
based on this information, it adjusts its parameters. This area has been intensively
studied over the last 40 years. See Astrom (1987) for a survey article.

Up to the end of the 1970s, most adaptive control mechanisms would attempt to
identify or to estimate certain parameters of the plant, and then design a feedback
controller on the basis of this information. In this survey, an overview is given
on adaptive controllers which are not based on any parameter identification or
estimation algorithm or injections of probing signals. The objective is not to obtain
information about the plant, but simply to control the unknown plant or process.
For a conceptual framework, containing the controllers described in the present
paper and, in addition, adaptive control systems formulated in terms of error models
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322 A.ILCHMANN

based on identification mechanisms, see Morse (1990), (1990a).

Most of the adaptive controllers surveyed in the present paper fit into the fol-
lowing general description. Suppose X is a certain class of linear finite dimensional
time-invariant systems of the form

z(t) = Az(t) + Bu(t) + Eyw, y(t) = Cz(t) + E2w, z(0) e R" (1.1)
(A, B,C, Ey, E3) € R*X% x RPX™ x RPX™ x R"X™ x RPX™1, '

n1, m,p are usually fixed, but n is an arbitrary and unknown number, y;.; belonging
to a (known) class of reference signals V,.;, and w belongs to a (known) class of
disturbance signals D. It is desired to design a feedback law

u(t) = f(E(0), (1), vres (1)) (1.2)

depending on the reference signal, the system output, and a ‘tuning’ parameter k
generated by '

E(t) = g(k(®), y(t), yres (1)), K(0) € R’ (1.3)

so that there exists a (unique) solution of the closed loop system (1.1)-(1.3) on
[0, 00), the internal variables are bounded, and most importantly y(t) asymptotically
tracks yr.s(1).

DEFINITION 1.1. Let f:R!x RP x RP—R™, g¢:R'xR? x RP—R/ be continuous
in y and yr.s, and piecewise right continuous in k. The controller consisting of
the feedback law (1.2) and the adaptation law (1.3) is called a universal adaptive
regulator solving the servomechanism problem for the class of systems I, the class
of disturbances D and of reference signals V,.y, if for every w € D, yrey € Vrey,
and every system (1.1) belonging to X the closed system (1.1)-(1.3) satisfies

(i) there exists a (unique) solution on R,

(ii) z,y,u are bounded if y,.; and w are bounded
(i) 1imycal0(t) = gres (9] = 0
(iv) limy—oo k(t) = koo € R exists.

l is called the order of the controller.
A (universal) adaptive regulator is called a (universal) adaptive tracking controller
if D = {0}, and a (universal) adaptive stabilizer if D = {0} and Y,.; = {0}.

If the closed-loop system does not have the property of uniqueness of solutions,
then (ii) and (iii) must be valid for every solution.

We also introduce adaptive controllers which do not fit into the descriptions given
in Definition 1.1, i.e. k(-) in (1.3) not being generated by a differential equation, f
and ¢ depend on time, or X is a class of infinite—dimensional or nonlinear systems.
However, an extension of the above definitions to these cases is straightforward.
The model reference problem is also covered by the tracking problem since the class
of reference signals can be identified with a class of reference models and its inputs.
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The knowledge of the system, disturbance and reference classes is crucial for the
design of simple adaptive controllers. If the system class consists of single-input
single—output systems of the form

z(t) = Az(t) + bu(t), y(t) =cz(t), =z(0)eR" }

(A,b,c) e R*™" x R™ x RIxn (1.4)

and the problem of adaptive stabilization is studied then the following assumptions
are known as standard assumptions

(A1) The sign of the high frequency gain is known.

{(A2) An upper bound on the order n of the process is known.
{A3) The relative degree of the plant is known.

(A4) The system (A, b, c) is minimum phase (see Definition 3.1).

Over the last 15 years, various authors have investigated the necessity of these
conditions, how they can be generalized for larger classes, if they can be relaxed
and how to design simple universal adaptive controllers. A chronological list of the
most important contributions is as follows.

The first adaptive stabilizer, not based on identification of the system parame-
ter and being universal for the class of single-input single—output systems satisfying
only the assumptions (A1)-(A4), was given by Feuer and Morse (1978). This ap-
proach was improved in the following years; however, the controllers use full state
observers and are thus complicated in nature. The first very simple controller explor-
ing the high-gain properties of minimum phase systems was introduced by Willems
and Byrnes (1984). They showed that the controller ¥ = y?, u = —sgn(cb)ky is a
universal adaptive stabilizer for all systems of the form (1.4) satisfying (A1), (A4),
and having relative degree 1. The open question, see Morse (1983), as to whether
the knowledge of the sign of the high frequency gain (Al) is a necessary condition
for adaptive stabilization was answered by Nussbaum (1983), who presented an
adaptive stabilizer for first order single-input single—output systems where the sign
of ¢b is unknown. A very early contribution was made independently by Mareels
(1984) who introduced a simple controller for the class (1.4) satisfying (A1), (A3),
(A4), he used the ‘internal model principle’ to solve the tracking problem. It was
shown by Martensson (1985), (1986) that the assumptions (A1)-(A4) can be weak-
ened considerably. He proved the general result that the order of any stabilizer
is a sufficient information for adaptive stabilization, Byrnes et al. (1986) showed
the ‘almost’ converse. These results opened up a whole area of research devoted
to the problems of non-identifier-based adaptive control. It was shown that the
Willems-Byrnes controller can be used for multivariable minimum phase systems,
being robust with respect to certain input and output nonlinearities, and also the
tracking problem was solved. Extensions to nonlinear and to infinite-dimensional
systems were given. The controller suggested by Martensson (1985),(1986) was sim-
plified by Miller and Davison (1988) and used to solve the servomechanism problem.
The idea of using discontinuous feedback has been introduced by Ryan (1988) to
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golve the stabilization and tracking problem for much larger classes of systems in-
cluding certain nonlinear systems. Miller and Davison (1991) presented a controller
which solves a modified tracking problem for minimum phase systems, exhibiting a
much better transient behaviour.

The aim of the research can be divided into two groups. One aim is to give
necessary and sufficient conditions for classes of systems to solve the stabilization,
tracking or servomechanism problem. These results are existential in nature: they
show feasibility. The other aim is to design simple adaptive controllers which can
easily be implemented. Mathematically, the controllers can be distinguished by
whether or not they depend continuously on k. If a switching gain type controller is
considered then the feedback gain switches at discrete points of time and between
these points k is held constant. Therefore the resulting closed loop system is a
piecewise time-invariant linear system coupled with a scalar nonlinear equation.
This simplifies the analysis.

The paper is organized in a systematical rather than in a chronological way. In
order to make the reader familiar with some basic techniques used in this area, some
proofs are given explicitly. We start in Section 2 with the most elementary class of
systems, namely first order systems. Even in this simple situation we gain insight
into basic ideas as high—gain, switching strategy, and necessary and sufficient con-
ditions. In Section 3, the class of multivariable linear systems which are minimum
phase and of relative degree 1 is studied. After presenting basic properties, we in-
troduce various controllers and extend the system class step by step by generalizing
the assumption on the high frequency gain. In Section 4, the assumption of relative
degree 1 is dropped. Eventually, non-minimum phase systems are studied in Sec-
tion 5. Principal results on adaptive stabilization and model reference control are
reported in Section 6. In Section 7 (respectively, 8) it is shown how previous results
could be extended in an infinite-dimensional (respectively, nonlinear) set-up. Open
problems and future research is discussed in Section 9.

Contents

2. Single~input single~output systems of order 1.

3. Multivariable minimum phase systems of relative degree 1.
3.1 Properties of minimum phase systems
320(CB)C 4
330(CB)CcC. or o(CB)CCs;
3.4det(CB)#0
3.5 Exponential stabilization
3.6 Tracking
3.7 Robustness

4. Minimum phase systems of higher relative degree.
4.1 Observer-based model reference controllers
4.2 Non-observer-based stabilization and tracking
4.3 Tracking within a ball

5. Non-minimum phase systems.

5.1 Stabilization
5.2 Tracking and the servomechanism problem
6. Necessary and sufficient conditions.
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7. Infinite-dimensional systems.
8. Nonlinear systems.
9. Conclusions

2. Single-input single-output systems of order 1

In this section, we consider the simplest system class, namely single-input,
single-output systems of order 1. In this case we gain insight into the idea of high-
gain adaptive control, the concept of switching functions, and characterizations of
universal adaptive stabilizers.

Consider the class of controllable and observable scalar systems of the form

() = az(t) + bu(t), t) = cz(t), z(0) e R
Z,(b),ceaIfR( )a.ndu(cz;éo Vo) ® ©)e } (2.1)

If we apply the feedback law u(t) = —ky(t) to (2.1) then the closed loop system has
the form

£(t) = [a — kcblz(t) (2.2)

Clearly, if a/|cb] < |k| and sign(k) = sign(cb), then (2.2) is exponentially sta-
ble. However, a,b,c are not known and so the problem is to find adaptively an
appropriate k so that the motion of the feedback system tends to zero.

Consider first the subclass where the high frequency gain is positive

(a,b,¢) belongs to class (2.1) and satisfies ¢b > 0. (2.3)

Now a time-varying feedback is build into the feedback law

u(t) = —k(t)y(t), (2.4)

where k(t) has to be adjusted so that it converges to a finite limit which is large
enough to ensure stability. This can be achieved by the adaptation rule

E(t) = [y(2)]P, kE(0)eR (2.5)

where p > 1 is arbitrary. The nonlinear closed-loop system

z(t) = [a— k(t)eb]z(t), k(1) = ICIP'/(; |z(8)|P ds + k(0), (k(0),z(0)) e RxR

(2.6)
has at least a solution on a small interval [0,%’), and the solution

z(t) = exp { /0 fam k(s)ch] ds} + z(0)

is exponentially increasing so long as a — k(t)cb > 0. Hence, k(t) > t|cz(0)|? + k(0)
also increases. Therefore, there exists a t* > 0 such that a — k(t*)cb = 0 and (2.6)
yields a — k(t)cb < 0 forall t > t*. This yields that the solution z(t) decays
exponentially and lim;_ o, E(t) = ko € R exists. So we have proved that (2.4),
(2.5) is a universal adaptive stabilizer for the class (2.3).
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Furthermore, as S. Townley of the University of Exeter pointed out to the author,
in this simple situation it is even possible to determine the terminal gain ko, :=
lim;_.c k(1) in terms of the system data. If, for example, p = 2 in (2.5), then it

follows from (2.2) that )
y()y(t) = (a—k(t)cb)k(t)

and integration yields

9_(23_2(0_)2= ta—kscbicsds: k(t)a—TdeT
LY = [ (- kettico /k(o)( )dr.

Since lim; .o z(t) = 0, ko is the positive solution of the quadratic equation

2 C
_y(_g)_ = afkeo — £(0)] — 3”[/:; — k(0)’]

which is

_a a 2 y(0)?

It was an open problem as to whether there exists a universal adaptive stabilizer
for the class (2.1). Morse (1983) conjectured that there does not exist a universal
adaptive stabilizer if f and g, see (1.2) and (1.3), are differentiable functions. This
would imply that the knowledge of the high frequency gain is a necessary condi-
tion for universal adaptive stabilization, see (A1l). Nussbaum (1983) proved that
the conjecture is true if f and g are required to be polynomials or rational func-
tions. More importantly, Nussbaum introduced the following rich class of analytic
controllers which are universal adaptive stabilizers.

u(t) = [k(t)* + 1Jh(k(@)y(t), k(1) =u(t) [k(@)*+1], KO)eR (27

where h: R—R is an analytic function satisfying

1 [* 1 [*
— | h(s)ds = d inf — | h(s)ds=-—
.?;po k/o (8)ds = +oco an inf k/o (8)ds 00

Nussbaum’s example is
h(k) = cos (—gk) exp {k2} . (2.8)

The intuition behind this controller is that the switching function h(-) takes
both positive and negative values and the sign is kept constant on longer and longer
intervals. Eventually A(-) has the ‘correct’ sign for a sufficiently long period in which
the closed loop system stabilizes out such that k(t) converges to a finite limit and
no more switching occurs.

