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Abstract

A feedback interconnection of neutrally stable linear time-invariant
system and a nonlinearity with 0 < zp(z) < kz? is called critical since
the worst case linearization is at best neutrally stable. This makes the
stability analysis of such systems particularly hard. It will be shown that
an integrator and a sector bounded nonlinearity can be encapsulated in
a bounded operator that satisfies several useful integral quadratic con-
straints. This gives powerful tools for stability analysis of critically stable
systems.
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Figure 1: PI control with a deadzone actuator.

1 Introduction

Integral quadratic constraints (IQC) gives a unifying framework for problems in
modern robust control. Modern robust control works with bounded operators
and this allow us to consider Lo-gains and infinite dimensional state spaces.
For example, delay operators can easily be considered, which is not the case
when standard Lyapunov techniques are used to investigate assymptotic sta-
bility. However, the use of bounded operators implies loss of important cases
when one or several operators in the system are unbounded. For example, hys-
tersis phenomena such as backlash defines operators that are unbounded on
L2. Another important case is the integrator in a PI controler, which is not
Ls-bounded.

An important step was taken in [7, 5], where it was shown that it sometimes
is possible to encapsulate an unbounded operator in an artificial feedback loop,
which defines a bounded operator. Stability analysis can then be performed in
the usual IQC framework, [6].

The purpose of this paper is to further expand the encapsulation technique
to treat a general class of systems with integrators, nonlinearities, and possibly
other perturbations.

Let us illustrate the idea with a simple example. The control system in
Figure 1 consists of a stable plant that is regulated by a PI controller with
transfer function

Gpr(s) = k1 + % (1)

The actuator is assumed to be of deadzone type. The injected signal f can either
be viewed as a disturbance or a signal that generates the initial conditions of the
plant and the PI controller. Figure 2 shows the system in Figure 1 transformed
to the standard form for robust control. The transfer function G = —GpyP is
unbounded due to the integrator pole at the origin.

In order to apply the usual IQC framework for stability analysis we need
to somehow hide the unbounded part of G. A partial fraction expansion gives
G(s) = k(Go(s) —1/s), where k = —ky P(0). We can now transform the system
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Figure 2: Transformation of the control system in Figure 1 into the standard
form for robustness analysis. Note that G(s) = —Gp;(s)P(s) is unbounded.

as in Figure 3 where Gy is bounded, and

k(z-1), z>1,
e(z) =4 0, lz| <1,
kz+1), z<-1

The important point is that we have encapsulated the integrator in an operator
defined by

w=Ay(v) { z=w, z(0)=0, @)

'U)ZQO(U*'Z),

which is bounded if (and only if) ¥ > 0, see the next section. Furthermore,
we will derive several useful IQCs for the operator A, that can be used for the
stability analysis. Note that the method is not restricted to stability analysis
of simple systems as in Figure 1. In fact, it is possible to consider systems
consisting of encapsulated integrators together with various uncertainties and a
nominal linear time invariant plant.

2 Preliminaries

We say that ¢ € sector[0, k] if ¢(0) = 0 and if 0 < ¢(z)z < kz?, for all z. The
stronger assumption ¢ € slope[0, k] means that ¢(0) = 0 and that the slope is
restricted to the interval [0, k], i.e.,

0 S Sa(yl) "‘90(312) S k, Vyl # Ya.
-y
We will sometimes make the further assumption that ¢ is odd, i.e., o(—2z) =

—¢(z).
We let LT[0, 00) denote the vector space of square integrable R™ valued



Figure 3: Encapsulation of the integrator.

functions. The inner product and norm on LJ*[0, co) are defined as

o= [ " 0T g0,
0
7l = (f, )2

The bi-infinite space LJ*(—o00, 00) is defined accordingly. The truncation opera-
tor Pr is defined by Prf(t) = f(t) whent < T and Prf(t) = 0 when ¢t > T. The
extended space LJ:[0, co) consists of all functions satisfying Prf € LZ*[0, co) for
all T > 0.

An operator A : L5_[0,00) — LT[0, 00) is causal if PrA = PrAPr for all
T > 0. A causal operator is bounded if there exists ¢ > 0 such that [|A(v)]] <
c||v||, for all v € L]0, 00). The smallest such constant is called the gain of A.

IQC Theory

In this paper we denote time-invariant quadratic forms on L;F™[0,00) by 0. A
bounded and causal operator A : L} [0,00) — LT[0, 00) is said to satisfy the
IQC defined by o (A € IQC(0)) if

o(v,A(v)) >0, Vo€ LL[0,00).

We can usually let the quadratic form be defined in terms of a bounded and
self-adjoint operator II, i.e.,

on.80) = { st T aby] ) 20

for all v € LP*[0, 00). We will not always write out II explicitly in this paper.

