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Abstract

The nonlinear robust stability theory of Georgiou and Smith (IEEE Trans. Auto. Con-
trol, 42(9):1200-1229, 1997) is generalized to the case of notions of stability with bias terms.
An example from adaptive control illustrates non trivial robust stability certificates for sys-
tems which the previous unbiased theory could not establish a non-zero robust stability
margin. This treatment also shows that the BIBO robust stability results for adaptive con-
trollers in French (IEEE Trans. Auto. Control, 53(2):461-478, 2008) can be refined to
show preservation of biased forms of stability under gap perturbations. In the nonlinear
setting, it also is shown that, in contrast to LTI systems, the problem of optimizing nominal
performance is not equivalent to maximizing the robust stability margin.

1 Introduction

The fundamental nonlinear robust stability framework developed by Georgiou and Smith [9]
considers the classical closed loop system:
[P,C] + y1=Pui, up=Cyz, uo=ui+u2, Y=y +Yy2, (1.1)

as depicted in Figure 1, and develops a generalisation of the linear gap metric and associated
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Figure 1: The closed-loop [P, C].

robust stability results on the basis of a robust stability margin, bpc, which is taken to be the
inverse of the induced norm of the closed loop operator lp,/c:

Tp)c: < Zg > - < Zi > (1.2)

Under appropriate well posedness assumptions, the main robust stability theorem states that if
[P, C] is gain stable (that is [|[Ilp//c|| < 00), and if

§(P, Pr) < bpc = [Tp el ™ (1.3)
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then [P, C] is gain stable ( [|Ilp, /¢l < 0o). Here § is denotes the nonlinear gap metric, as
described later in Section 3, and is a notion of distance between plants which renders typical
unmodelled dynamics small: e.g. for linear plants, small multiplicative, inverse multiplicative,
and co-prime factor perturbations are small in this sense, as are small time delays to proper
continuous time plants (here we think of P as the model, and P; as the ‘real’” system).

To account for nonlinear gains, a regional version and a gain function version of the robust
stability theorem were also given. All versions of the robust stability theorem assume that the
plant and the controller map zero inputs to zero outputs (P(0) = 0, C(0) = 0) and that the
closed loop operator IIp/,c has an induced norm or a gain function.

However, there are important instances in which these sufficient conditions for robust stability
generically fail; and yet for which robustness results should apply and for which, to date, either
relatively ad-hoc methods have been utilized to establish robust stability, or no such such robust
stability certificates have been established. Many such systems can be handled by developing
a robust stability theory based on an underlying notion of stability which includes bias terms;
for such notions of stability see [3, 15]. The first important class of examples are systems whose
response depends on a non-zero initial condition, and which do not start at an equilibrium,
see [8] for an alternative biased approach to such examples. The second class of systems are
those for which P(0) = 0, C'(0) = 0 but whose closed loop operator Ilp ¢ is discontinuous at 0,
thus precluding the existence of a (local) finite gain. Most adaptive controllers fall within this
category [4]. A third class of examples includes systems which include inherent offsets, arising
e.g. from quantization errors, sensors biases etc. Another such class of feedback systems include
nonlinear high gain controller designs which attenuate the effects of unknown nonlinearities by
high gain feedback, and which do not cancel the effect of the nonlinearities.

In this paper, we take an important class of examples from adaptive control to motivate the
approach. In this setting, the need for a bias does not arise from an offset from a single specified
trajectory, so the approach of [8] is not applicable. For this class of adaptive controllers we
interpret the known BIBO robust stability results of [5] to provide an interpretation based
on biased stability. This approach provides a more satisfactory robustness theory than the
relatively ad-hoc techniques developed in [5], and shows the stronger result that stability with
bias is preserved under sufficiently small gap perturbations.

The results are cast in a framework which seeks to make minimal restrictive assumptions on
the system class, and minimizes the conditions to be verified in applications. For example, the
standard setting of extended spaces is widened to a wider space, termed the ambient space,
which permits the systematic consideration of systems with the potential for finite escape times.
Further the typical assumption of global well posedness of the perturbed system is reduced
to a uniqueness and causality requirement only. This substantially eases the application of
the robustness result, since typically it is far easier to ensure uniqueness of solutions than to
guarantee their existence a-priori, and causality of solutions usually is physically apparent.

The remainder of the paper is structured as follows. In Section 2 we introduce the system
theoretic setting and notation. In Section 3 we introduce the gap metric and the notions of the
robust stability margin and nominal and robust performance. Section 4 considers the motivating
example from adaptive control whereby it is shown that biases are present. Section 5 establishes
the main regional robust stability result. In Section 6 we consider the result specialised to the
case of linear plants, before revisiting the adaptive control theory in Section 7. In Section 8 we
consider the special case of global robust stability and the implications of the robust stability
result for the formulation of appropriate optimization problems in nonlinear control design. We
draw conclusions in Section 10.



2 Systems

Let T denote either the discrete half-axis time set Z4 or the continuous time counterpart, R .
In both cases 7 U {oo} is totally ordered in the natural manner. For w € T U {oo}, let S,
denote the set of all measurable maps (in the discrete case, simply maps) [0,w) — X where X
is a normed vector space, for example for finite dimensional systems it would be X = R" and
for distributed parameter systems it would be a function space, for example L?[0,1]. For ease
of notation define S := So. For 7 € T, w € T U {00}, 0 < 7 < w define a truncation operator
T, and a restriction operator R, as follows:

TT:ST_>8, U’—>T7-’U =t~ ’U(t)’ tE[O,T) ?
0, otherwise

R.:S, =S, v—Row:=>t—o(t), tel0,7)).

We define V C S to be a signal space if, and only if, it is a vector space. Suppose additionally
that ) is a normed vector space and that the norm on V, || - | = | - ||y is (also) defined for
signals of the form T,v, v € V;, 7 > 0. We can define a norm || - ||, on S; by ||v||; = ||T5v]l,
for v € S§;. For notational simplicity, we utilize the same notation to define a functional on
S, namely ||v||; = ||R;v]+, for v € S. The systems given in this paper have the potential for
finite escape times, thus requiring the consideration of signals which are only defined on finite
intervals. Within the classical approach to input-output analysis, all signals are considered to lie
within extended spaces (V. below). This forces signals to be globally defined and hence precludes
finite escape times. We overcome this deficiency by defining a larger space, the ambient space
(V4 below), which contains signals which are defined on finite as well as infinite intervals.

We associate spaces as follows:

e V[0,7) ={veS;|v=Rw, weV, ||v| < oo}, the interval space;
e Ve={veS|V7r>0: RweV[0,71)}, the extended space;
oV, ={vesS,|VTe(0,w): RveV[0,7)}, for 0 < w < oo; and

* Vo = Uue(0,00] Voo the ambient space.

It is important to note that in general V[0, 7) # V;, since in contrast to V[0, 7), elements of V;
may be unbounded on the whole interval [0, 7) — this is the feature that allows consideration of
finite escape times. For example, if V = L*°(R;,R), then the function tan: [0,7/2) — R has
the property that tan ¢ L*°([0,7/2),R) = V[0,7/2), but tan € L*([0,7),R) = V[0, ) for all
T < 7/2, hence tan € V, /2. Hence the ambient space consists of signals defined on intervals of
both finite length (as V; C V,) and infinite length (as Voo C V,), and thus for example V, is an
appropriate space to capture the behaviour of e.g. solutions to differential equations where the
presence of finite escape times may lead to solutions which are only defined on finite intervals.