Willems and Byrnes (1984) proved that the following simplification of (2.7) is a
universal adaptive stabilizer for the class (2.1) as well

u(t) = N(E@O))k(y(t), k@) =y(t)?, k0)eR (2.9)
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where N:R—R is a Nussbaum function, i.e. a piecewise right-continuous function
which satisfies the so called Nussbaum condition

1 [* S
il;}());/(; N(r)rdr = 400 and ;1;%;/0 N(r)rdr = -~ (2.10)

Examples are given by N;(t) = sin/%, Na(t) =t cos ¢, and
1 if 0< |t| < Ao
N3(t) = 1 if An < |t] € An41, n even
-1 if An < It' < /\n+1 , n odd

where, for example, A, :=n? or Aqyy := A2, Ao > 1.
The following stabilizer suggested by Morse (1984)

u(t) = k(t)? cos k(t)y(t), E(t) = y(t)?, k(0)eR (2.11)

1s a special case of (2.9).

The class (2.1) has been extensively studied by Helmke and Pratzel-Wolters
(1988), a shortened version can be found in Helmke and Pratzel-Wolters (1988a).
They have tried to characterize the set of all universal adaptive stabilizers of order
1 under the constraint that the feedback and adaptation law

u(t) = f(k(@t), u(1)), k()= k@) g(k(t),y(t)), k(O)ER,r>1  (212)

are given by analytic functions f and g.
As a necessary condition they proved the following proposition.

PROPOSITION 2.1. If (92.12) is a universal adaptive stabilizer for the class (2.1)
then necessarily

and for all (k,y) €R? either g(k,y)>0 or g(k,y) <0 (2.14)

That this condition is almost sufficient is shown in the following theorem.

THEOREM 2.2. Suppose f, g are analytic functions, g satisfies the necessary condi-
tions (2.18), (2.14) and, in addition,

g(k,y) >m forall (k,y)eR*\K (2.15)
for some compact set K C R? and some m > 0. Suppose furthermore, that

f:=a+cb'f(kT’y)'

is such that f/g can be decomposed into f(k,y)/g(k,y) = f(y) + h(k,y) with

[h(k, )| < M for all (k,y) €R*\K, forsome M >0
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and the following Nussbaum type conditions are satisfied
b =
SUPLso Ffo T) dr =400 and supgyg le’fo f(r)dr = +o00

infgso }'fo f(r)dr = —c0 and infisg i’fok f(r)dr=—
Then (2.12) is a universal adaptive stabilizer for the class (2.1).

(2.16)

Examples for these controllers are the Nussbaum controller (2.7), the Willems—
Byrnes controller (2.9), and the following Heymann—Lewis—-Meyer controller

2
) = [k + 30007 cos (KO + 307 ) o0, kO =20 KO €R

(2.17)

Heymann et al. (1985) proved certain terminal behaviour of this controller depend-

ing on the initial conditions of the system. It is shown that the transient behaviour

of (2.17) is better than that of the Willems-Byrnes controller (2.9) or of the Morse

controller (2.11) whose terminal behaviour is unpredictable and dependent, in an

erratic way, on the initial data.

Another improvement of the local behaviour of the controller (2.9), in the case of
known high frequency gain, is achieved by Cabrera and Furuta (1989) who modify
the adaptation law in (2.9) to ¥ = —ok + y? for some ¢ > 0. Under certain
assumptions on the system class the closed loop system is robust against bounded
disturbances.

3. Multivariable minimum phase systems of relative degree 1.
In this section, we consider classes of m-input m-output systems of the form
z(t) = Az(t) + Bu(t), y(t) = Cxz(¢), z(0) e R" (3.1)
where (4, B,C) € R*** x R"*™ x R™*™ and n is unknown.

8.1. Properties of minimum phase systems

Before presenting various adaptive controllers, we study one of the basic assump-
tions common to many classes of higher order systems. -

DEeFINITION 3.1. A system of the form (3.1) is called mintmum phase if it satisfies

det| 154 B 4 0 forall seC,. (3.2)
C 0
The minimum phase property can be characterized as follows.

PropPoOsITION 3.2. The system (A, B,C) of the form (3.1) is minimum phase if
and only if it salisfies the conditions

(i) rk[sI, — A,Bl=n VseC; ,ie (A, B) is stabilizable by state feedback.

(i) rk[ SCI" -4 ] =n Vs€Cy,ie (A C) is detectable.
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(111) C(sI, — A)~'B € R(s)™*™ has no zeros in C,.

Proposition 3.2 shows that, for stabilizable and detectable single-input single-
output systems, condition (3.2) is equivalent to the well-known definition via the
transfer function.

A relationship between multivariable minimum phase systems and positive real
systems has been investigated in Owens et al. (1987).

If det(C B) # 0 then the state space can be decomposed into the direct sum
R™ = imB @ kerC and this leads to the following convenient decomposition of the
system (3.1).

LEMMA 3.3. Suppose (3.1) satisfies det(CB) # 0. If V € R**("=™) denotes a basis
matriz of ker C, then U := [B(CB)~!,V] has the inverse

Ut = [ ¢ ] . where T=(VTV)"'VT[I, - BCCB)™'C].

Hence the state space transformation
v\ _,-1._{[ Cz
(1)=v== (%)

y(t) = A1y(t) + Aazz(t) + CBu(t) }
(1) = Asy(t) + Asz(2)

converts (8.1) into
(3.3)

where A, € ]Rmxm’A2 )= ]Rmx(ﬂ—m),A3 c R("_m)xm,A4 c R(n—m)x(n—m).
If (8.1) 1s mintmum phase then o(A4) C C_.

Consider a minimum phase system of the form (3.1) satisfying det(CB) # 0.
Then it is possible to choose K € R™*™ such that o(CBK) C C; . If the feedback
law u(t}) = —kRy(t) is applied to (3.1) then for k large enough, i.e. high-gain, the
closed-loop system is stable. This follows from

Al — A, +kCBK  —A,
—As Al — Aq
=det (A — A + kCBK)det [(A] — As) — A3(A] — A; + kCBK) ' 4,] .

det

Thus, in the limit we obtain
lim 0 (A - kBKC)= lim 6 (—kCBK)Uoc (A4).
k—oo k—o0

In the adaptive situation k£ will be time-varying. However the previous intuition
for the stability of the system remains valid and we have the so called high-gain
lemma.

LEMMA 3.4. Suppose k(-):[0,t') — R, t' < oo, is an unbounded nondecreasing
piecewise continuous function and
i) D€ as simple null structure, i.e. the zero eigenvalues are semisimple,
i) De R " h rmpl Il st , t.e. th ] l l
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(i1) o(D)\ {0} C C,
(iii) for some € > 0 there ezists t* € [0,t') such that

o(A-k(t)D)C {A € C-|ReA < —¢} foralltelt"t).

Then the system z(t) = [A — k(t)D]z(t) is ezponentially stable, i.e. there ezist
M, A >0 such that

Hz@)ll < MeX0=1|j2(20)]|  for allt € [to,t'), 20 € [0,1).

Lemma 3.4 has been stated independently by Martensson (1986, 1987) and by
llichmann et al. (1987). However both proofs are incomplete. Schmid (1991) pointed
out that, without assumption (ii), the claim of the lemma does not hold true in
general. The proof in Iichmann et al. (1987) goes through if (ii) is added.

If the system (3.1) fulfils o(CB) C C4, then D = BC obviously satisfies (i) and
(i), and the minimum phase condition implies (iii).

Another important consequence of the minimum phase property is the following
inequality which relates the input and the output of the system only.

PROPOSITION 3.5. Suppose the system (3.1} is minimum phase and det(CB) # 0.
Let 0 <ty < t' < oo and u(-):[to,t')>R™ be measurable and locally integrable,
P € R™X" be positive defintte, and p > 1. Then there ezists an M > 0 such that
Jor allt € [to,t')

illy(i)lli < M+M/IIy(S)II‘fad8+/Ily(S)ll’;’a'l(ﬂ(y(S)),PCBU(S))ds (3.4)

R AR g g e | WPy, y#0
where f: R R™, y ﬂ(y)._{o, =0

A proof is given in Ilchmann and Owens (1991a) and in a more detailed version
in Ilchmann and Logemann (1991). Lemma 3.4 and Proposition 3.5 are crucial for
the generalization of the Willems-Byrnes controller (2.9) to multivariable minimum
phase systems. This will be done in the following two subsections.

$.2. o(CB)CCy

In this subsection, we consider the class of multivariable systems of the form (3.1)
which have an invertible high frequency gain C'B with unmixed spectrum. Let

z(t) = Az(t) + Bu(t), y(t) = Cz(t), z(0) e R"™
(A,B,C) € R?X1 x R**™ x R™*", o(CB) C C4 (3.5)
(A, B,C) is minimum phase, n arbitrary

THEOREM 3.6. Let p > 1. Then the controller

u(t) = —k(@y(t), kO =lly®IF,  E©O)€R (3.6)
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15 a universal adaptive stabilizer for the class (3.5), i.e. the solution of the nonlinear
closed-loop system

#(t) = [A— k(t)BClz(t), 2(0) € R®
k1) = oI, Ken | @7

ertsts on the whole of Ry, and
gl_l.lg, y(t) =0, tl—lglo k() eR exists.

Proof. Since the right hand side of (3.7) is locally Lipschitz in z and in k, there
exists a maximal ¢’ > 0 such that (3.7) has a unique solution on [0,%'). Suppose
k() ¢ L (0,%). Then Lemma 3.4 implies that z(-) satisfies

llz(8)]| < Me=|z(0)]] forall te€ [0,t).

and the adaptation rule implies k(-) € L, (0,t’). Therefore the solution of (3.7) does
not have a finite escape time, i.e. t' = co. Since y(-) € Ly(0, 00), it follows from
the second equation in (3.3) that 2(-) € Ly(0, 00), thus (3.3) yields z(-) € Lp(0, 00).
Now z(-),z(-) € Lp(0, 00) gives limy_.o, z(t) = 0. This completes the proof. =

Using the basic ideas of the previous proof, it can be shown that the class of adap-
tation rules can be extended as follows.

THEOREM 3.7. Let p > 1 and consider
u(t) = ~k(@)y(t), k() = g(t,k(t),¥(@)), k(O0)=ko€R (3.8)

where g: R xR xXR™—R is a Carathéodory function, locally Lipschilz in the second
and third argument, and locally integrable int € R,.. Suppose that the solution k(-)
of the closed-loop system (8.1), (3.8) satisfies, on its mazimal interval of eristence
[0,t), the followrng conditions

k(t) > 0 and non-decreasing in t (3.9
y(-) € L;i(0,t") for all i € [p,00) = k(-) € Leo(0,t) (3.10)
E(-) € Loo(0,t") = y(-) € Ly(0,1") (3.11)

Then (3.8) is a universal adaptive controller for the class (3.5).
ExaMPLE 3.8.
. pl .
kt) = Y llv@OIFF(u(t)), 1< p<p < oo, £0)>0
i=p
where F:R—R is a polynomial such that F(A) > Fg > 0 for all A € R.