We consider systems consisting of several perturbations Ay,... , Ay inter-
connected through linear transfer functions. We assume that we have parametriza-
tions, A, of the pertubations that satisfy
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Figure 4: A system for IQC analysis.
(’L) Ali = Ai)

(43) Ar;: L4 [0,00) — L34 [0, 00) is bounded and causal for 7 € [0, 1],

(#4) there exists v > 0 such that

1Ar o (V) = A (W) < Alm1 — 72| - [,
for all v € L2[0,00) and 71,72 € [0, 1].
The parametrized system equation can be written?

w; = A,],Vi(vi), (3)
v =i Gijw; + i,

where G;; € RHY ™ and f; € le"e [0,00). Figure 4 gives a simple example.

Definition 1. Let 7 = (vf,... ,v%) and define w and g similarly. The sys-
tem in (3) is well-posed if it defines a causal map L4[0,00) 3 f — (w,v) €
L5t™[0,00). Furthemore, the system is said to be Lg-stable if there exists a
positive constant ¢ such that ||Prw|| + ||Prv|| < ¢||Prf|| for all T > 0, and
f € L [0,00). We call ¢ the gain of the system.

The main result of [6, 7] can be formulated as

Theorem 1. Assume that the system in (8) is stable when T = 0 and well posed
for T € [0,1]. Under these conditions, if

INote that stability of the system in (3) also implies stability of
w; = Ari(vi) + 94,
vi = 00, Gijw; + fi,

(see Definition 1 for a definition of stability). This follows since G;g; € LI;e [0, 00) whenever
g; € L72i[0,00) and G;; is bounded. We can thus include Gyjg; in f;



(Z) fOT TE [07 1]7 Ari € IQC(O';),
(¢3) there exists € > 0 such that

N N
> 0} Gijwj,wi) < —ellw|f?, VYw € LF[0, ),
i=1 j=1

then the system (3) is Ly-stable for all T € [0,1].

Remark 1. The second condition can be formulated as a frequency domain con-
dition. Assume o; = oy, where II; € RELEFm)xUtma) o g et

Gi = [G’il,' .- ’G‘iN] s
Ei = [Omixzi-—l me Im; OmiXZﬁl mk] .
Then (iz) in Theorem 1 can be formulated as
N . * .
> [Gig“’)] I (jw) [Gig“")] <0, Vwe[0,00].

i=1

3 1IQCs for the Encapsulation

We will in this section derive several useful IQCs for the encapsulation, A,
defined in (2). However, we first prove the boundedness of A,.

Lemma 1. Let ¢ € sector|0, k], where k > 0. Then A, is bounded on I3]0, c0)
with gain not greater than k.

Remark 2. The proof of the lemma also shows that [2(T)| < v2k||Prv|| for all
T>0.

Remark 3. It follows from (4) in the proof that A, satisfies the IQC defined by
1
O'Circ(vaw) = <U:w> - E”wnz
when k£ > 0. This IQC corresponds to a circle criterion.
Proof. Multiplying the differential equation in (2) by z gives the inequality
2 = 20— 2) < ki(v - 2)

Integration gives
T T k
/ 2dt <k / Zudt + 5(z(0)2 — 2(T)?)
0 0

T
<k / svdt 4)
0

T T
<k / 22t / v2dt,
0 0




since z(0) = 0. We get |lw|| = ||2]] < k||v|]|, as T — oo. This proves the
lemma. O

If we can assume that the input v to the encapsulated operator is differ-
entiable, then it is possible to derive Popov IQCs for A,. The Popov IQCs
corresponds to unbounded quadratic forms on Le (since differentiability of the
input v is required). However, the standard IQC theory can easily be extended
to treat this case, see [6, 3].

Lemma 2. Assume that ¢ € sector|0, k] is continuous. Then A, satisfies the
IQC defined by

Opop(v,w) = A{w, v —w),
where A > 0. If p € slope|0, k] then we can take A € R.
Proof. See the appendix. O

Remark 4. We obtain a useful IQC by combining the sector IQC in Remark 3
with the Popov IQC above. We get o1 = 0circ + Opop, Where

0 1~—jw}\J

IHJ“)::[1+ij —%-2A :

The next theorem, which is the main result of this paper, provides a set
of IQCs for A, that corresponds to Zames and Falbs IQC for slope restricted
nonlinearities, [9].

Theorem 2. Let ¢ € slope[0,k]. Then A, satisfies the IQC defined by

ar(v,w) = (T~ D)o = zu) ) + (w,Fu),

where

Fis) < HO = HO)

s

and where H(s) = ffooo h(t)e=%tdt for some h : R — R with
(2) h(t) >0 for allt € R,
(ii) ||kl = 2o |h()|dt < 1.
Furthermore, if ¢ is odd then we only need to impose the second constraint (iz).
Proof. See the appendix. O
Remark 5. Note that ozr = o1, where

0 1 — H(jw)*

(jw) = |, _ H(jw) —2Re(l— H(jw) — kF(jw))

This is a bounded operator since the singularity of F(s) is removable.