A signal space V is said to be truncation complete if V[0, 7) is complete for all 0 < 7 < oc.
The notion of a closed loop solution is formally defined as follows. Given signal spaces U and

Y, a mapping Q: U, — YV, is said to be causal if

Vu,v €Uy, V7 edom(u) Ndom(v) : [Rru=Rv = R (Qu) =R (Qu)].

We remark that causality is often defined by the property that T,QT, = T,;Q. However this
equality is only defined if U, is closed under the operation of truncation (for example not if
U= C(R,R)).



Given signal spaces i and Y, let P : U, — Y, and C' : ), — U, be causal mappings representing
the plant and the controller, respectively and consider the system of equations (1.1) correspond-
ing to Figure 1. Given external signals (or disturbances) wo = (ug,y0)? € W := U x ) then a
pair of internal signals (w1, ws) = ((u1,y1)7, (u2, y2)T) € Wa x Wa, Wy := U, x V,, is a solution
if, and only if, (1.1) holds on dom(w;,w2) := dom(w;) N dom(ws).

The twin properties of existence of solutions and uniqueness of closed loop solutions coupled
with a notion of causality (introduced below) define the notion of well posedness. It is of critical
importance when dealing with systems with the potential for finite escape times to distinguish
between the local and the global version of these properties, and a particular contribution of this
formalism is to provide results that allow the guarantee of existence of bounded global solutions
of a perturbed system from the minimal assumptions of bounded global solutions of the nominal
system together with a uniqueness and causality assumption on the perturbed system. This is
considerably more applicable than the typical assumption in the input-output literature whereby
global well posedness is assumed a-priori for the perturbed system, since a common feature of
nonlinear analysis is the relative ease in which uniqueness of solutions of differential equations
can be guaranteed vs. the difficulty of establishing existence of solutions. Indeed a typical
result establishing the existence of solutions of differential equations operates by establishing
boundedness and existence simultaneously, hence here we are providing the setting so that our
robust stability theorems can be established on the same basis, thus greatly increasing their
formal applicability.

Let Xy, := {(w1,w2) € Wy x W, | (w1, w2) solves (1.1)} be the set of all solutions, which may
be empty. The closed loop system [P, C] is said to have the existence property, if X,,, # 0 for
all wg € W, and the uniqueness property, if

Y wo € w (’UA)l,HA}g), (U~]1,’u~}2) S Xwo

— (7111,’11)2) = (@1,1[12) on dOHl(’LZ)l,QI]Q) N dom(wl,ﬁ)Q) .

As discussed above, throughout the paper we will require that all closed loop systems under
consideration satisfy the uniqueness property (but not necessarily the existence property).

For each wg € W, let wy, € T U {oco} define the maximal interval of existence [0, w,y,) for the
closed loop system, i.e. [0,wy,) = U(w1,w2)€Xw0 dom(wy,wy) and define (w1, ws) € Wy X W,
with dom(wi,w2) = [0, ww, ), by the property Ri(wi,ws) € Xy, for all t € [0,wy,). This induces
the operator

HP,C W =W, X Wa, wo — (wl,wg) .
Thus Hpc is the map from the external disturbances wy to the internal signals (w1, w2) defined
on their maximal interval of existence.

For © C W the closed loop system [P, C] given by (1.1), is said to be:

e Jocally well posed on € if, and only if, it has the existence and uniqueness properties and
the operator pr‘g 1 Q= Wy X Wy, wo — (wi,ws), is causal;

o globally well posed on (Y if, and only if, it is locally well posed on Q and Hp,c(2) C We x We;

Note that the local/global adjective are descriptions with respect to time. A locally well posed
system is therefore one for which in wp € €2 then the internal signals (wi,w2) are defined on
some (potentially finite) time interval [0, wy, ), in contrast to globally well posed systems which
have internal signals (w;,ws) defined on the time interval [0, c0).

We next define both regional and global notions of stability both with and without biases. For
normed signal spaces X, V and ) C X define the following:



(i) A causal operator Q: X — V), is called gain stable on € if, and only if, Q(Q2) C V, Q(0) =0

and |R-Qu]
T\
1Qfo /[y, = sup {HRTQCHT

e, T>0,R7x7é0}<oo.

(ii) A causal operator @Q: X — V, is called (v, ) gain stable with bias on 2 if, and only if,
Q(2) CV and
IR-Qz|l- <Y|R-x|-+ B,  VYreQ, >0

(iii) A causal operator Q: X — V, is called regionally gain stable with uniform bias on Q if,
and only if, Q(Q2) C V and there exists 8 > 0 such that for all R > 0 there exists y(R) > 0
such that:

|R-Qz|lr < ~(R)||R-x| + B, Ve e QNB(R), T > 0.
Hereafter, B(R) denotes the closed ball centred at the origin with radius R.

(iv) A causal operator Q: X — V, is called gain-function stable on Q (or gf-stable on Q) if,
and only if, Q(2) C V and the nonlinear gain-function

g [Q‘Q] : (T07OO) - [0,00),
reg [Q‘Q] (r) = sup{HRTQxHT ‘ x€Q, ||R:z|- € (ro,r], 7> 0} ,

is defined, where 7 := inf ||z||x < 0.
e

It is important to observe that in contrast to some treatments of gain functions, we do not
require ¢g[Q](0) = 0 (if 7o = 0).

The above notions of stability will be applied to the following operators:
Hp//ciW-)Wa, wo — Wy, and HC//p2W—>Wa, W — W2

in order to define the appropriate notions of stability of the closed loop system (note that
Hpco = (Hp//c, HC//P) and lp,/c+Ueg//p = I). For normed signal spacesU, Y and W =U XY
and the causal operator P: U, — Y, and C: Y, — U, define the following;:

(i) The closed-loop system [P, C] given by (1.1) with the associated operator Ilp,,c: W — W,
is said to be BIBO W-stable if, and only if, it is globally well posed and Hp (W) C WxW.

(ii) Let Q@ € W. The closed-loop system [P, C] given by (1.1) with the associated operator
Hp//c: W — W, is said to be regionally gain stable (with (uniform) bias) on € if, and
only if, it is globally well posed on  and Ilp, /¢ is gain stable (with (uniform) bias) on €.

(iii) Let @ € W. The closed-loop system [P,C] given by (1.1) with the associated operator
Up//c: W — W, is said to be gain-function stable on € if, and only if, it is globally well
posed on (2 and llp,,c is gain-function stable on (2.

For all the above stability definitions, if an object is (gain) stable (with bias) on © = W, then
it is said to be globally (gain) stable (with bias).

The notion of gain function stability and regional gain stability with uniform bias are closely
related as the following lemma shows:

Lemma 2.1 The following statements are equivalent:



1. [P,C] is gain function stable on W.

2. [P, C] is regionally gain stable with uniform bias on W.

Proof. If [P,C]is (y(-), ) regionally gain stable with uniform bias, then [P, C] is gain function
stable with gain function g(r) = ~(r)r+ /5. Conversely suppose [P, C] is gain function stable with
gain function g[llp,/c]. Let ro > 0 and let g(r) = g[Ilp,,c](ro) for r < ro and g(r) = g[llp/,c](r)
for r > rg. Then, for any R > 0,7 > 0 and any w with [|R;w| < R, since g[llp, ] is increasing,
we have

|R-1Lp)jcw| < g[llp)c](|[Rrwl]) < g(ro) = g(0) if |Rrw]| <o

and
| R p)cRrw|
IR p, cwl|| = [ Rrwl| 4+ g(0)
/7 |[R-w| — g(0)
R) —g(0 :
- W”RT“’” +9(0) if || Ryw] > ro.