That the feedback law u(t) = —k(¢)y(t) together with an appropriate adaptation
law leads to a universal adaptive stabilizer for the class (3.5) has been shown for
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-~ m=1 and k(t) = ||y(t)||® by Willems and Byrnes (1984)

— m>1 and k(1) = ||y(t)]]? by Byrnes and Willems (1984)

- m>1and k) = a|ly@®)|?> + Bllu(®)||*, a > 0,8 > 0 by Martensson (1986)
- m> 1, k(t) satisfying (3.9)-(3.11) for p = 2 by Owens et al. (1987).

Owens (1991) has proved that the Willems-Byrnes controller is also applicable to
a certain class of singular systems.

3.3. o(CB)cCy or o(CB)CC_

If the sign of ¢b is unknown or the spectrum of C B is known to lie either in the open
right or left half plane, then Nussbaum’s idea of implementing a switching function
(see Section 2) carries over to the n—th order case. Consider the following class of
all minimum phase systems of the form (3.1) with unknown state dimension and
6{(CB)C Cy oro(CBYCC_, ie.

z(t) = Az(t) + Bu(t), y(t) =Cz(t), z(0)eR™
(A, B,C) e R**» x R**™ x R™*" o(CB) C C; oro(CB) C C_ (3.12)
(A,B,C) is minimum phase, n arbitrary

Due to the multivariablesituation, we need to introduce scaling invariant Nussbaum
functions, i.e. piecewise right-continuous functions N(-):R — R so that for every
a, > 0, the function

o[ aN({t) if N@)>0
N(‘)"{ﬂN(t) it N() <0

satisfies (2.10) as well. (The concept of scaling invariant switching functions was
originally introduced by Logemann and Owens (1988).)

THEOREM 3.9. Letp > 1 and N:R—R be a scaling invariant Nussbaum function.
Then the controller

u(t) = —Nk@)E@Y(), k@) =llv@®)IP, k0 ER (3.13)
is a universal adaptive controller for the class (3.12).

Proof. The proof is similar to that of Theorem 3.6, only the step that k(') ¢
L (0,1') needs a modification. Without loss of generality, assume that ¢(CB) C C4
(otherwise consider —CB). Let P € R™X™ be positive definite and such that
PCB + (CB)TP = I,,. Inserting the feedback law into the inequality (3.4) yields,
for some M > 0 and k(o) # 0

SOl < M+ [ uopde— [ NI (Bu(s), POBy(s)ds

t k(1)
< M + Mk(to)™}|| P|I? / k(s)ly(s)|Pds + / N () pdps (3.14)
to k(to)
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where
v ) —(mn(P)FIN@)  if N(t)>0
N(t)_{ —nPn’Z—’gN(t)2 if N{)<0

5min (P) denotes the smallest singular value of P. Now the right hand side becomes
negative by the property of the Nussbaum function which contradicts the positivity
of the left hand side. This completes the proof. o

That the feedback law u(t) = —N(k(t))y(t), where N(-) is a Nussbaum gain, to-
gether with an appropriate adaptation law leads to a universal adaptive stabilizer
for the class (3.12) has been shown for

- m=1and k(t) = y(t)? by Willems and Byrnes (1984)
~ m > 1 and introducing a general function N(k) by Martensson (1986)

~ m > 1 and more general adaptation laws and switching functions by Owens
et al. (1989)

Ioannou (1986) considered systems belonging to (3.12) which are coupled with
a ‘parasitic slow’ linear system. He showed that under certain assumptions the
Willems—Byrnes controller (2.9) is a universal adaptive stabilizer if the initial state
of the unknown system lies in a certain bounded region.

An alternative approach to Nussbaum’s switching strategy makes use of the
following switching decision function which determines the switching times 0 =
to < t; < ... of the switching function N:R} — {—1,+1} in the following way.
Consider the switching decision function 1(-)

k(0), 1 Js y3(r)dr =0

¥(t) = 0j'N(T)k(r)‘tﬂ(r)d‘r [Oft yz(‘r)d-r] ) , fot v (r)dr #£0 (3:15)

with k = y2. If {);}ien is a strictly increasing, unbounded sequence of real, positive
numbers or ‘thresholds’, then N(t) is defined by the following algorithm:

i=0
N(t,') =1
(*) iy = min {t >t | N(t,)¢(t) < /\.’+1k(t0)}
N(t) := N(t:), 1€ [ts)tis1) (3.16)
N(tis1) = —N(t)
t:=t+1
goto (x)

The algorithm is well-defined because
(1) ¥(t) is monotonic on any interval ¢t > 0 where N(t) is constant

(i1) ¥(to) = k(to) ensures correct initialization of the algorithm.
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Using the ideas presented in Ilchmann and Owens (1991), the following theorem
can be shown. Note that the switching parameter N(k) is adjusted in finite time
and that it is in the hand of the designer to choose an appropriate sequence of
thresholds.

THEOREM 3.10. The controller
u(t) = —N(E@k@)y(L), kO =llv@)IP,  k(0)eR

where N(-) is produced by (3.15), is a universal adaptive stabilizer for the class
(3.12). Moreover, ¥(t) has a finile limit Y, as t— + 0o, and the switching function
N(t) switches only a finite number of times ty,1s,...,1p, so that N(t) is constant

Cfort >ty

3.4. det(CB) # 0

If it is only known that the system has an invertible high frequency gain but the
spectrum is mixed, i.e. det(CB) # 0, then the construction of a universal adaptive
stabilizer is based on the following result from linear algebra proved by Martensson

(5], Section 8.

LEMMA 3.11. There ezists a finite set {K,,...,Kn} C GLy(R) with the property
that, for any M € GLn(R), there ezists i € N such that o(MK;) C C_ .

Now the feedback law is given by

u(t) = k() Ksy)y(t) (3.17)
where
S:R—{1,..,N}=N (3.18)
_ 1 if & € (—oo, Tl)
5 = { i if k€ [nNti, INyitr) forsome [ €Ny t€N (3-19)

is a switching function driven by k(t) so that Ks((:)) cycles through the spec-
trum unmixing set {Ki,..., Ky} and {7 }ien is a monotone increasing sequence of
switching points which satisfy

Ti—1

lim =0 (3.20)

i—o00 T

The switching sequence necessarily fulfils lim;_., 7; = co . The class of switching
sequences satisfying (3.19) is more restrictive than in the single-input single-output
case, since for the sequence 7; := i? (3.19) does not hold true. However, 1;;; = 73
and T4 = 7 +exp{i®} satisfy (3.19).

Under the above assumptions, the following result is available.

THEOREM 3.12. The feedback and adaptation law
u(t) = kOKseput), kO =Ilb@IP, kO eR  (3.21)

s a untversal adaptive stabilizer for the class of multivariable minimum phase sys-

tems of the form (8.1) which satisfy det(CB) # 0.
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The intuition behind this control strategy is similar to Nussbaum’s idea. If the
‘correct’ K; is hit, the gain is large enough, and the time interval until the next
possible switch is long enough (which is ensured by condition (3.19)), then the
system settles down and no more switchings occur.

This result was claimed by Byrnes and Willems (1984) and by Martensson
(1986). However, both proofs are incomplete, a correct proof is given in Ilchmann
and Logemann (1991).

3.5. Fzponential stabilization

For first-order systems it has been shown, in Section 2, that the trajectory z(-)
of the closed-loop adaptive control system (2.5) decays exponentially to zero. It
also follows that the terminal system defined by 2(t) = [a — kuobc]2(t), ke =
lim; oo k(1) is exponentially stable. This was not shown for higher-order systems,
where only asymptotic decay to zero was proved. Note that we did not show that
the terminal system

3 =[A-koBCla(t), ke = lim k(t) (3.22)

is exponentially stable, but only that each trajectory of the closed-loop system
tends to zero asymptotically. Counterexamples where (3.21) is unstable can easily
be constructed. However, computer simulations have shown that the controller
(3.13) produces in most cases an exponentially stable terminal system. But, to
the author’s knowledge, it is still an open problem if generically, with respect to
the initial conditions z(0) € R” k(0) € R, the terminal system produced by the
universal adaptive controller (3.13) is exponentially stable.

To overcome the lack of exponential decay, it is possible either to strengthen the
minimum phase assumption on the system class or to introduce additional dynamics
into the adaptation law.

If (A,b,¢) is in the class (2.3), then for w > 0 sufficiently small (A + wl,,b,¢)
belongs also to (2.3). If the adaptation mechanism is chosen to ensure that z,(-) is
an asymptotically stable (and hence bounded) solution of the closed-loop system

iu(t) = [(A+wly) — k)b zu(?) (3.23)

then the solution of
z(t) = [A—k()bc]z(t), (3.24)

given by z(t) = e “*z,(t), must be of exponential decay. Examples of such adap-
tation mechanisms are the so-called ‘exponentially weighted’ controllers

E(t) = ko + Jnax e“’||ly(s)]l, see Owens et al. (1987)
and )
k(t) = e“*||y(t)||?, see.Logemann (1990)

which consequently yield the desired stabilization result. However, it does require
knowledge of a suitable value of w.

0202 1890100 9z uo 1s8nb Aq 9€Z/G9/1LZE/P/8/8191e/10WeWl/Ww oo dnoolwsapede//:sdy woll papeojumo(



336 A.ILCHMANN

In order to apply the strategy explained above, one possibility is (see Logemann
(1990)) to strengthen the minimum phase condition defining the system class ¥ to
satisfy

det[“"C‘A g] 40 forall s€{AeC| ReA> —w) (3.25)

for some known w > 0.

Another possibility is to consider schemes that adaptively find a suitable value
for w on-line. This idea was introduced for a special control law in Ilchmann
and Owens (1990), where it has been shown that exponential stabilization can be
achieved by choosing w adaptively using the control scheme defined by

1 for t€0,h)
1

L(1) — o2w(P)t 2 —
ko = Ol k0> wo={ L, @ S
(3.26)
where h > 0 is arbitrary. The idea behind this is the knowledge that, for some
w* > 0, the adaptive control law k(t) = exp(2w*t)||y(t)||2 will exponentially stabilize
the system. Thus, as long as w(t) is too large, z(¢t) will increase and the gain
grows whence w(t) becomes smaller. Eventually w(t) is small enough to guarantee
convergence of k(t). Now it follows from (3.25) that w(t) converges itself.
In fact, the example (3.25) can be extended since we only use that w : Ry— R4

18 a continuously differentiable function which satisfies the conditions

w(k) is non-increasing in k € Ry
w(k) > Oforall keR, if w(-)#0 (3.27)
limk_.oo w(k) = 0

This puts us into a position to prove a more general result.

THEOREM 3.13. Suppose N(-) 18 a Nussbaum gain. Then the feedback law
u(t) = N(k(2)y(t) (respectively, u(t) = —sgn(CB)y(t))
and the adaptation lew
k(t) = 2O |y(t)l|?, k(0) > —1, w satisfies (3.26)

is a universal adaptive stabilizer for the class (8.1) (respectively, (3.5)), which pro-
duces an erponentially decaying solution of the closed-loop system.

A proof is given in Hichmann and Owens (1990). A version for the non-differential
gain adaptation using the switching decision function (3.14) is presented in Ilchmann
and Owens (1991, 1991a). If k() in Theorem 3.12 is substituted by (3.25), then
exponential decay of the solution of the closed-loop system holds true. This has
been proved by Ilchmann and Logemann (1991).