4 Parametrization of A,

An important issue in the application of Theorem 1 is to find a suitable parametriza-

tion of A,. The parametrization A,, = 7A, can be used when ¢ € sector[0, k],
i.e., when the IQC from Remark 4 is used with A > 0. This does not work
if we want to use the full power of the IQCs in Lemma 2 and Theorem 2 for
the case when ¢ € slope[0, k]. The reson is that the lower right corner of the
corresponding II may not be negative semidefinite and we have to impose the
additional assumptions A > 0 and

1 —Re(H(jw) + kF(jw)) >0, Yw

in order to satisfy condition () in Theorem 1. Indeed, this additional constraint
on the IQCs would make the analysis more conservative.

The next theorem gives an alternative parametrization such that we avoid
these additional constraints on the IQCs.

Lemma 3. Assume that ¢ € slope[0, k], where k > 0. The parametrized opera-
tor defined by

w=Arp(v) & { ) (Uzgoi)z 0 (5)
satisfies the following properties:
(1) Aoy =0 and Ay, = Ay,
(1) Arp i Lge[0,00) = L2.[0,00) is bounded and causal for T € [0,1],
(iti) Ary € IQC(ozF), for T €[0,1],
(iv) Arp € IQC(opop), for T € [0,1], A € R,
(v) there exists v > 0 such that

1A76(®) = Aryp (W) < vlm — 72| - [Jo]] (6)
for all v € L;[0,00) and 1,712 € [0,1].

Proof. See the appendix. O

Remark 6. An interesting detail of the proof is that it is obtained by using a non-
quadratic Lyapunov function. It appears that quadratic Lyapunov functions fail
to prove the statement.

5 Applications

Let us consider the introductory example again, see Figure 1.

Proposition 1. Let G(s) = —Gp1(s)P(s), where P is assumed to be proper and
stable and the PI controller is defined in (1). We assume that f € L3[0,00). If



(1) lims_osG(s) <0
(i4) there exists € > 0 such that
Re(l — H(jw))(G(jw) +1) < —e, Yw#0
for some h: R — R with ||hll; <1,

then the system in Figure 1 is stable in the sense that the state vector, x, cor-
responding to the plant P, and the integrator state?, xp, satisfy

a. z,% € LF[0,00),

b. 25 € L[0,00) and
o
/ D?(zr,[~1,1])dt < oo,
0

where D(-,[—1,1]) is the minimum distance function.

Remark 7. The stability conclusion implies that z(t) — 0 and z;(¢) — [—1,1]
as t — oo.

Remark 8. Note that the injected signal f can be used to generate any initial
condition for a state space representation of G = —GprP. Indeed, consider any
controllable state space realization G(s) = C(sI — A)~!B, where A has a simple
eigenvalue at the origin and all other eigenvalues are strictly in the left half
plane. The corresponding state space representation of the system in Figure 1
becomes

z2=Az+ Bu, z(0)=0,
u=¢(Cz+ f),

where ¢ represents the deadzone nonlinearity. Then

| —Cz(t) +sign(u(t)) +u(t), te[0,t
sl = { ORI 0, el

where
u(t) = BTeA 000 (tg) ™ 2,

t
W (to) = / " Alto=) BRTeAT (to—0) gy
0

can be used to generate the inital condition z(¢y) = 2z, for any ¢to > 0. This
follows from standard controllability arguments, see for example [1].

2We assume that the integrator is implemented as I(t) = fot kzeds, where I denotes the
integral part of the controller output.



Proof of Proposition 1. We transform the system as in Figure 3. We have
Go(s) = +G(s) + % and the encapsulation A, satisfies the IQC in Lemma 2.
Let us apply Theorem 1 with the parametrization A, in (5). It follows from
Lemma 3 that we only need to verify condition (i) in Theorem 1. We have

129_ [Gogjw)] (jw) [Gogjw)] =Re(kGo(jw) — 1)(1 — H(jw))

- Rejflzj(l — H(jw))
=Re(G(jw) —1)(1 - H(jw)) < —¢,

for all w # 0. We can thus conclude that the system is Ly stable. The states
corresponding to the plant P are included in Gy and stability conclusion a
follows. For stability conclusion b we notice that the state, z, in A, corresponds
to the integrator state z. Stability of the system in Figure 3 implies that ¢(v—2z)
is in Lp[0, 00). Hence, [;° D*(v—2z,[—1,1])dt < co. The conclusion follows since

oo [e9]
/ D?(z,[-1,1))dt < 2/ D?*(v — z,[—1,1])dt + 2||v]|* < oo.
0 0

a

The encapsulation technique is also useful in the analysis of more complex
systems. We illustrate with a slight extension of the introductory example.