Hence [P, C] is (7(+),g(0)) regionally gain stable with uniform bias where y(R) = W;g(o)- 0
Finally

For the plant operator P and the controller operator C' and signal spaces U, ), we define the
graph Gp of the plant and the graph Go of the controller, respectively, as follows:

o {3

The graph of a system operator is the set of all bounded input/output pairs and plays a key
role in the definition of the nonlinear gap, see below.

uGL[,Puey}CW, gC::{@y) ‘ Cyeu,yey}cw.

3 Gap distances and robust performance functions

Throughout this paper, our principal measure of worst case nominal performance of a closed
loop system [P, C] is given by:

Apc(r):== sup [Ip;cwoll, (3.1)

[[wol|<r

that is, Apc(r) is the maximum size of the internal signal w; = IIp,,cwo, given external signals
wq of size less than or equal to r.

Let I" denote a set of causal operators U, — ), corresponding to the admissible plants. Given
P,P; € T and a distance measure 0: I' x I' — [0, 00|, the robust stability margin is defined as
follows:

-

0(P,Py) <e and [P, C] is causal

Bpe(r) = >0 .
po(r) :=sup {6 - and has the uniqueness property

Ap c(r) < oo} . (3.2

—

i.e. Bpc(r) is the size of the largest worst case plant perturbation (as measured by J) which
maintains bounded performance for disturbances of size less than or equal to r. The robust
performance function is defined to be:

-

ABpc(r,n) = sup { Ap,o(r) | P € T,8(P, ) < nBpe(r)}, n € [0,1). (3.3)



The robust performance function therefore quantifies the worst case performance as the permis-
sible plant perturbations are varied from their maximum size (7 = 1) to the nominal case of no
perturbation (7 = 0), again at disturbance level r.

Throughout this paper, the distance measure § is taken to be the gap metric, or one of its varia-

tions/generalisations which we next define, and relate to our definitions of nominal performance,
robust stability margin and robust performance.

3.1 The Linear Gap

We let R(U,Y) denote the set of linear operators P: U, — ). specified by rational transfer
functions. H* denotes the Banach space of complex valued functions that are analytic and
bounded on the open half plane C; with norm: |[|f|lye~ = esssup ern |f(jw)|. RH™> is the
subset of H* consisting of rational functions. The pair N, D € RH> are said to be normalized
right co-prime factors over RH™> of a transfer function P, if P = ND~! and N*N +D*D =1I.!
The set of all such (N, D) is denoted by NRCF(P).

For the case of I' = R(L2(Ry), L2(R,)), C € R(L2(Ry), L2(R)) and we let &y denote the
directed Ho gap metric:

do(Pr, P2) =i“f{H( v )' g
3.4

It is well known that Apc(r) = bl_;lcr, Bpc(r) = bpe, where bpe = |Ilp/cl~*. For any

‘ AN ¢ page. Po=(Ni+AN)(Di+Ap)~!
oo Ap ’ (Nl,Dl) S NRCF(Pl) ’

-

n € [0,1), we see nbpc < Bpc. Suppose, as in (3.3) that 6(P, P;) < nbpc. Then by Theorem
1 of [9], we have

1 +nbpc 1+nbpc
II < : II < —|1I .
H Pl//C” =71_ an,CHHP//CH H P//CH = 1 n H P//CH
This shows Ap, o(r) < %Agc(r). Hence
1 b
ABpc(r,n) < MAP’C(T) for all n,r > 0. (3.5)

1—

3.2 The Un-Biased Regional Nonlinear Gap

The nonlinear gap metric was introduced in [9], and is defined as follows. Let I" denote the set
of all causal operators U, — V,. Given P, P, € " and a subset  C W, define the (possibly
empty) set

® is causal, and
Q — . )
Opy,p, = {(I)‘ Gp N8 = Gp, R, (® —I) is compact for all 7 > 0 }’ (36)
and the nonlinear directed gap [9]:
. ”RT(‘I)_INQP z||- . 0
- inf su Q —t— if O 0,
Se(P1, Py) = <1>eoglvp2 Pxeg%r;#bwo TR z[[~ PP # (3.7)
o0 lf O%l’P2 - @

Various equivalent expressions for the (global) nonlinear gap can be found in [1, 9, 12], including
formulae based on nonlinear coprime factorisations closely related in form to (3.4). The L?(R)

'"Here N* denotes the conjugate transpose of N.



nonlinear gap is a generalisation of the standard definition of the Hy gap 50( ) [9, 16], in the
sense that if Py, Py € R(L%(R,), L2(Ry)), and either do(Py, Py) < 1 or do(Ps, P1) < 1, then it
has been shown in [9, Proposition 5] that if Q := {w € L*(Ry) | [|w]| 2, ) < R}, R > 0, then

So(P1, P2) = 0 (P, Py).

For nonlinear systems, we have Apc(r) < ||[lp//c|s@)llr. However, in contrast to the linear
setting, the robust stability margin is also in general dependent on the disturbance level r > 0,
and the parallel projection gain only provides a lower bound:

-1
ITLp, /¢ (uo, yo)|| _1

Bpc(r) > sup =: ||II , 3.8

( ) <0<||(u0,y0)||§R ||(U0,y0)|| H P//C|B(R)H ( )

for some appropriate choice of R > r, see [9].

It follows that the minimization of the gain of Ilp,,c remains, as in the LTI case, a sensible
design objective, since a small gain ensures both a good robust stability margin and good
nominal performance. However, as we will see in Section 4, it is not always possible to achieve
ITLp//clB(R)ll < 00, even when a sensible robust stability margin should exist.

Note that the reverse inequality to inequality (3.8) does not necessarily hold. So the robust
performance function ABpc(r,n) for nonlinear systems cannot in general be estimated as simply
as in the linear case. However, if Apc(r) satisfies certain growth assumptions, then we are still
able to estimate ABpc(r,n) as shown in the following lemma.

Lemma 3.1 Let Q@ C W and |llp//clal < oo. Suppose that for r > 0,n € [0,1) with
nBpco(r) < |[Mp)clall ™", there exists R > r such that

R—r
B(R) C Q and |II S
(R) | P//C|B(R)||—UBP7C(T)R
Then
,
ABpc(rm) < (14 nBpo(r) A < ) 0
pc(r,n) < (1+nBpc(r)Apc 1L —nBpc(r)|lpclall 39

Proof. Let P, € I, and suppose 0g(P, P)) < nBpc(r). By assumption, there exists R > r
such that

r < (1 =nBpc(r)lp/ ol )R

For any 7 > 0 and w € W with ||w||; < r, by the proof of Theorem 4 in [9], there exists x € B(R)
such that

Mpjcwlls < (1 +nBpo(r) e ol

and
||£C|| < ||wHT r )
~ 1=nBpc(r)|Up/clamll — 1=nBpc(r)|Upclall
This shows
.
An.cle) < (-t aBrclrVare (g i)

d

Note also that for linear systems, inequality (3.9) reduces to inequality (3.5), since we can take
Q=W and since Bpc(r)|[Ilp, /clall-



4 A motivating example

The potential lack of tightness of the lower bound (3.8) is not pathological [4, 5]; many adaptive
controllers have the property:

Apc(r) < oo; Bpc(r) >0 forallr>0 (4.1)
whilst - : i
sup < b//cR0, 40 ) — oo forallr > 0. (4.2)
lluo,yoll<r [ (w0, o)l

This arises due to a problem with small signal behaviour, where whilst HP//C(O) = 0, the
operator Ilp, o is not continuous at 0 — which precludes the existence of a ‘local finite gain’.