Unfortunately, all contributions described in this subsection have the disadvan-
tage that the gain adaptation y — k is achieved by an unbounded function. For a
more satisfying approach see Section 5.1.
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3.6. Tracking

In this section, we consider the tracking problem for the folowing class of multi-
input, multi—-output, linear, minimum phase systems

z(t) = Az(t) + Bu(t), y(t) = Cz(t), z(0) e R"
(A, B,C) € R**" x R*X™ x R™*", det(CB) £ 0 (3.28)
(A, B,C) is minimum phase, n arbitrary
and the class of reference signals
d
Yrer = {tres € C®(R,R™)| a(m)y,.,! (t) =0} (3.29)

where a(s) € R[s] is a monic polonomial with zeros in C,. only. Note that 0 € Y.y,
therefore it is not relevant to consider the case that «a(s) has zeros in C_ since the
corresponding modes are decaying exponentially.

One possibility of handling this problem is to make use of the internal model
principle, that is, a reduplicated model of the dynamic reference signals is incor-
porated as a precompensator in the feedback loop, see Wonham (1979), Section
8.8. For a different approach, see Section 4.3 and 5.2. Here, the precompen-
sator is chosen as follows. Let A(s) € R[s] be a monic Hurwitz polynomial of
degree p = deg(), and choose a minimal realization of ((s)/a(s), denoted by
(A, B,C,I) e RP*?P x RP x R1*P x R, and the, precompensator is given by

£ty = AE(t)+ B u(t),  u(t)=Cé(t)+o(t), €0)ER™ (3.30)
where

A* = diag{A,..., A} e R™*™ B* = diag{B,..., B} e R™*™
C* = diag{C,...,C} € R™*xmr,

Then the input—output behaviour v — y of the series interconnection formed by
(3.27) and (3.29) is described by

z(t) = Az(t) + Bu(t),  y(t)=Cz(t), z(0) e R™*™? (3.31)

where

] ae[2) emen eo[g]

In order to rewrite this as a stabilization problem, the following two lemmata
are needed.

LEMMA 3.14. (4, B,C) belongs to (3.27) if and only if (A, B,C) belongs to (3.27)
and CB = CB.

LEMMA 3.15. For every yrey € Vres there ezists a £o € R"*™P such that

vres(t) = C2(t),  Z(t) = AZ(t),  %(0) = Zo. (3.32)
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Now, Z.(t) := Z(t) — z(t) satisfies
Z.(t) = Az.(1)+ Buv(1), Yres()—y(t) = Cz.(2), z.(0) = £(0)—%(0). (3.33)
This yields the following theorem.
THEOREM 3.16. If

u(t) = f(k(1), y(2), k() = g(k(t),5(t)), k(0)€ER

15 a universal adaptive stabilizer for the class (8.27), then

e(t) = yrej(t) —y(t) .
o(t) = f(k(t),e(t), k(1) = g(k(1),e(t), k(0)€R
u(t) = C*E(t) + D*v(t), &(t) = A*E(t) + B*o(t), £(0) e R™P

is a unwersal adaptive tracking controller for the class (8.27) and the class of ref-
erence signals V.. grven by (3.27).

The previous presentation is given by Miller and Davison (1991b), and indepen-
dently by Townley and Owens (1991). The results in Miller and Davison (1991b)
cover a more general form including m > p to some extent, certain disturbances w
satisfying a(j‘%)w = () are allowed in the state and output equation, and they show
that internal stability is preserved in the sense that z and u do not blow up faster
than y,.;.

For the special case of single-input, single-output, minimum phase systems of
relative degree 1, with a(s) having roots in C- of multiplicity one if they are on iR,
the same approach has been used by Helmke et al. (1990) to present a universal
adaptive tracking controller.

Mareels (1984) was the first who used the internal model principle to construct
a universal adaptive tracking controller for single-input single-output systems of
relative degree p > 1, see Section 4.3.

Tao and loannou (1991) have introduced the following different tracking con-
troller for single-input single—output systems.

ProprosiTioN 3.17. The adaplation law

0t) = w®lwes @) -u(®)],  6(0) € RAHD
kt) = (000),w®))wres (1) —y(2)], KO €R } (3.34)
where w(t) = [yres (1) — y(t), 1,sinwit, ... sinwt, ..., coswit, ..., coswit]T, together
with the feedback law

u(t) = E(t)2sin k(1) - (6(2), (1)) (3.35)

is a universal adaptive tracking controller for the class (£.8) and the class of refer-
ence signals consisting of

Yres(1) = a0+ ZLI a; sinw;t + b; cosw,t (3.36)
wy,...,w; €ER are known, ag,...,a;,b1,...,00 ER are unknown. .

The proof by Tao and loannou (1991) is not based on a conversion to an adaptive
stabilization problem.
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8.7. Robustness

Robustness for the adaptive controllers surveyed in the previous sections has been
considered for state and input nonlinearities entering a system belonging to (3.1)
in the following form

(1) = Az(t) + ¢(t, 2(1) + d(t) + Blu(t) + m(t, z(t))
+(t, 2(2)) + 13(t, 2(2), u(t))]
y(t) = Cz(1)

and also for sector-bounded input and output nonlinearities £ and ¢ so that the real
input @ can enter the system via u(t) = £(¢, 4(t)) and the real output measurement
is given by g(t) = ((t,y(t)). All nonlinear functions are appropriately defined in
order to ensure uniqueness and no finite escape time, we omit details for brevity.

The term (t, z) represents time-varying state depending perturbations which
are assumed to be of sufficinetly small finite gain, thus proving well posedness. d(t)
represents an arbitrary L,(0, 0o) function. The time-varying input perturbation are
of bounded growth or can be unbounded if they are of ‘correct’ sign. More precisely,
the following results have been achieved.

Helmke and Pratzel-Wolters (1988) showed that the Willems-Byrnes controller
(2.9) for N(k) = —sgn(cb) is a universal adaptive stabilizer if for all (¢,z) € R? we
have

lp(t,z)| < @|z| for some (unknown) ¢ >0 (3.37)

and d(t) is an L,(0, o0) function.

An improvement of the local behaviour of the controller (2.9) is case of known
high frequency gain is achieved by Cabrera and Furuta (1989) who modify the
adaptation law in (2.9) to k = —ok +y® for some o > 0. Under certain assumptions
on the systemn class the closed loop system is robust against bounded disturbances.

Theorem 3.7 holds true for multivariable systems if for all (¢, z,u) € RxR*xR™
and some (unknown) @, 7, fj2, fj3 > 0 we have

lle(t, 2)|| < o]l ¢ sufficiently small (3.38)
lm (&, 2)II < mll=| (3.39)

W7 CBm(t,2) < 0 (3.40)
y()TCBm(t, z,u) < |lyll s [llz]] + [lull] (3.41)

see Owens et al. (1987).
In the single-input, single—output case Theorem 3.9 is valid, if for all (t,z) €
R x R™ and some (unknown) #j;, 72 > 0, we have

Im( 2l <llzll,  y(t)"CBn2(t,2) <0

This has been proved in Pratzel-Wolters et al. (1989).

Theorem 3.9 holds also true if the Nussbaum function is scaling invariant and if
the class of single-input single—output systems is subjected to actuator and sensor
nonlinearities £(¢, &) and ((¢,y) which are sector-bounded, i.e. for allt € R and
some (unknown) # > a > 0 we have

ot <E(t, )< P forall aeRy, Pa<éEa)<aid forall a€R-
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and for ¢ analogously. This is a consequence of a general result for retarded systems
proved by Logemann (1990). Ilchmann and Owens (1991a) have shown that The-
orem 3.10 remains valid for single-input single-output systems in case of sector-
bounded input nonlinearities and that exponential stabilization, as presented in
Theorem 3.13, is also possible if a switching decision function is used for the gain
adaptation mechanism.

Theorem 3.12, proved by Ilchmann and Logemann (1991), and the extension to
achieve exponential stabilization, as stated in Theorem 3.13, remain valid in the
presence of nonlinearities satisfying (3.37) and (3.38).

Certain well-posedness properties are claimed by Tao and Ioannou (1991) if the
controller (3.33), (3.34) is modified so that discontinuous feedback is used. However,
discontinuities on the right hand side of the closed-loop differential equation is not
taken into account in their proof.

4. Minimum phase systems of higher relative degree
4.1. Observer-based model reference controllers

In this section, we report some results which show the feasibility of the adaptive
control problem, the controllers are complicated in nature. It has been a long-
standing problem to prove that an adaptive controller not only stabilizes or tracks
the output but ensures stability of the internal variables as well, i.e. an adaptive
controller in the sense of Definition 1.1.

Feuer and Morse (1978) introduced an adaptive stabilizer for single-input single—
output systerns satisfying the assurnptions (A1)-(A4). This has been, to the au-
thor’s knowledge, the first proof of the global stability behaviour of an adaptive
controller. The controller is not based on any identification algorithm and does not
use a sufficiently rich probing signal: however, it uses a full state observer controller
and is complicated in nature. Its dimension grows rapidly with increasing relative
degree of the systems allowed in the system class. Feuer and Morse (1978) also
solved the adaptive model reference (respectively, tracking) problem for the system
class satisfying (A1)-(A4), the class of reference signals produced by reference mod-
els consisting of controllable and observable systems of the form (A, b,,c,), where
A, is exponentially stable and the relative degree of the transfer function has to
be greater or equal to the relative degree of the process transfer function, and with
piecewise constant and bounded input signals.

This controller has been simplified by Morse (1980), and Morse (1984) could
remove the known sign assumption (A1) by making use of a switching function as
introduced by Nussbaum (1983}, cf. Section 2. The same class of reference models
and reference signals is considered. Robustness has not been investigated. However,
the relative degree is only allowed to be 1 or 2 and has to be known.

These results have been generalized to relative degree 1 or 2 systems, where the
degree is unknown, in Morse (1987), see also Morse (1988a). The model reference
adaptive control problem has been solved for a certain class of reference models,
however an upper bound on the state dimension of the system has to be known.
Extensions of these results for the case where the systems is of arbitrary but known
relative degree n*, the reference model has relative degree n* — 1, are presented in
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Mudgett and Morse (1985).

However, all controllers in the above references are still based on the one pre-
sented in Morse {1980) and thus complicated in nature.

An alternative stabilizer which is valid for single-input single~output systems
satisfying (A1)-(A4) has been introduced by Narendra et al. (1980), however it is
not simpler.

4.2. Non-observer-based stabilization and tracking

Before we survey some results on minimum phase systems of relative degree p > 2,
we try to give an intuition for the design of an adaptive stabilizer.

Consider the class of single-input single—output, minimum phase, relative degree
2 gystems with positive high frequency gain, i.e. systems of the form

H1) = As(®) + bu(t), y(t) = cz(t), 2(0) €R® “n
(A,b,c) € R™*™ x R™ x R!X™ is minimum phase, cb = 0, cAb > 0. ’

It is well known that there exist two dimensional controllable and observable
minimum phase systems of relative degree 2, which cannot be stabilized by feedback
of the form u = —ky, see Example 6.2.1 in Sontag (1990). However, if feedback of
the derivative of the output is allowed, then the closed loop system is of relative
degree 1 and standard techniques can be applied. This is demonstrated in the
following proposition, which is not available in the literature.

ProPOSITION 4.1. The feedback law

u(t) = —[k() + [P u(t) — k@)3(t) = —[k(t)y(t)+%(k(t)y(t))] (4.2)
together with the adaptation rule
k1) =y,  kO0)ER, p>1 (4.3)

applied to any system of the class (4.1) yields a closed-loop system with a bounded
solution on Ry, and the properties limy_ ooz(t) = 0, ltm,_ o k(t) € R ezists.