An explicit example of this (in an L? setting) is given by the plant
P(0)(u1) = y1 where g1 = 0y1 +uq y1(0) =0, (4.3)

with 8 > 0 and the controller:

Cly2)(t) = ualt)
us(t) —kya(t)
E(t) = ay3, k(0) =0, (4.4)

It has been shown that this closed loop is BIBO stable in an L?(R.) setting, see [5, 7], indeed
Apc(r) < oo for all r > 0. Clearly, for any disturbance (arbitrarily small) which moves y; # 0
there are trajectories which grow without bound unless there exists a time at which k(t) > 6,

ie. llyallz2p0, > g. Hence for all € > 0, Jug, yo, ||(uo, yo)|| < € such that:

II ,v0) L T
ey el > Ty p(uo, yo)' || _ H(uz,w) I > Ve v oo ase 0. (4.5)

Il (w0, o)™ || (uo,y0)T|| — ae

Hence ||I1p;/c|| = oo, and this is caused by a lack of continuity at 0.

However, let us first note that this discontinuity is addressed in [5, 7] by appending 6 onto the
input space, for then an inequality of the form:

1w, 91, 0)lerxy < < g1 (wo, yo) lluxy, 1601), (4.6)

was constructed, and from this it was shown in [5, 7] that Bpgg) c(r) > 0, ie. we have a non
zero but disturbance dependent robustness margin. Hence both (4.1) and (4.2) hold. This
paper will give a clearer analysis of this robustness, showing that this system is stable under the
appropriate notion of stability (stability with bias) and this form of stability is robust to gap
perturbations.

5 Regional robust stability

In the context of a notion of stability with bias, it is natural to adopt this notion of stability to
assess the ‘gap’ between the graphs of P and P;. Hence for 2 C W define the set:

—

R(P1, Py; Q) = {(5, F) €Ry xRy |30 €O p |RA(I — @)z < bl||l, + &, Y € Gp, N Q} .



where (9%17 p, is given by (3.6). Thus the set &(P]_,PQ;Q) consists of all possible gains and
biases which describe the deviation from the identity of maps ® between the graphs of P and
Py when restricted to the domain . In contrast to the nonlinear gap (3.7), there are now two
parameters 5: o describing this ‘gap’, and there is no single natural way to reduce this to a
scalar distance measure. Since there are different ways of defining a scalar distance measure
from these two parameters, see Section 6 below, we elect to present the main regional robust
stability result without making such choices, i.e. the description of the ‘gap’ between P; and P,
remains described by the two dimensional set A(Pl, Py; Q) of all possible gains and biases.

In the rest of this paper, unless specified otherwise, we always let U, ) be truncation complete
normed signal spaces, let W =U x ), and suppose that for all 7 > 0, there exists a continuous
mapping E; : WI[0, 7] — W such that

R,z = R.(E;x), for all z € W|[0, ).

An operator @ : W — W is said to be relatively continuous if for all 7 > 0 and for all operators
U)W — W with R;¥ compact, the operator R,¥Q : W — W0, ) is continuous.

Theorem_'5.1 Consider P: U, — Yo, PL: Uy > YV, and C: Y, - U,. Let R > 0,0 < e < 1.
Suppose (8,5), (v,8) € R2 are such that:

(5’5) € A(P,Pl,Q)

where Q = B ('y@ —1—5) CW, p(R) = R+d+ 58, [P,C] is (v,8) gain stable with bias

on B (@) C W and lpc is relatively continuous. If [Py, C] is causal, has the uniqueness
property and
y<l-—ce (5.1)

then the closed-loop system [Py, C] is (y1, 1) gain stable with bias on B(¢R) and

1+6

_ 5.2
M T (5.2)

pr = B+(6+5ﬁ> <1+71+5>. (5.3)

3

Proof. Let w € W, |jw| < eR and suppose 0 < 7 < oo. Since (5,5) € A(P, P;Q) it follows
that there exists a causal mapping ®: Gp N — Gp, such that R, (® — I) is compact and for all

zEW, |lzf < 2,

)

|Re(® ~ Dpycl el < 5~ (ol +5) +
< (1—e)|z|+&+d8
= p((L=g)]]).
Consider the equation
Riw = R(I+(P— I)Hp//c)x = RT(HC//p + (I)Hp//c)l‘. (5.4)

Let

v ={eewon|ial, < 2040}
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and consider the operator
Qu:V =W[0,7) : zw— Rrw+ R(I —®)lp/cErz.

By definition of WI0,7) and our assumptions, the operator is well defined and continuous in
WI[0,7). Let z € V and & = Era. Then ||z, < 210 < 2R "anq |R(1 - @)1p) 07|, <
p((1—=e)[[z[+), so:

|Qu||r | Rrw|lr + [ R (1 — CI))HP//C@HT

IN A

IN
£
+
_
|
NUY

IN
=
=
+
—
—_
~—

(5.5)

Therefore Q,,(V)) C V. Since R, (I —®) is compact and IIp, /¢ is bounded, it follows that Q,, is
compact. Since W is truncation complete, W|0,7) is a Banach space, it follows by Schauder’s
fixed point theorem that @, has a fixed point in V. Hence equation (5.4) has a solution
x €V C W0, 7) as claimed.

By the uniqueness property for [P, C], Ilp, ;/c: W — W, is defined. Since wy = ®Ilp, /07 € Gp,
wy = Il /pZ € Go and @, p, /¢, Ilp /¢, Loy p are causal, it follows from equation (5.4) that
(w, Rrwy, Rrws) = (w, Ry ®1lp/ o, R 1o/ p) is a solution for [Py, C]. Since this holds for all
7 > 0, it follows that w,, = oo for [P, C]. Consequently dom(Ilp, /) = [0,00) and thus [P, C]
is globally well posed. Since z € V and R;llp ;,cw = R ®llp,,cT,

IMp, /jcwllr = [[®Up)/cZ-
p/ el + (@ — Dp)/cZ|-

IN

< (1+90)|[p/ |, +7
< (140) (Yllzll- + )+
N R N .
(5.6)
hence Ilp, ;¢ satisfies
e,y jczllr < el + Bi. (5.7)

where v, and ;1 are given by (5.2), (5.3).

As we have shown [Py, C] is globally well posed, inequality (5.7) holds for all 7 > 0, and the
proof is complete. |

We remark that if the operator R, ® used to define @, is locally incrementally stable, i.e.

HRTQ)wl - RT(DUJQ ||7-
sup

Rrwi#Rrwo HR‘rwl - RTwQHT
| Rrws | Rrw2 || <r

11



then the relative continuity requirement for IIpc can be replaced by the weaker requirement
that R Ilpc is continuous.

We also remark that in contrast to the approach to derive the (unbiased) global results in [9],
here we impose a compactness requirement in the definition of (’)}91}7 p,- In turn this stronger
requirement on the maps ® results in substantially weaker assumptions on [P;,C]. In [9] it
was required that [Py, C| was globally well posed, and e.g. in [6] the alternative requirement
of regularly well posed was used. Here, the requirement is that [P, C] satisfies uniqueness and
causality properties only. This is weaker than either the assumption of global or regular well
posedness, and is often straightforward to verify (in contrast to the existence property of well
posedness assumptions which is often hard to verify a-priori).

6 Robust stability and performance

We have already observed that in Theorem 5.1 the set ﬁ(P, P;Q) C Ri plays the role of the
gap distance in the unbiased robust stability theorem, and that as a 2-dimensional description
of the ‘gap’ between P and Pj, it does not define a distance between the two plants. Some
possible scalar measures are:

1. Gap defined with respect to the smallest gain:
5r(PL, Py) = inf {52 0|36 s.t. (6, 8) € APy, P; B(R))} .

Correspondingly we define the bias:

Br(Py, P2) = inf {5 >0|3Fs.t. (Or(P1, P2),B) € 5<P1,P2;B(R)>} :

-,

Note that in general (5R(P1,P2) Br(Py, Py)) & A(Py, Py; B(R)), however, (8, §) € A(Py, Pa; B(R))
for all § > 6r(Py, P2), B > Br(P1, ).

2. Gap defined with respect to the smallest bias:

Sr(Py, Py) = inf {52 018, 53r) € &(pl,PQ;B(R))} :

where

=,

Br(Pi, P2) = inf {5’2 0]35st. (6,5) € &(PMPQ;B(R))} :

Note that, similarly to 1. above, in general (6R(P1,P2)Lg (_Pl,Pg)) ¢ (Pl,Pg,B(R)),
however, (8, 3) € A(Py, Py; B(R)) for all § > 0g(P1, Ps), B > Br(PL, P,)).

3. Gap defined at a given bias level E > 0:
Or(Py, Py) = inf {52 01(5,8) € A(Pth;B(R))} :
Note that 6z(Py, Py) at bias level 8 = 0 recovers the nonlinear gap (3.7).

Note that it is straightforward to restate Theorem 5.1 using any of the distance measures 1,2,3
above.

To illustrate this we now specialize to the case where the gap between the plant can be described
without biases as in (3.7), which incorporates the case of linear plants in R(L?*(R4), L2(R4)).
That is, in the following, ¢ is given by (3.7) with Q@ = W. This is a special case of both 2. and

12



3. above. This special case is important for the adaptive control setting considered in sections 4
and 7, where the plant is linear, hence the gap can be measured by 50, and the bias arises from
the nonlinear controller. As the P and P; do have a finite nonlinear gap then this coincides with
the distance measure in 2. above, whilst in relation to case 3. we are just considering the gap
at bias level 0.

Corollary 6.1 Let U, Y be truncation complete normed signal spaces, and let W = U x Y.
Consider P: Uy, — Yo, Pi: Uy — Vo and C: Yo — U,. Suppose [P,C| is (v(-),B) regionally
gain stable with uniform bias on W, where vy is continuous and Ilpc is relatively continuous.
Let R>0,0<e <1 and let g(P, pP) = gW(P, Py) be as given in (3.7). If [P1,C] is causal, has
the uniqueness property and

5(P, Py (W) <1-e (6.1)

then the closed-loop system [Py, C] is (y1(R), 51) gain stable with bias on B(R) where:

W(R) = 7<R+5(P,P1)5> (1+6(P,P1)>7 62)

9 9

B = B+3(PP)A <1+7<R+5(P’P1)5> 1+5(P’P1)). (6.3)

9 9

Proof. By assumption (6.1), for sufficiently small b > 0 we have

(5(13, Pp) + b) v <R (PP + bw) <l-ec (6.4)

€

- -

By the definition of 6(P, Py), there exists ® € O}g\,}ﬂ such that | R, (I —®)z|| < (0(P, P1)+b)| x|,

for all z € Gp, from which it follows that (8, &) := (§(P, Pi)+b,0) € A(P, P1; Q) for any Q C W.
We let

€

B <R+§(P,P1)ﬁ+bﬁ>
M = 7

and let Q =B (’yb@ + 5) CW, p(R) = R+ &+ 08+ bB. Then inequality (6.1) implies (5.1)
and [P, C] is (s, ) gain stable with bias on B (@). Hence, the result follows Theorem 5.1 as

b is arbitrarily small and ~ is continuous. O

Expressed in terms of the robust stability margin and the robust performance function, we have:

Corollary 6.2 Let U, Y be truncation complete normed signal spaces, and let W = U x Y.
Consider P: Uy — Yo and C: Yo — Ug. Suppose [P,C] is (y(-), B) regionally gain stable with

uniform bias on W, where v is continuous and Ilpc is relatively continuous. Let §(P, P;) =
Sw (P, P1) be as given in (3.7). Then for any R > 0, we have:

R+rp

Bpc(R) > sup {r>0 ‘ r’y( ) <1l—¢ for somee € (0, 1)}, (6.5)
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ABP,C(Rv 7’) <inf {'Yn,a(R)R + 677,& (6.6)

for some € € (0,1)

where in (6.6)

Mme(R) = 7<R+nBjC(R)5> <1+7735P70(R)>7
Bpe = B+nBpc(R)B <1+7 (R+nB§,0(R)B> 1+nB€p,C(R)>.

Proof. Inequality (6.5) follows directly from Corollary 6.1. To show inequality (6.6), we

-

suppose P € I, 6(P, P1) < nBpc(R) and

R+nBpc(R)B
&

nBpc(R)y < ) < 1 —¢ for some € € (0,1).

Then, by the monotonicity of v(-), we see 5 (P, P1)~y (M) < 1—¢, therefore by Corollary

6.1, Ap, c(R) <1 (R)R+ 1. Again by the monotonicity of v(-), v1 < vy and 1 < /3, .. Hence
Ap,.c(R) < ve(R)R+ By and ABpc(R,n) < vpe(R)R + By, which proves the claim. O

Alternatively, the robust performance function can be expressed as a function of Bpc and Apc
in the spirit of inequality (3.5):

Corollary 6.3 Let U, Y be truncation complete normed signal spaces, and let W = U x Y.
Consider P: U, — Y, and C: Y, — U,. Suppose [P,C] is (y(-), ) regionally gain stable with
uniform bias on W and llp, o is relatively continuous. Let 5(P,Py) = 6w (P, Py) be as given in
(3.7). Suppose that for r >0 and n € [0,1), there exists R := R(r) such that

r+nBpo(r)(v(R)R+ B) < R. (6.7)

Then

(6.8)

ABpc(r,n) < (1+nBpc(r))Apc < r+nBpc(r)p ) .

1 —nBpc(r)y(R)

Proof. Let r,7 > 0,5 € [0,1) and let P| € T' with dyy(P, P) < nBpc(r). Denote by ¢ =
nBpc(r). Then there exists ® € O}/D\fpl such that

|R-(® — Ix||; <¢||Rrz|, forall xz € Gp.
Let R be the number given by our assumption satisfying (6.7). Let
V =A{zeW[0,7) | [|lz|- < R}.
For any x € V, let & = E;Z. Then for any w € B(r), by inequality (6.7), we have
[R-(w — (@ = DITpyyc@) |- < 7 +e(y(R)|ReZl| + 8) < v +e(v(R)R+ B) < R

for all x € V. Using the same argument as in Theorem 5.1 we can see that [P, C] is globally
well-posed and there exists x € V' such that

Tr = R»,—UJ - RT((I) - I)Hp//cf, (69)
RTle//Cw = RT(I)HP//C.T, (6.10)
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By (6.9) and our assumptions,
lzll- < llwli- +ety(zl) | Brll- + 8) < v+ exy(R)|[z]l- + €.
By inequality (6.7), ey(R) < (R—r —¢f)/R < 1. So
r+ef
ol < P
1—ey(R)
So it follows from (6.10) that

B B r+ef
I sl < (U4 )Ty ol < (1 + &) Apc(Really) < (1+ ) Ane ( ) .