Proof. The feedback system can be rewritten as a system of relative degree 1 as
follows. Inserting the feedback (4.2) into a system (A4, b, ¢) yields

. d n

z(t) = Az(t) — bk(t)y(t) — E(bk(t)y(t)), z(0) € R™. (4.4)
Introducing the new variable v(t) = z(t) + bk(¢)y(t) leads to the closed-loop system

b(t) = Av(t) — (I + ABk(DY(E),  y(t) = ev(t),
v(0) = z(0) + bk(0)y(0)
k(@) = lly@)lP, k(0) eR
Since c(I + A)b = cAb, the relative degree of the system in the first equation in
(4.5) is 1 and the minimum phase property is preserved because of

B (T RN CEH [HEN

(4.5)
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Now, Theorem 3.6 gives lim; o v(t) = 0 and lim;_. o k(t) exists, and hence
tl_l'r?o z(t) = 0.
o

A generalization of this result to higher-relative-degree systems is possible if we
assume that higher derivatives are available for feedback, a clever introduction of an
internal variable v is then due to a trick of Miller and Davison (1991). However, if
y is not available, an approximation of y, respectively a dynamic compensator, will
be used. For systems belonging to the class (4.1) it can be shown that the dynamic
compensator
38+1

s+ k2
yields exponential stability of the closed loop system (4.1), (4.6) if k is sufficiently
large. Rewriting (4.6) as

u(s) = ~k

y(s), for constant k€R (4.6)

i(s) = ~(s+ DRI, 0(6) = —7 909 (47)

leads to the following guess of the adaptive compensator in the time domain
d .
u(t) = —[k()) + L (k()6Q)), 6() = —k()20(t)+ k(t)*y(t), 6(0) € R. (4.8)

In fact, if we consider the solution 8i(-) of the second equation in (4.8) for fixed
k(-) =k € R, then limg— oo (0 — y)r, = 0. Thus 6(¢) is an approximation of y(t) if
k(t) is big enough. We obtain the following result.

THEOREM 4.2. The adaptation rule k(t) = y(t)?, k(0) € R, together with (4.8) is a
untversal adaptive stabitlizer of order £ for the class of systems (4.1).

Proof. Suppose (A, b,c) belongs to the class (4.1) and is transformed as in (4.5).
An application of Proposition 3.2 allows to rewrite the closed loop system as

4 [ 6@ k()2 k(t)? 0 o(t)
= ( y(t) ) = {—cAbk(t) AL A, ] ( u(t) ) (4.9)
2(t) 0 As  Ag 2(t)

where A4 € R(*~D*("=1) js exponentially stable and A; € R, AT, A3 € R*~!. The
coordinate transformation £ := § — y leads to

4 [ €@ —k(t)? — cAbk(t) —(cAbk(t)+ A)) —Aa ({(t) )

— | ¥t | = —cAbk(t) cAbk(t) + A; Ay y(t)

%\ ) 0 As As (1)
(4.10)

Let P be the unique positive definite solution of PA4 + AT P = —I and consider

the Lypunov function candidate

V(€,y,2) == 46% + 4v* + (2, P2)
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Then the derivative of V' along the solution of (4.10) is for a suitable constant K > 0
V(t) < [—cAbk(t) + K]y(t)?

and integration yields

t k(1)
V(t) < V(0)+ /0 [—cAbE(s)+ K]y(s)? ds = V(0) - cAb /k (:) p dp+ Kk(E) - £(0)]

(4.11)
where we made use of the substitution k(s) = p. If k(t) is unbounded, the right hand
side of (4.11) becomes negative, hence producing a contradiction. The remainder
of the proof uses similar arguments as in Theorem 3.6. o

Byrnes and Isidori (1986) gave a different (and incomplete) proof of Theorem 4.2.

For higher relative degree minimum phase systems, the intuition arises from
the non-adaptive case as well. It is shown in Martensson (1986) that the linear
time—invariant compensator

(s+1p~!
(s+E2)(s+kY)...(s+ k2771
stabilizes a minimum phase systems with positive high frequency gain and relative

degree less or equal to p for k sufficiently large. The same result has been shown
by Khalil and Saberi (1987) for the different compensator

i(s) = —k?P1

9(8) (4.12)

o — __k2p-1 (3+ l)p—l ~

u(s) = —k 1R P21 9(s). (4.13)
Then the problem is to determine a suitable adaptive controller in the time domain.
Note that the transformation from (4.7) to (4.8) is meaningless if k(-) is depending
on t. However, the Lyapunov function candidate sometimes gives a hint for the
correct time-domain realization.

A very early contribution to solve a certain adaptive tracking problem was made
by Mareels (1984). He considers the following class of single-input single-output
systems with arbitrary but known relative degree, known sign of the high frequency
gain, and known upper bound for its magnitude.

z(t) = Az(t) + bu(t), y(t) = cz(t), z(0) e R
cb=cAb=...=cAP"2 =0, 0<cAP~lb < go (4.14)
(A, b,c) e R™™™ x R™ x R1*"®  n is unknown, p, go are known

As opposed to the approaches mentioned in Section 4.1, Mareels’ controller does not
use a state observer, instead it is relatively simple and uses ideas partially presented
above. His approach is based on the high-gain properties of the system class. For
the sake of simplicity we consider systems of relative degree 2. The following lemma
is basic for the construction of the adaptive stabilizer.

LEMMA 4.3. Suppose (A;, bi,c;) € R**¥ x R* x R!** are controllable and observable
sysiems with exponentially stable A;, i = 1,2, so that the polynomial

go+crbrs+ cabos? + 53
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18 Hurwitz. (Nole that go is the upper bound of the magnitude of the high frequency
gain.) Consider the following dynamical system described by

u(t) = k [k?(cl,cz) ( 283 ) +k2y(t)] (4.15)

d .'L'l(i) _ A1+ kbicy kbico Il(t) kb,
a ( 228) ) = | Kaci  As+E2acy |\ zo(t) ) T\ k2, Y (416)
If (A,b,c) is an element of the class (4.14) for p = 2 and the feedback compensator

(4.15), (4.16) is applied to (A, b,c) then there erists a kg > 0 such that the closed
loop system 1s exponentially stable for all k > kg.

The adaptive version of the previous lemma is as follows.

THEOREM 4.4. Let p = 2. Then the feedback compensator ({.15), (4.16) together
with the adaptation law

2 k@) = 100), kO ER (417)

15 a umwersal stabihzer for the class (4.14), promded f : R — R satisfies for some
F >0 and for all 0 < |21] < 22|

¥4
0< f(n1) < f(z2) < F and ZH/ (f(2)/z)dz is continuous.
0

An extension to arbitrary but known relative degree p > 1 is straightforward. It
is also shown by Mareels (1984) that the tracking problem for the class (3.35) can
be solved, this is done in the same way as presented in Section 3.6.

Morse (1988) has shown that the Willems-Byrnes controller (2.9) with N(k) = 1
also works for the class of single-input single—output, minimum phase systems of
relative degree 2 with positive damping rate and positive high frequency gain, i.e.
the transfer function g/(s? + as + b) satisfies ¢ > 0,a > 0. This result has been
extended by Corless (1988, 1991) as follows.

THEOREM 4.5. The controller u(t) = k(t)y(t), k(t) = y(t)? is a universal adaptive
stabilizer for the class of controllable and observable systems (A,b,c) € R"*™ x
R x R*” which are uniformly stabilizable via high gain feedback, i.e. there ezist ¢,
k* > 0 (depending on (A,b,c)) so that

meaxRe Ai(A=kbe)y< —¢ forall k> k"
i€n

where A\;(A — kbc) denotes the eigenvalues of A — kbe.

Morse (1988) introduces a stabilizer for the following class of relative 1 or 2
systems where the exact relative degree is unknown.

z(t) = Az(t) + bu(t), y(t) =cz(t), =z(0)eR"
(A,b,c) € R**" x R*® x R1*" n i unknown
ch>0 orifchb=0then cAb>0

(4.18)

He has proved the following theorem.
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THEOREM 4.6. The feedback law
u(t) = —k(@)6(t) — k@)*y(t) (4.19)
together with the adaptation law

B(t) = —(k(t) + NO(t) - k(t)?y(t), B(0)€ER,A>0 }

Et)=y(®)?, kO0)ER (4.20)

15 a universel adaptive stabslizer for the class (4.18).

By increasing the dimension of the compensator by one, Morse (1987a) gener-
alized Theorem 4.6 to the class of relative degree 3 systems.

To relax the known sign condition in the class (4.18), Morse (1985) introduced
a two-parameter adaptation law of the following form

b0 = 5007 + [ 6Pds, ko) = 0040 + 200 (4:21)

z9(t) = A0()y(t) — y(O)N (IIE@DIDO@)ks(2) + y(2)ky (2)] (4.22)
= [Mw(t) — N(IE@)IDy@)ka(£)18(t) — y()* N (|[E()])ky(2)
where ||k|| := \/k, + ks, A > 0, and N(-) is a Nussbaum function, see (2.10). Then
the following result is obtained.

THEOREM 4.7. The adaptation law (4.21),(4.22) together with
u(t) = N(IRDIDB@ke () + y(t)ky 1), 6(t) = —426(t) +u(t)  (4.23)

15 a unwersal adaptive stabilizer for the class of minimum phase systems (A,b,¢) €
R™*™ x R™ x RY*" of relative degree 1 or 2.

To get an intuition for this controller, consider the fact that the output feedback
compensator
A N(IEDEy(s + )
8) = u(s
V)= S X Nk X
yields closed loop stability for a suitable constant ky, ks € R.
Mudgett and Morse (1989) introduced an alternative stabilizer to that given by
Mareels (1984) for the class (4.14) and p = 2.

(4.24)

4.8. Tracking within a ball

Miller and Davison (1991) considered a modification of the usual adaptive tracking
problem. Instead of forcing the error between the plant output and the reference
signal asymptotically to zero, it is desired to force the error to be less than an
arbitrarily small prespecified constant after an arbitrarily short prespecified period
of time with an arbitrarily short upper bound on the overshoot. More precisely
they have studied the following problem. Let

PCy := the set of piecewise constant bounded functions f : R—R?
PC., := the set of continuous f € PC,, which have derivatives in PCq,
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PROBLEM 4.8 Suppose ¢,8, T > 0 are prespecified. Find an adaptation law

(¥()s Yres (Nlio,n — k(1)

such that the feedback law w(t) = k(t) applied to any system belonging to a pre-
specified system class and any yr.;(-) € PCL, yields for the solution of the closed
loop system and the error

e(t) 1= yres (1) — y(t)
(i) —€ < sgn(e(0))e(t) < max{e, 6+ [e(0)|} forall te(0,T]
(ii) le(t) < e forall ¢t>T
(iii) z(-),u(:) are bounded functions .

The class of systems under consideration is

z(t) = Az(t) + bu(t) + Ewi(t), y(t) = cz(t) + Fuwo(t), z(0) €R”
EeR™ FeR™ (A,bc)e R ™ x R” x R'*” minimum phase
wi(+) € PCoo, w2(-) € PCL, are arbitrary disturbances.
(4.25)
Notice that no assumption is made on the relative degree.

The control strategy is based on a gain adaptation which produces piecewise
constant gains k(¢). Thus it is different to most of the preceding results, only
similar in nature to the results given in Section 3.4. The advantage of a switching
type controller which switches between constant gains is that the analysis on an
interval where the feedback is constant is relatively simple (because one analyses a
linear time-invariant system): it has to be ensured that the intervals between the
switching times are long enough in order to give the system time to settle down.