1 —ey(R)
The claim (6.8) follows. O

Note that in (6.8), the parameter R is dependent on r. In the case when [P, C] is globally gain
stable, then y(R) = v, we may let R = (r + nBpc(r)5)/(1 —nBpc(r)y).

7 Robust stability for adaptive control

Further to the adaptive controller (4.4) from Section 4, let us consider the controller:

Cly2)(t) = wual(t)
up(t) = —kys(t) (7.1)
. 1
k(t) = amy§7 k(0) =0,

where o > 0 is the adaptive gain and n > 0 is an integer. Note that this adaptive update can
be alternatively expressed in the form

us(t) =~k T ya(t),  A(t) = oy, w(0) = 0

by the substitution x = k"*!. In an L? setting, robust stability of this controller when applied

to certain class of linear plants was established in [5] for the case of n = 3 and in [7] for the case
of n =0.

We now show that, in L? setting, and for all integer n > 0, the closed loop is regionally gain
stable with uniform bias and this stability is preserved for sufficiently small gap perturbations
of P(f), where for concreteness we take P(f) to be the linear plant given by (4.3). A scalar
plant is chosen as an example purely for simplicity, we note that analogous explicit results with
similar trade-offs can be obtained for general linear plants which are minimum phase, relative
degree 1 and have positive high frequency gain, see [5, 7] for related results.

Proposition 7.1 Let the plant P(0) be given by (4.3) and controller C' be given by (7.1). Then
[P(0),C] is globally well posed, gain stable with uniform bias on W = L?*(Ry) x L?>(Ry), and
Apg),c(r) < B+~(r) forr >0,
where, forn =0,
5 _(40+4) N 2(460 + 4)3
V2a Vo o
Y(r) = (20+2)2 + 1 + (40 + 6)2 + (6a)2r + 272 (0 + 1) 272

3
7”) T2,

N

+ 4o (1 + (40 4 6)2 + (6a)
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and forn > 1,

1
(n+2)(n43) \ 2

1
A0+ 4"\ 2 [ (49 +4) el
b= ( 4oy 2 4oy ’

y(r) = 2" (0 +1)2 + 1+ (40 + 6)2

n +4n+12
+ 32 a2(n+1) rn+1 + 2 2(ntD) a2(n+1) (9 + 1) 2(n+1) T’"+1

+ 270w (14 (46 + 6) + 3%a2<n1+1>r%+1)"7“ PR,

Proof. We first show well posedness. As in [5], we need to show that for any ug, yo € L2(R,),
the solution y; of the closed loop has finite norm over its domain.

Let u;, y;(i = 1,2) be the solution of the closed loop for given wug, yo on the time interval (0,w)
with w € (0, 00]. Then for all 0 < s < w, we have

y1()91(s) = 0yi (s) +ua(s)ya(s) = Oyi(s) + [uo(s) + k(s)yo(s)ly1(s) — k(s)yi(s)

1 1 1 1
< 043(0) + 33(5) + ShR(E) + 292 + SE(EE() — HaEG)
1 1
= 5(29 +1-— k(s))y%(s) + §(u%(s) + k(s)y%(s)). (7.2)
We claim that
4(9+ 1) o 242
a0 < XDt gl + 2elolEage,y + e IoliE,  (7)
with
1 2 2 ifn=0
= 1 n ntl —
¢ =20 42+ jnam T lyoll 2,y and Jn { 1 ifn> 1. (7:4)

In fact, if k(t) < ¢ for all t € [0,w), then
HyIH%Q(O,t) = llyo — yQH%Q(O,t) < QmaX{HyOH%z(o,t)a Hy2H%2(o,t)}

= Qmax{’yOHLQ 08 5 L G )} < QmaX{HyOH%%m)v oC H} =_c o (15)

for all t € [0,w), which shows [|y1]7. Ow) < 2¢"*1 Ja and proves the claim. So we may suppose

k(t) £ c for all t € [0,w). Then, by the monotonicity and continuity of k, there exists ¢* > 0
such that k(t*) = c and k(t*) < k(s) < k(t) for all t > s > ¢*. Similar to (7.5), we have

2
380000y = o0~ ol ey < 2" (7.6)
By the controller law
t t
e =a [ Bmdra [ =k + ol - 0l
0 t
which implies (twice using the formula (a + )%™+ < ¢2/(v+1) 1 p2/(+D) for p > 1):

2

B(t) < K() + a7 [yo — 1| fH e o < 0+Jna"+1(HyoHZIER+ + Hylezﬂ* - (1)
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For s € [t*,t), from (7.2), it follows

. 1 . 1 |
y1(s)y1(s) < 5(29 +1—k(t)yi(s) + 5”3(5) + Qk(t)yo( s)
1 1 1
< 5(20 +1-— c)y%(s) + §u(2)(s) + icy(z)(s)
1. 1 - -
gm0 ™ (Il 180 + Il £, ) 66

Integrating on both sides over [t*,¢] with respect to s, we have
+TL
0 <yi(t) < wi(t") = Inlliege s + luolZa,) + cllvoll 2, + jnamrt 19oll 2y + 0(2)

1 2 2
b(t) = a |yl f3 ) lyoll7 2. ) — T il o 901l 73 g, -

In the case when b(t) < 0 we will have
+n
tlZegesy € 3 + lol2age, ) + cllvollZe, , + im0 ol oo,

otherwise, ||y1l[z2(+ ¢ < llyollz2(r, ). Therefore (note ¢ > 1)

2

. . .1 24 -2
”yIH%,?(t*,w) = th_{g Hyl”%?(t*,t) < yi(t) + ||U0||%2(R+) + CHZ/0||%2(R+) + Jnantt ||?J0HL2(RT)- (7.8)
Considering (7.2) over [0,t*] to obtain
y1(s)y(s) <

S(20 41— KO))yR(s) + 5 (13(s) + k()53 ()
)

(20 + 1)yi(s) + ;( 5(8) +cyj(s)) for s € [0,

INA
N | l—l[\?\

and therefore by (7.6)

yi (1) < (20 + Dllyill720,) + lluollZo g,y + cllvol 2,y
2(26 + 1)+t 5 9
< = tluollag,) +cllvolliow,)- (7.9)

From (7.4), (7.6), (7.8), (7.9) and the fact Hy1HL2(0 0 = Hy1HL2(0 py T+ Hy1HL2 1+ > OUr claim
(7.3) follows. This shows that [P(0), C] is globally well-posed and w =

We now show gain stability.

Let H(UanO)THH(Ri <r. Then |luollz2m,) < 7 lvollr2,) < 7 (the norm in product space is
taken the Euclidian norm). By (7.3)

40 +1 .1 2 \ntl 1 942
||y1||%z(R+) < (a) (29 + 2+ Jpantl rn+1) + 3jpamt 2T R 4 (40 4 6)r% =: d(r),

therefore

N|=

lyellze®y) = llvo — yillzeey) < llwollpemy) + lvillze,y < v+ [d(r)]z.
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Since k"ti(t) = aHyQH%Q(OJ) < a||y2|]%2(R+) for all ¢, we have

1 142
uallL2@®,) = llkyellr2@,) = iggk(t)’|y2||L2(R+) = o |lyall o

<o (r 4 [dm)) "
lull 2w,y = llwo — uzllremyy < luoll2ry) + lluzll L2y
n+3
N

<4 am (7"—1— [d(r)P)"Jrl .