First assume that (4.25) is restricted to the class of relative degree p systems.
Khalil and Saberi (1987) have shown that the linear time-invariant compensator

. _1 (s+ 1)t

—k? 1(5——— 4.26
is) = k() (4.26)
stabilizes each single-input single—output, minimum phase, relative degree p > 1
system of proper high frequency gain sign and k sufficiently large. Miller and
Davison (1991) choose as a realization of (4.26)

o(t) = k2Gu(t)+ k?He(t)
r(t) = Ich(t) (4.27)
u(t) = 3P, Y ar((t)
where
-1 1 0 0
0 -1 1 0
c=10 0 -1 0 | ¢ R-DX(-1)
: 1
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0 1
0 0
H=1|:|erRr?! J= € RP-!
0 0
1 0

and the «;’s are defined by

p-1
Za,-s' =(s+ 1)y
i=0

Observe that u can be constructed from e and v without differentiation.

Since it is assumed that the relative degree of (A,b,¢) is p, it can be shown
" that there exists a clever coordinate transformation so that the closed loop system
(4.25), (4.27) can be rewritten as

3(t) = Az(t) + (A4 1P~ 1br(t) + wi(t), y(t) = ez(t) + wa(?). (4.28)
Since (4.28) is minimum phase and of relative degree one, it is possible to use the

convenient form given in (3.3). This enables us to obtain tedious estimates of the
solution of the closed loop system (4.28) and to prove the following theorem.

THEOREM 4.9. Suppose €,6,T > 0. Let k(t) depend on time and be given by
k(t) = ()" for t€ [t tip1) (4.29)

where the sequence of switching times is determined in two phases:

t, = min {t > ti_1| |e(t)| = le(0)| + 6[1 — 2~*] or |e(t)] < e or t =T[1—277]}

If le(t;)] < ke for somei = ig, then go to phase (ii),
(31) t; = min {t > t;i_q: |e(t)] = [l — 1/2°7%o41]}

Then the feedback law (4.27) together with the adaptation law (4.29) is a universal
adaptive tracking controller in the sense of Problem 4.8 for all relative degree p
systems of the class (4.25).

In Phase (i) the error is forced to stay within the prespecified amount of overshoot
and to become smaller than i€ by using the high-gain properties. The so-called
‘tuning function’ (~i)*" in (4.29) can be replaced by a simpler function depending
on the relative degree p. For example, k(t) = (—3)* will work for the relative degree
1 case.

Miller and Davison (1991) have also introduced a modification of the controller
which can cope with additive noise d(-) € PCJ, in the output. Necessity of the
minimum phase condition is also proved.

REMARK 4.10. Theorem 4.9 can be extended to the class (4.25), that is neither
knowing the precise relative degree nor an upper bound of the relative degree, by
searching the controller dimension according to Martensson (1985). The switching
times have to be modified so that it is ensured that the feedback law (4.27) cycles
in an appropriate way through different compensators according to the dimensions
1,1,2,2,1,1,2,2,3,3.1,1... .
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5. Non—minimum phase systems

In Section 5.1, we present the famous result by Martensson (1985, 1986) who
introduced an adaptive stabilizer for all systems for which the order of a stabilizing
compensator is known. This approach has been improved by Miller and Davison
(1987, 1988, 1989) in order to show certain robustness properties resp. exponential
Lyapunov stabilization. In Section 5.2 we show how these stabilizers together with
an appropriate internal model can be used to design adaptive tracking controllers
solving the servomechanism problem. The results of Miller and Davison (1987,
1991b, 1989) are presented.

Most of the adaptive controllers introduced in the previous sections were smooth
in the sense that the right hand side of the adaption law k = g(k,y) and of the
feedback law u = f(k,y) depends smoothly on its arguments. The controllers
presented in this section are mostly discontinuous since the feedback law consists of
a switching gain type controller, that means the feedback gain switches at discrete
points of time and between these points k is held constant. Therefore, the resulting
closed-loop system is a coupling of a piecewise time-invariant linear system and a
nonlinear scalar equation: this simplifies the analysis to some extent. This approach
i8 more successful than the ‘smooth approach’ in the sense that many results have
first been shown by using discontinuous feedback controllers. Although in a second
step the discontinuities can be smoothed out, cf. Martensson (1986), Section 4.4,
and Miller (1991), the control strategy is essentially discontinuous.

5.1. Stabilization

Martensson (1985) has introduced an adaptive stabilizer for the following large class
of linear systems where it is only assumed that there exists a dynamic stabilizing
compensator of fixed order { € N.

Let | € N and denote by S; the set of all systems

z(t) = Az(t) + Bu(t), y(t) = Cz(t), z(0) € R

(A,B,C) € R**™ x R®**™ x RP*™ 50 that there exists

(F,G,H,K) € R x R'*P x R™MX*! x RMXP (5-1)
z(t) = Fz(t) + Gy(t), u(t) = Hz(t) + Ky(t), z(0) e R!

which asymptotically stabilizes (4, B,C)

Martensson pointed out that the assumption on the existence of a dynamic
feedback compensator is not crucial as is demonstrated in the following lemma.

LEMMA 5.1. Using the notations as in (5.1) we obiain that the linear dynamical
system of order |

:(t) = Fz(t) + Gy(t), u(t) = Hz(t)+ Ky(t), 2(0)eR’ (5.2)
ts a dynamic feedback controller of the linear plant

z(t) = Az(t) + Bu(t), y(t) =Cz(t), z(0)eR" (5.3)
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if and only if the static feedback controller

-n_| K H|._
w=| 5 ¥ (5.4
18 a controller of the system

#(t) = Az(t) + Ba(t), §(t) = Cz(t), z(0) e R™H (5.5)
- A 0 ~
i-[4 8] -]

()5

Note that (5.3) is stabilizable and detectable if, and only if, (5.5) is.

We do not present Martensson’s (1985) original proof, that the knowledge of the
order of a stabilizing controller is sufficient to design a universal adaptive stabilizer,
the proof contains some gaps. The following version can be found in Logemann and
Martensson (1990).

where

THEOREM 5.2. Letl € N and o : R—N be a piecewise constant right continuous
function which satisfies

d(la,0))=N forall a€eR (5.6)
and which discontinuity points are given by

=1, i=1,2... ,m>1. (5.7)
Suppose S C Sy, see (5.1), and K = {K;}ien C R(m+DX(P+D) s g set of controllers
associated with (5.4) so that for every (A, B,C) € S there exists a K; € K which
asymptotically stabilizes (5.5). Then the controller

(1) = Koeap(t), k(@) = GO+ 1B, k(0) e R (5.8)
1s a universal adaptive stabilizer for the class S.

Proof. (Sketch) By (5.8) k() is monotonically increasing. If o(k(t;)) = o(7;) =
1o hits a stabilizing feedback matrix K;, then either the closed loop system stabilizes
out on the time interval [r;, 7?) so that lim,_ k(t) < 72 and no more switching
occurs, or it switches and goes unstable. But then condition (5.6) ensures that o (k)
will hit the same K;, again at a later switching point 7; > ;. Because of (5.7) the
system will stay constant for a longer period. Eventually the system has enough
time to settle down. o

The result shows feasability rather than practical utility. If more information about
the system class is available, then this information should be used to improve the
transient behaviour and to simplify the regulation law.
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REMARK 5.3.
(i) For a more general version of Theorem 5.2 see Section 6.

(i1) It can be shown, see Lemma4 in Logemann and Martensson (1990), that if K
is a countable and dense subset of R("+)*(P+)) then, for every (A, B,C) € &y,
there exists a stabilizing dynamic compensator of the form (5.4) belonging to
K. Therefore K = Q(*+Dx(P+!) satisfies the assumption of Theorem 5.2.

(iii) If £ in Theorem 5.2 is bounded, then the adaptation law in (5.8) can be
simplified to k(t) = ||5(2)|)*.

Under the additional hypothesis that a compact subset of the class of systems (5.1)
is considered, Fu and Barmish (1986) introduce an adaptive controller based on a
piecewise constant switching strategy and providing Lyapunov stability and expo-
nential decay of the solution.

An alternative control stategy to that presented in Theorem 5.2 resp. introduced
by Martensson (1986) has been proposed by Miller and Davison (1987a, 1988), and
for minimum phase systems by Miller and Davison (1991) , see Section 4.3. The
advantage of the different approach is that the adaptive controller tolerates certain
disturbances and noise. Miller and Davison consider the following class of systems

z(t) = Az(t) + Bu(t), y(t)=Cz(t), =z(0)€R" (5.9)
(A,B,C) € R™™" x R**™ x RP*" s stabilizable and detectable '

The idea is also based on an appropriate cycle through a parameter space and
to use stepwise constant feedback. The following lemma gives an upper bound on
the state Z(¢) of the closed loop system in terms of §(-), &(-)|jo,s): for a proof see
Miller and Davison (1987).

LEMMA 5.4. Suppose the feedback law
a(t) = Kj(t) ,K e R(m+Dx(m+p) (5.10)

applied to (5.5) yields an ezponentially stable closed loop system. Then there exist
M,w > 0, independent of £(0) and u(-), such that the solution of £ = [A+ BKC]z
salisfies

IIi'(t)IISMII:":(0)|I+M/0 e NIg(s)ll + Nli(s)lllds  for all ¢ 20. (5.11)

The inequality (5.11) is used to construct a criterion which decides whether to
continue or to switch off the switching process. If the cycle through the parameter
space hits a K which exponentially stabilizes (ﬁ, B, C’), then it follows from (5.11)
that for arbitrary 8 > 1 and sufficiently large i € N

NGO < (1FO)] + i + ik(t:))ePC¢=4) forall t >, t; >0 (5.12)

where

k() = /0 g ()l + lli(s)llds (5.13)
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The inequality (5.12) is used as a main indicator for the switching procedure
presented in the following proposition, see Miller and Davison (1987a, 1988).

THEOREM 5.5. Letl e N,8> 1 and
h: NoR(m+)x(m+p)

be a function so that h(N) is dense in R(M+)X(+P)  Then the regulation law

a(t) = h(3)§(t), for t€[titig1) (5.14)

where the adaptation mechanism is adjusted by the following sequence of switching
times

. {mm{t>t. v BN = B+ IO+ ik(-le 000

oo if the above minimum does not ezist

15 a universal adaptive stabilizer for the class (5.9) under the additional assumption
that it is known that there erists an I'* order stabilizing compensator of the form

(5.4).

Proof. (Sketch) Since im h is dense in R(™+D*(m+p) h(5) will hit a stabilizing
gain. If the decay rate —3~* in (5.12) is not slow enough, and/or the magnitude of
[15(t)|| is too big, then a switching will occur. However, there is a time t; > t; so
that h(j) is close to h(i) with smaller decay rate and greater bound j, and finally
(5.12) must be satisfied and no switching occurs any more. Then it can be proved
that lim,_ o z(t) = 0 and r(-) is bounded. o

REMARK 5.6.

(i) It is possible to modify the controller so that it becomes an adaptive stabilizer
for the class of stabilizable and detectable systems, without the knowledge of
the order of a stabilizing compensator. This can be achieved by an appropriate
search of the controller dimension, cf. Miller and Davison (1988).

(ii) If it is known that a correct Kj, lies in an open set S C R(m+)*(m+p) then
h can be replaced by some h: N—S so that A(N) lies dense in S.

(iii) The controller (5.14) can be modified so that it tolerates bounded disturbances
wi(-) € Cp in the output and bounded and Lebesque measurable w(-) in the
input entering the system as in (1.1). The result is then that the signals z(-)
and r(-) are bounded, only.

.