From these estimates, it follows

N[

n+

< [)E 47+ (74 [dr)]F)" (7.10)

w

For simple calculation, we denote by
R EE .1 2
by = (20 4+ 2 + jpantirntT)" 0 by = 3j,antirntt + (460 + 6).

Write 49 = 1 and 4,, = 2 for n > 1. Then, by the inequalities va + b < \/a + v/b and (a+b)P <
2P=1(aP + bP) for a,b >0, p > 1,

1 1
A0 +1 3 (40+1)\7 1 1
[d(r)] = <(+)bl+b27’2> < (H)) b + b, (7.11)
a a
142
=, AQ+1)\2 1 1 et
(r+laen) ™ = (<(+)> bE g bdr g
«
Ty _nts s
< 9wt (4(94_1)) R by 49wt (bé + 1) o rTﬁ, (7.12)
(6]
3 1 2\ el mp1 msl s 1 g i
bi =(29+2+Jna”+1rn+1) <in® (20+2)°7 +ip? (]nan+1rn+1) , (7.13)

2n+31 1 2 n<2!»3 il i3 N 2 n<2!»3
bl(n+ ) (29 +92 +jnan+17“"+1> < 272 <(20 + Q)T —+ (jnan-‘rl’rn+l> ) (714)

QTGO PR 4 (40 + 6)3. (7.15)

D=

1
b3 < (3jn)
Substituting (7.11)-(7.15) into (7.10) and re-arranging terms, we obtain

Apgy,c(r) < B+~(r)r.

This completes the proof. |

Under the mild assumptions that [Py, C] is causal and has the uniqueness property (for example
if P; is linear then this follows as the right hand side of the differential equations governing
[Py, C] are locally Lipschitz), it now follows from Corollary 6.1 that gain stability with uniform
bias is preserved for sufficiently small gap perturbations of P(6) given by inequality (6.1).

There is an interesting trade-off concerning the adaptive gain parameter o > 0. Namely, it can
be seen from the explicit construction of § and v in Proposition 7.1 that increasing « reduces
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the bias term [ (but a non-zero bias is necessary, see Section 4), but increases the gain term ~.
This is because the need for the bias term is due to the transient that occurs in the period of
time which is required to drive the value of k to a stabilizing value. A large adaptive gain causes
k to rapidly reach this stabilizing value, hence reducing the required size of the bias. On the
other hand, a large adaptive gain will cause the value of k to ‘overshoot’ its required asymptotic

value, resulting in an overly high gain control, and consequently a large gain ~(r), r > 0.
(n+2)(n+3)

Suppose 6 € [0, Omax]. If we let the adaptive gain a be such that o = %a*(élemax +4)
with a* > 0 a constant, then,

5 < 1 . 27 _ 1 ( L 2-%)
- \/?(40111&( + 4) 2(::12) \/O[i* B \/07 (491?03)( + 4‘)2 ’

which can be made arbitrary small by suitably choosing a*. Then ~(r) is a function of 6 of

approximately order #3/2. Furthermore, the gain v depends on a fractional exponent of 7, the
n+3 3n+5

term with largest power is r(»+1)? rn%l = r(+1? whose power goes to 1 as n — oo, i.e., y(r)r
approach linear growth as n increases. Hence in the case of § ~ 0. and r large, this is the
scaling of a, n, which produces good performance. On the other hand, if § ~ 0, this produces an
overly high gain controller with relatively poor performance and robustness characteristics. This
highlights that scaling learning rates can lead to conservative designs in the sense of [5], but that
the tuning parameters, a,n, give significant and useful control over the system performance in
various uncertainty ranges.

We now consider the robust performance function ABp) c(r,1). Note, due to the integral,
p(g)//c is relative continuous. So, for any R > 0 satisfying r +nBpg) c(r)(v(R)R + 8) < R,
by Corollary 6.3:

7 +nBp),c(r)B ) 7 +nBpg),c(r)B )

ABpg),c(r,n) < (1 +nBpg),c(r)) <B + <1 BB ) T=1Bp).c (7 (&)

8 Global robust stability

By applying Theorem 5.1 in a global setting we obtain the following global result:

Theorem 8.1 Let U, Y be truncation complete normed signal spaces, and let W = U x ).
Consider P: Uy, — Yo, Pr: Uy — YV, and C: Y, — U,. Suppose (0,5) € A(P, Pi; W) and [P, C]
is (v, B) gain stable with bias on W. If [Py, C] is causal, has the uniqueness property and

oy < 1—¢ for some ¢ € (0,1), (8.1)
then the closed-loop system [Py, C]| is (y1,5) gain stable with bias on W and

1+6

- 8.2
M T (8.2)

B+ (& n 55) (1 + 71?;5) . (8.3)

1

Proof. Let w € W and suppose 0 < 7 < co. Then there exists R > 0 such that ||w| < eR,
(6,5) € A(P, P1;Q) with

p(eR)
9

Q:B<’y +ﬁ>, p(R) =R+ 3+ 58
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and [P,C] is (v, ) gain stable with bias on B (@). Following the same procedure as in
Theorem 5.1, we see that
IMpyjcwlls < mllwll- + Br.
This completes the proof.
O

As a corollary we specialize, as before, to the case where the gap between the plants, 5 , is given
by (3.7).

Corollary 8.2 Let U, Y be truncation complete normed signal spaces, and let W = U x ).
Consider P: U, — Yo, Pr: Uy — YV, and C: Y, — U,. Suppose [P, C| is globally (v, ) gain
stable with bias and 6(P, P1) = dw (P, P1) is given by (3.7). If §(P, P1)y < 1, then for all r > 0:

Ap c(r) < mr+p,
>

BP,C(T) 7_17

where:

1+ 6(P, P
NP G
1*5(P,P]_)’)/

. 1+0(PPy)
B < B+46(P P)S <1+7 (1 _5(P7P1)7>> |

Furthermore, for n € [0, (BP,C(T)’Y)_I))

1+ UBP,C(T)

ABPC r, S Y
cln) 1 —nBpc(r)y

v+ B +nBpc(r)B (1 +71+’7BRC(’")>

1 —nBpc(r)y

- -

Proof. Let a > 0 be small enough such that (6(P, P;) +a)y<1. Let e <1— (6(P, P1) + a)y.

Then (3(P, P1) + a,0) € A(P,P; W) and (§(P, P) + a)y < 1 —e. By Theorem 8.1, [Py, C] is
globally well posed and

-

1+8(P,P) +a - <1+71+5(P,P1)+a)
g 3

||Hp1//cw||7— <x ”qu——Fﬁ—i‘(é(P, P1)+a)5

-

for allw € W, 7 > 0. Let e = 1— (06(P, P1) +a)y and a — 0, we see |[Ilp, //cwl[- < 7w~ + 81
for all w € W, 7 > 0. This proves Ap, ¢(r) < yr + B1. Consequently, Bpc(r) >yt

If n € [0,(Bpc(r)y)~! with r > 0, then nBpc(r)y < 1. Let w € W, |lw||; < r. Repeating the

-

above proof with §(P, P) replaced by nBp,c(r), we have

1+ nBpc(r)

II <A

1 —nBpc(r)y

So, the estimate for ABpc(r,n) follows. O

We now draw attention to a significant difference between the nonlinear biased setting and
the linear unbiased case. An important feature of the standard robust stability theory for LTI
systems is that the problem of maximizing the robust stability margin Bpc(r) is equivalent
to minimizing the nominal performance Apc(r), since Bpc(r) = [[p; o ™! = T‘A;}C(T). Not
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only is this optimization tractable (in the L? setting minimizing ||IIp,/c|| forms the standard
H, problem), but it shows that optimizing for nominal performance and robust stability is
equivalent.