An important modification of the controller has been made by Miller and Davison
(1989a). There the controller not only ensures exponential decay of the solution
but also Lyapunov stability, that means for every (A, B, C) belonging to (5.1) there
exists w, M > 0 not depending on the initial data so that the closed loop system
satisfies (5.17). The controller does not have the shortcoming that the map y — &
is unbounded, cf. Section 3.5, or requires a compactness assumption as in Fu and
Barmish (1986).
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THEOREM 5.7. Letl € N, 8> 1,T > 0 and h(-),u(-) be given as in (5.14). Define

T
=T, p:eT/ I§()Pds, &Ym= 0.
0
Then the controller (5.14) with t; given by

: A . | -8t
oo | min {t>t1: 60) = (per't} (5.16)
oo if the above minimum does not exist

where
5@) = [ |[F)IP +[la(s)llPds, t>1

t;
is a umwersal stabilizer for the class (5.1). Moreover, for every (A, B,C), there
exists M,w > 0,1 € N, not depending on the instial conditions, such that

[1Z@)|] < Me™“*||£(0)|| for all t> 0, £(0) € R**™ (5.17)
and h(i) switches al most i times.

Proof. (Sketch) The proof is mainly based on the fact that if the closed loop
system is exponentially stable, then §(t) decays exponentially. (i')ue=?'t is a
parametrized family of decaying exponentials increasing in absolute value and de-
creasing in decay rate as i gets larger. Assume that the closed loop system is
exponentially stable. If ¢! is not big enough or A is not small enough then 6(t) may
not lie below (i!)pe‘ﬁ". In this case the switching procedure continues and comes
back to a nearby feedback matrix, but now the bound 1! is larger and the decay rate
—pB* is smaller. Thus eventually é(¢) stays below this exponential curve. o

5.2. Tracking and the servomechanism problem

A first contribution to the adaptive tracking problem for non-minimum phase sys-
tems has been made by Martensson (1988). He pointed out that adaptive tracking
of constant reference signals can be achieved for a given class of multivariable sys-
tems if a universal adaptive stabilizer is known and the class is invariant under
precompensation by an integrator.

Miller and Davison (1991b) have shown how to implement an internal model so
that an adaptive stabilizer results in an adaptive tracking controller. This approach
can be extended to non—-minimum phase systems as well. For fixed | € NuU {0}
consider the class

z(t) = Az(t) + Bu(t) + Eyw, y(t) = Cz(t) + Faw, z(0) e R"

for every
(A, B’ C, El, E2) € Rnxn X ]Rnxm X mpxn x RX™M ]RPX'H’ m Z p (518)

there exists an I** order stabilizing compensator of the form (5.2)
for the system (3.30).
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and the class of reference signals

{e o] m d
yf'ej = {yref €C (]R,]R )l C!(‘—ﬂ—')y,-e](t) = 0}
and of disturbance signals
D= {w € CP(R,R™)| a(%)w(t) = 0}

where the zeros of the monic a € R[s] are assumed to lie in C;.
The following theorem by Miller and Davison (1991b) generalizes Martensson’s
result presented in Theorem 5.2 and 6.3.

THEOREM 5.8. Letl € NU {0}, and suppose m = p. Then the adaptive controller
(5.8) or (5.14) together with the compensator (8.£9) is a universal adaptive ser-
vomechanism controller for the class of systems (5.18), of reference signals V..,
and of disturbance signals D.

Based on early results by Miller and Davison (1987a, 1988}, an improved controller
with smoother switching mechanism is presented in Miller and Davison (1991b).
Here the internal model is not attached to the output as in Theorem 5.7, but instead
it is attached to the error. It is only assumed that the numbers of outputs are equal
or less than the number of inputs, but «a(s) is restricted to have only simple zeros
all of which lying on the imaginary axis. With A* B* given as in (3.29) consider
the compensator

£(t) = A"€(t) + B%e(t),  £(0) e R™, e(t) = yres () — y(t) (5.19)

Yres
1w

Then the map grey := [ ] — = [ g ] 1s given by

3(1) = A2(1)+Bu(®)+ Egees (1), 5(2) = CE)+Fiires (), 2(0) € R™*" (5.20)
where

- A 0 _ B FE 0
A*[—frc A-J’ B-[o]’ -[—B-F B-]’

= Cc 0 - F _ | =
=[S 1) r=[5] == (2]
It can be shown that (A,B,C_') is stabilizable and detectable if (A, B,C) is.

Furthermore if a controller of the form (5.4) is applied to (5.21) or equivalently to
the augmented system

z(t) = A2(t) + Ba(t) + Efires (1),  §(t) = CE(t) + Fifres(t), 3(0) € R™ (5.22)

i=[43)a-(2 2]
-[2). 2+ (1]

(o5 1]

(5.21)

where

o

o oo

B
0

—
—~ O
—

S
N
== © 0

it

(o]
i

Q ~
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then the closed loop system is exponentially stable. So again it remains to find
an algorithm such that K cycles through R(™+)x(m+p) and eventually stops if a
"correct’ gain is hit.

THEOREM 5.9. Suppose ! € N and K = {K;}icn is a dense subset of R(M+D)x(m+p),
Then the controller

’%(‘) = max {—k(t) +{lg@)l| + lIaQ@)[l, lle@®)l},  k(0) €R
£(t) = A"E(t) + Bre(t),  £(0) eR™
a(t) = h(k(t))y(t)
_ Ky if k<1
"(")—{ Ki if kel (i+1)?),i>2
s a universal adaptive regulator for all systems (A, B,C, D, E1, E3) belonging to

(5.18) and satisfying rk 4 E,AI g

has simple 2eros all of which lie on iR, and for the class of reference signals V,.y
and disturbance signals D.

> n+p for all zeros A of a(N), where a(-)

The following different class of systems, note that A is stable, has been considered
by Miller and Davison (1987, 1989).

£(t) = Az(t) + Bu(t) + E v, y(t) = Cz(t) + Du(t) + Fow, z(0) € R®
(A, B,C, D, Ey, E3) € R?**™ x R™"*™ x RPX"? x RP*™ x R"*"1 x RP*™
o(A)CC., rk[D-CA™'B]l=p
(5.23)
For this class, a so called ‘low gain controller’ is designed which solves the ser-
vomechanism problem for constant reference and disturbance signals. The switching
strategy is similar to that used in Theorem 5.5. More importantly, Miller and Davi-
son (1991c) have proved that the controller can be modified to achieve the same
result under the additional constraint that the space U of input signals consists of
bounded functions and that y..; and w satisfy a feasibility assumption in terms of
(A, B,C, D, Ey, E3) and the bounds of U.

6. Necessary and sufficient conditions

Byrnes et al. (1986) proved that if asymptotic stabilization can be achieved in an
adaptive context, then Lyapunov stability can be achieved by a linear compensation
if the system parameters are known. More precisely they proved the following
necessary condition of universal adaptive stabilization.

THEOREM 6.1. If the feedback and adaptation rule

u(t) = f(E@),¥(), k() =g(k@),4(t), K(O)€R (6.1)
where f: R' x RP—R™ and g:R'x RP—R! are C*® functions, is a universal adaptive
stabilizer for a certain class ¥ of linear systems of the form

z(t) = Az(t) + Bu(t), y(t)=Cz(t), z(0)€R" 62
(A, B,C) € R™ " x R**™ x R*™*" _
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then the poles of each system belonging to £ can be placed in C_ by some linear
compensator of order l.

A sharpened version of this theorem which guarantees pole placement in C_ is not
available. Immediate consequences of Theorem 6.1 is the following corollary.

COROLLARY 6.2. (i) There is no universal adaptive stabilizer of the form (6.1)
of any order | for the class of stabilizable and detectable m-input, p—output linear
systems.

(ii) There is no universal adaptive stabilizer of the form (6.1) for the class of single-
tnput single-output minimum phase sysiems.

The following result by Martensson (1985),(1986) shows that the order of any
linear time~invariant stabilizing regulator is a sufficient information in order to carry
out adaptive stabilization. This result is also an ‘almost converse’ of Theorem 6.1.

THEOREM 6.3. For every l € N there ezists a universal adaptive stabilizer of the
form (6.1) and of order I 4+ 1 for the class of systems

z(t) = Az(t) + Bu(t), y(t) = Cz(t), z(0) € R

(A, B,C) e R**" x R*"*™ x RP*™ 50 that there ezists
(F,G,H,K) € R x R"P x R™X! x RmX*P (6.3)
z(t) = Fz(t) + Gy(2), u(t) = Hz(t) + Ky(t), z(0) € R!

which stabilizes (A, B,C)

Martensson (1985) also proved that Theorem 6.1 is no longer valid if the smoothness
assumptions on f and g are dropped. By incorporating an appropriate search
over the dimension of the controller into the adaptation mechanism, he obtains the
following general result.

THEOREM 6.4. A universal adaptive controller ezists which stabilizes all minimal
systems of the form (6.2).

Recently Miller (1991) has shown that Theorem 6.1 is also no longer valid if time-
varying stabilizers are allowed. He proved the existence of a smooth, time-varying,
finite-dimensional, nonlinear, adaptive controller which stabilizes every linear, finite-
dimensional, stabilizable and detectable, time—invariant plant with a fixed number
of inputs and outputs.

THEOREM 6.5. There erisls an adaptive stabilizer of the form

u(t) = Sk, u(1),1), k() = g(k(t) u(t),1),  K(O)ER

where f:R'x R? x R-R™, g:R!x RP? x R—R are infinitely differentiable functions,
Jor the class of stabilizable and detectable systems of the form (6.2).

Proof. (Sketch) Based on the switching strategy introduced in Miller and Davi-
son (1988), see (5.15), the controller is constructed in several steps. First a sampler
is attached to the output and a zero—order-hold to the input of the stabilizable
and detectable system (A, B,C). For small enough sampling period the sampled
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discrete-time system is stabilizable and detectable. Using a discrete-time result, a
linear periodic controller is given which exponentially stabilizes (A, B,C). Now a
countable dense subset of these controllers is constructed so that for each stablizable
and detectable (A, B, C) there exists a stabilizing linear periodic controller in this
set. A switching algorithm between these linear time-varying controllers ensures
the existence of an adaptive stabilizer for the whole class. Finally the discontinuous
gain-switching feedback is smoothed out. a]

Necessary conditions for the adaptive model reference control problem are given
in Miller and Davison (1991a). There, the model reference problem coincides with
the adaptive tracking problem for the class of reference signals which are produced
by the output of a reference model exited by piecewise continuous bounded inputs.
They consider the class of plants given by

£(t) = Az(t) + bu(t), y(t) = cz(t), z(0) e R" }

(A,b,c) € R"*" x R" x RIX" g stabilizable and detectable (6-4)

and the class of reference models (A, bm, ¢;n) Which also belongs to (6.4) and satisfy
the additional assumption that A,, is stable."

First, Miller and Davison (1991) show the following necessary and sufficient
condition on the non-adaptive model reference control problem.

ProOPOSITION 6.6. The non-adapiive model reference control problem is solvable
under certain causality constrainits if and only if

(i) the relative degree of c(sI — A)~'b 15 smaller or equal to the relative degree of
em(8] — Am) 1,y

(1) every zero of ¢(sI — A)~'b 1n Cy is a zero of (8] — Am)~'byn of the same
or higher multiplicity.

In Rohrs et al. (1982, 1985) it is shown that many adaptive controllers will
go unstable if the plant has some unmodelled high-frequency dynamics and a rel-
ative degree mismatch occurs. This is not surprising in the light of the following
proposition, shown in Miller and Davison (1991a).

PROPOSITION 6.7. Necessary conditions for solvabilily of the adaptive model refer-
ence control problem for the class (6.4) are:

(i) A finite upper bound on the relative degree of all systems in (6.4) must be
known.

(ii) The zeros of the uncertain plant on the imaginary azis must lie in a known
finite set.