This equivalence breaks down in the nonlinear biased setting, as one can see that given a biased
gain bound,

I py scwoll < v[Mpy clllwoll + Bp 0] forallwg € W,

then the robust stability margin Bpc(r) is maximised by minimising the nominal closed loop
gain v[Ilp,,c], whereas the nominal performance, Apc(r), is a function of both the gain v[Ilp,,c]
and the bias B[Ilp//c]. Thus optimizing the robust stability margin, i.e. by minimizing the
gain term, will produce sub-optimal nominal performance. We can therefore conclude that
robust stability and (nominal) performance constraints must both be specified in any sensible
optimization.

Similar reasoning does not directly apply in the regional setting, since the situation is more
complex: the bias determines the region over which the gain in computed, and hence the bias
does affect the robust stability margin. However it is clear that the resulting optimizations
are different, and hence the conclusion that nominal performance and robust stability margin
optimization differ still holds. Thus any sensible formulation of an optimal robust design in
this setting must independently specify requirements for both nominal performance and robust
stability margins.

As an example with global gain stability with bias, we consider the following projection controller
Cproj for the plant P(6) given in Section 4:

CProj(yQ)(t) = u2(t)
us(t) = —kya(t) — y2(t) (8.4)

and

k‘(t) _ (n+0{)kny%7 k(O) =0, if k(t) < Omax;
0, if k(t) > Omax

where 0,,,x is an upper bound of the uncertainty 6.

Proposition 8.3 Let the plant P(0) be given by (4.3) and controller Cpyoj be given by (8.4).
Then [P(0), Cproj] is globally well posed, gain stable with bias on W = L*(Ry) x L*(Ry), and

n+2

1
2 1
AP(G)»CProj (T) < 2(2 + emax) ( > + (2 + emax + (12 + 40 + 202 + 2912nax) 2) r.

Proof. Let u;,y;(i = 1,2) be the solution of the closed loop [P(6), Cpro;] for given ug,yo on
the maximal time interval [0,w) with w € (0, 00]. Let

t* = sup{t € [0,w) : k(t) < 0}.

Then by the monotonicity of k, we see k(t) < 6 < fmax on [0,¢*], from which it follows k(t) =
G s (1) for ¢ < t*. Therefore

knJrl(t*) 9n+1
2 _
ly2ll72¢0,4) = Y S

and
9n+1

117200y = 190 = 91ll720,0) < 2lw0l72r, ) +2 o
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Since

y1(s)91(s) = Oyi (s) + ua(s)ya(s)
= (0 — 1 —k(s))y3(s) + [uo(s) + yo(s) + k(s)yo(s)]y1(s) for all s € [0,w), (8.5)

using the inequalities ab < a? + b%/4 and ab < (a? + b?)/2 and the monotonicity of k, we have

y($)in(s) < (0 — 1 — k()y2(s) + u3(s) + 2u2(s) + 8 + 2 (s) + K2 (8)02(s) + ~4(s)

2 4
< Oy3(s) + ud(s) + y2 + 0%y2(s) for all s € [0,t*],

e

from which we obtain

i) < 20y1lIZ20,0) + 2luollZo e, ) + 201+ 0%)]v0l 22z, )-

Over the interval [t*,w), k(s) > 0 and k(s) < Opax, by (8.5), we have

()i (5) < (6= 1~ K()y () + (ols) + 90()* + K ()33 (s) + 30 (s) + 73 0)

1
< — 5@/?(8) + 2uj(s) + (24 0o ) U5 ()-

integrating over [t*,w), we have
Iyl e ) < 95 () + 4lluol T2, ) + 22 + O 1ol T2, )-

Hence

||y1||i2(07w) = ||yl||2L2(o,t*) + ||yl||2L2(t*,w)
49n+2

IN

+6]|uoll7zm, ) +2 (3420 + 6% +67,) lvollZ2m, ) < oo,

luillz2(00) = lluo + (1 +k)yo — (1 + K)y1ll 2 0.w)
< luollLe,) + (1 4 Omax) (Y11l L2t w) + W0l L2 (R ) < 0.

By the standard argument on global existence of ODEs, this shows w = oco. Consequently, in
the case when ||(ug,yo) " || < r with 7 > 0, we have

40n+2
Hy1”L2(R+) < \/ o +2(6+29+92 +912nax) rt = d1<7’),

lurll 2@,y < 7+ (14 Omax)(di(r) +7) =t da(r).

1
)2 r and ug, yo are arbitrary, we see

« max

1
Since di(r) <2 (%52) " + (12 + 40 + 26% + 267

Ap(6),Conoy (1) < V[d1L(r)]2 + [da(r)]> < da(r) + da(r) = (2 4 Orax) (r + da (1)

(NI

6n+2 1
< 2(2 + Orax) ( - ) + (2 + Omax + (12 4 40 + 26% + 267, ) 2) T

which shows the global gain stability with bias of [P(6), Cproj]. a
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Under the mild assumption that [Pi, Cpyoj] has the uniqueness property, for example if P; is
linear then this follows as the right hand side of the differential equations governing [Py, Cpyoj]
are locally Lipschitz, so by Corollary 8.2:

T+ NBp(9),Cpro; () )

ABPp(9),Cpy; (1:1) < (1 4+ 1Bp(9),Cpyo; (7)) (5 Tz 1B p(6).Cprs (7)Y
yCProj

where

9n+2 %
ﬁ = 2(2 + Hmax) < ) s
(6%

Y =24 Opax + (124460 +20% + 202, )2 .

SIS

9 Other applications and literature

Whilst this paper has been motivated by examples in adaptive control, in the introduction we
noted other applications where the presence of a bias is necessary. Within the current literature
we observe that in addition to applications to adaptive control [7, 5] (including A-tracking results
[10]), there have also been applications of the results in [5] to nonlinear non-adaptive control,
namely the topic of funnel control [11]. Entirely analogously therefore, the gain bounds obtained
in [10, 11] are of the form (4.6) and can be used in conjunction with this paper to show that
notions of gain stability with bias are preserved by the funnel controller under gap perturbations.

Direct applications of robust stability for biased notions of stability have also been obtained
for L' adaptive controllers [13, 14]. These papers also include variations on the initial robust
stability results of [2], which are developed further in this paper.

10 Concluding remarks

We have presented a generalisation to the nonlinear robust stability theory of Georgiou and
Smith [9] which allows a notion of stability with bias terms. This approach contrasts to the
alternative biased approach of [8] as it does not measure the gain w.r.t. a single offset ‘bias’
trajectory, and is applicable in situations where the need for a bias arises for other reasons, e.g.
from a lack of continuity of IIp,/c at 0 as in the adaptive control example. This extension is
significant for the provision of robust stability certificates for the many nonlinear systems for
which no induced gain exists, and yet robust stability guarantees can still be given. We have
illustrated this by an example from adaptive control where an induced gain does not exist.

A significant difference between the nonlinear biased setting and the linear unbiased case is
that the task of the optimization of nominal performance and the robust stability margin are
no longer in general equivalent. This could be seen explicitly in the adaptive control examples
considered.
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