(i1i) The model reference inpul is known or if not then the zeros of the uncertain
plant in C; maust lie in a known finite sel.
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7. Infinite—dimensional systems

The following results on universal controllers of infinite-dimensional linear sys-
tems generalize results which have been known before for finite—dimensional sys-
terns. Therefore these contributions can be viewed as robustness results showing
that certain adaptive controllers which work for finite—dimensional systems are ro-
bust against certain infinite-dimensional perturbations.

Most approaches use the well-known Willems-Byrnes controller

u = N(k)ky, E=|ly|I?

where N is a Nussbaum function, see (2.10).
Logemann and Zwart (1991) consider the class of single-input single—output
systems of the form

z(t) = Az(t) + bu(t), y()=cz(t), z(0)=zo€ X, )
A generates a strongly continuous semigroup
on a real Banach space X,

b and c are bounded linear operators and ¢b # 0, > (7.1)
the system has no zeros in Re(s) > o for some a < 0,
(A, b) is exponentially stabilizable,

im b C D(A), im C* C D(A4*),

where D(A) denotes the domain of A.
Under these assumptions they have shown that the Willems—Byrnes result car-
ries over to infinite~dimensional systems.

THEOREM 7.1. Let N:R — R be a Nussbaum function, see (2.10). Then
u(t) = N(E@)E@)y(t), k@) =y(t)’, k0)ER (7.2)
13 a universal adaptive stabilizer for the class (7.1).-

Analogous results are proved for different system classes where the last assumption
in (7.1) is replaced by one of the following conditions

-im b C D(A?)

~im ¢* C D(A*?)

—~1im b C D(A) and A generates an analytic semigroup

-~ 1im ¢* C D(A*) and A generates an analytic semigroup

Under much more restrictive assumptions (X a Hilbert space, A selfadjoint
and has a complete orthogonal system of eigenvectors and generates an analytic
semigroup) on the class (7.1), Theorem 7.1 has been proved by Kobayashi (1987).
However he considers multi-input multi—output systems but with the assumption
that o(CB) is either lying in the right or left half plane.

Dahleh and Hopkins (1986) show that u = N(k)ky, k = y? is a universal adap-
tive stabilizer for the class of single-input single-output ’minimum phase’ delay
systems satisfying a high frequency condition which generalizes the frequency do-
main relative degree 1 condition. This result has been extended to a considerable
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larger class of systems, feedback laws and gain adaptation mechanisms by Logemann
and Owens (1988a), and to relative degree 2 systems by Dahleh (1989).

Byrnes (1987) considers infinite-dimensional linear systems with bounded in-
finitesimal generator A, thereby excluding ‘all’ interesting examples.

Dahleh (1988) considers the adaptive stabilization problem for a class of delay
systems which is so restrictive, that interesting cases are not included. This has
been pointed out by Logemann and Martensson (1991), Section 3.

Logemann and Owens (1988) developed an input-output theory of high—gain
adaptive stabilization of infinite-dimensional systems which covers in particular
retarted systems and Volterra integrodifferential systems. A rich class of adaptation
controllers which includes the Willems-Byrnes controller is applied to a large class
of infinite-dimensional systems which satisfy a generalized minimum phase and
relative degree one condition. Memoryless actuator and sensor nonlinearities are
also considered in this approach, and a larger class of nonlinearities is allowed
in Logemann (1990). Due to the large class of nonlinearities in the input and
output lying either in a positive or negative sector, the usual Nussbaum function
is restricted to the class of scaling~invariant Nussbaum functions. The results by
Logemann and Owens (1988) include the results by Dahleh and Hopkins (1986),
Kobayashi (1987), Byrnes (1989), Dahleh (1988). In Logemann (1990) an adaptive
stabilizer for retarded systems is introduced which ensures exponential decay of the
solution of the closed loop system at the price that the minimum phase condition
has to be strengthened, see Section 3.5.

Logemann and Martensson (1990) consider the so called Pritchard-Salamon
class of infinite-dimensional systems with unbounded control and observation and
assume that the systems are exponentially stabilizable and exponentially detectable.
By using switching function controllers the results by Martensson (1985), (1986),
see Section 5.1, are extended to the infinite-dimensional case. The paper is not
based on a high-gain concept, however an application to minimum phase systems
is given.

A contribution to the adaptive servomechanism problem for infinite—-dimensional
systems has been made by Logemann and Ilchmann (1991). A class of multi-input
multi-output systems in an input—output description is considered including re-
tarded and integrodifferential systems which contain the class of finite-dimensional
minimum phase systems with high frequency gain det(C B) # 0. The paper extends
the finite—dimensional stabilization results by Martensson (1986) and Byrnes and
Willems (1984) to infinite-dimensional systems. Moreover the universal adaptive
regulator solves the servomechanism problem for a class of reference signals consist-
ing of solutions of a differential equation and asymptotic rejection of disturbance
signals including Ls~functions. The universal regulator uses the internal model
principle as discribed in Section 3.6.
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8. Nonlinear systems

Martensson (1990) considers the universal adaptive stabilization problem for the
class of single-input single—output first order systems of the form

z(t) = f(z(t)) + 9(z())u(t), z(0)eR (8.1)
[Lg€C®(R), f(0)=0, g(z)#0 forall zeR '

A necessary condition for adaptive stabilization is given and two universal adaptive
stabilizers are presented. The adaptation and feedback law is chosen piecewise C*,
instead of a piecewise constant control produced by an algorithmic procedure as
presented in Theorem 5.2.

Adaptive stabilizers for the class (8.1) are also given by Nikitin and Schmid
(1990). In addition they show exponential decay of the solution.

In Khalil and Saberi (1987) and Saberi and Lin (1990) a class of multi-input
multi-output nonlinear systems of known strong relative degree p > 1 is considered.
This is a generalization of linear minimum phase systems of relative degree p where
the spectrum of the high frequency matrix is known to lie in C; . The class covers
in particular pth—order vector differential equations of the form

y()® = f(u(), ...,y D)+ M(y(t), ..., y() " D)u(t)

where M is uniformly bounded and positive definite and f is Lipschitzian. The
adaptive stabilizer consists of a stabilizable and observable realization of a compen-
sator so that the closed loop system is of relative degree 1, cf. Section 4.1, and a
gain adaptation which produces a piecewise constant gain k(-) which is increasing
as long as the output does not satisfy a certain convergence criterion. The idea is
similar to that used for many adaptive stabilizers of linear systems: try a constant
high—gain feedback, if the gain is not high enough a convergence criterion decides
to switch to a higher gain, eventually the closed loop system is stable so that the
convergence criterion is satisfied and no more switching occurs.

In several contributions, E.P. Ryan considers large classes of nonlinear system
and introduces controllers which are based on the Willems-Byrnes controller to-
gether with a Nussbaum function. In Ryan (1990) the following class of nonlinear
systems is considered.

£(t) = Ao(t) + f(=(1) +az(t),  (t) = 9(2(2), 2(2)) + bu(?)
(2(0),2(0)) e R* xR, a € R*, f € C(R",ima) is linearly bounded
(e,a)b # 0 for a known ¢, (4,b,¢c) € R™*"™ x R™ x R!*" is minimum phase
g € C(R™ x R, R) satisfies |g(z, z)| < By(z, 2) for all (z,2) € R" x R,
for an unknown # > 0 and known v € C(R™ x R,R})

(8.2)
Note that, by assumption, the nonlinear system is a perturbation of a linear

minimum phase system of relative degree 1.

As opposed to all previously discussed feedback strategies, Ryan (1990) in-
troduces a universal adaptive feedback stabilizer using discontinuous feedback of
z(t), z(t), essentially a sign function, interpreted as a set-valued map. Thus the
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general framework uses the theory of differential inclusions. The stability results
are obtained by using Lyapunov functions and an extension of LaSalle’s invariance
principle. A similar approach using discontinuous feedback but for a less general
class than (8.2) has already been introduced by Ryan (1988).

In the same spirit, Ryan (1991) introduces a universal adaptive stabilizer for the
rich class of nonlinear systems modelled by a scalar n-th order differential inclusion
of the form

az(M(t) + Bu(t) € G(2(1), ...,z D(@)),  (2(0),...,z2(*~1(0)) e R®

y — G(y) is continuous on R" and takes convex and compact values in R, }

af #0 and the full state (z(2),...,2z("~1)(t)) is available for feedback

(8.3)

This is an extension of results presented in Ryan (1991a). An adaptive stabilizer
for an extension of the class (8.3) and the following class (8.4) to multi-input,
multi—output systems is presented in Ryan (1991b).

The power of the discontinuous feedback approach is demonstrated in Ryan
(1992) where he considers the class of nonlinearly-perturbed, multi-input, multi-
output systems of the form

£(t) = Az(t) + B[f(t, z(2)) + u(?)] + 9(t,z(1)), |
y(t) = Cz(t), z(0) e R®

(A,B,C) € R**" x R™X™ x R™*"is minimum phase,

o(CB)Cc C_orC C; : > (8.4)
f, g are Carathéodory

and satisfy, for a known continuous ¢ and unknown u > 0
[1f(t, z)|| < p¢(Cz) and ||g(t,z)]| <y forall z and almost all . |

It is shown that the simple adaptive controller (suitably interpreted)

u(t) = N(k())e(t) + (1 + s®)lle@®lI " e@)], e(t) = y(t) — vres (t) } (8.5)
k() = lle(®)IF? + (1 + o(u(t)lle@)ll '

where N(-) is a Nussbaum function, is a universal adaptive tracking controller for
the class (8.4) and for each reference signal y,.s(t) which is absolutely continuous
on compact intervals and has essentially bounded derivative. Surprisingly this ap-
proach is not based on the internal model principle and the class of reference signals
is fairly rich.

9. Conclusion

Over the last 15 years much progress has been made in the field of non-identifier-
based adaptive control. Necessary conditions have been given for the existence
of adaptive controllers, and various adaptive controllers have been designed for
different classes of mainly finite dimensional linear systems and also some nonlinear
and infinite dimensional systems. The nonlinear structure of the controllers has
become simpler.

We have also seen that, roughly speaking, the adaptive controllers can be divided
into two classes, one which uses smooth feedback and adaptation laws, the other
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where the gain in the feedback law is tuned in a piecewise constant manner. The
first approach is more ‘elegant’ in a mathematical way, the latter one is quite often
easier to analyse. There is no obvious reason to give preference to one approach
over the other.

Adaptive control for finite dimensional linear systems is quite well understood,
many universal adaptive controllers having been presented for different classes of
systems (multi-input multi-output, minimum phase as well as non-minimum phase,
known or unknown relative degree) that not only solve the stabilization problem
but also solve the tracking and servomechanism problems. Robustness properties
have been addressed in most cases.

The extension of these results to infinite dimensional systems is mainly restricted
to the stabilization problem, necessary conditions for the adaptive stabilization
problem are not available. Adaptive control for nonlinear systems is still in its
beginnings. Most authors consider nonlinearly perturbed linear minimum phase
systems.

One shortcoming of many universal adaptive controllers is that they show only
feasibility, with performance of the nonlinear closed loop system being unpredictable
and dependent, in an erratic way, on the initial data. The design of controllers so
that the transient behaviour is improved has only started, and the prediction of
the transient behaviour in terms of the initial conditions is an open problem. For
example, simulations have shown that the terminal system (3.21) is in most cases
exponentially stable. Is there a generic property hidden behind this observation?

There is also a poor understanding how the design of the controller can take
into account inputs and outputs corrupted with noise. More importantly, what can
be achieved, if the class of input signals is constrained?

Finally, a comparison between non-identifier and identifier-based adaptive con-
trol needs further investigation.
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