Example Consider the system with a PI controler and a deadzone actua-
tor in Figure 1 for the case when there is an uncertain time delay in the system.
We assume that

P(s) = Py(s)e™*T, T €10,Ty),
Gpi(s) = K1 + K»/s,

where Py(s) is stable and proper. We are interested in ﬁnding a bound on the
maximal time delay Tp such that stability for the closed loop system is ensured.
Straightforward manipulations give

~GprP = -GprPo(l + esT — 1) = K(Gaa — 1/5) + Ga1 ArGia (7

where
1 1
K = —K,P,(0), Ga = —EGPIPO +3
_ Kis+ Ky _
G21——“K(S+a)a Gl2—(s+a)P0
—sT __
AT(S) = e—s——l, a >0,

10



where we note that Ar € H, i.e., it is a bounded operator. We encapsulate the
integrator in (7) with the deadzone nonlinearity exactly as in the introductory
example. The resulting system can be represented as in Figure 4 with A; = A,
Ay = Ay, f1 =0, and f = f. We need to find suitable IQCs for A; and A, in
order to apply Theorem 1. By Lemma 2 we have Ay € IQC(Ilz), where I, is
the matrix in Remark 5. An IQC for Ar can be obtained by using an idea in
[6]. Let

el 1

In () = max

Then we have Ay = Ay € IQC(II;), where

M (o) = (i) [*5 ],

_ { 4sin®(wTy/2) /w?, |w| < 7/To

jw 4/w?, lw| > 7/Ty

and where z(jw) = z(jw) > 0. For numerical computations we often want II;
and II, to be rational. We can use

_ 72 1+ 0.08(wTp)? @®)
T 01+ 0.13(wTh)? + 0.02(wTp)4

as an rational upper bound of ¥r,. It follows from Remark 1 after Theorem 1
that the system is stable if

[g Glz}*nl [0 Gl?j{ " [Gm G22]*H2 [G21 G22} <0, 9)

{I}To (w)

0 I 0 0 I 0 I

for all w € [0, 0].
Let us consider the case when K; = 3, K3 = 0.3, and

1
FPy(s) = ——.
0(s) s24+s+1
With ¢ = 1 we get
s+1 10s+1 $s—9
= @G = d =
Gia(s) $2+s+1’ 21(5) s+10 G2 (s) s2+s+1

The stability criterion in (9) is satisfied when Ty = 0.22, X = 20, and H(s) =
1/(s+1),1ie.,

I (jw) = 20 [‘T’W(“’) _01} ,

0
0 P
LGw) = | j, ,1007/3 + 1
jw+1 w?2+1

Figure 5 shows the Nyquist curves for the open loop system GpyPye 570 =
(3540.3)/(s® + 5%+ s)e~*T0, when T is 0,0.10, and 0.22. It can be shown that
the maximum allowable time delay in the linear case is Ty = 0.35. We see that
even very simple multipliers give a reasonable bound on Tp.

11
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Figure 5: Nyquist plots of the open loop system G prPoe ™5™ = (35+0.3)/(s® +
52 + s)e=*T° when Tj is 0,0.10, and 0.22.

6 Conclusions

We have obtained useful tools for stability analysis of critically stable systems.
Our results are more general and less conservative than previous approaches
based on state space techniques, see e.g., [8, 4].
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Appendix

Proof of Lemma 2: Let y = v — 2. We have ¢ € L3[0, 00) since v € Ls[0, 00) by
assumption. We will for simplicity assume that v(0) = 0. This can be achieved
by transforming the system as in Corollary 4 in [6]. The case when v(0) # 0
can be treated along the lines of [3].

It follows from the boundedness of A, that ¢(y) € L2[0,00), so by the
assumed continuity of ¢, we have lims, o ¢(y(¢)) = 0. Let

() = / " o(s)ds

12



It is clear that ¥(y) > 0. Hence, if A > 0 we have

Ame@mm=AMMw»zo

since y(0) = 0. Hence, with y = v — 2z, w = z = ¢{y), we get
Opop (U, w) = A{w, v —w) >0,

which proves the claim. If ¢ € slope[0, k] then lim;—,, ¥(y(¢)) = 0 and the IQC
also holds when A\ < 0.

Proof of Theorem 2: The next lemma is a key ingredient in the proof. We
will assume that Ly[0, 00) C La(—o00, c0) is defined such that f € L2[0, c0) has
f(t) = 0 when t < 0. Similarly, any f € Lg.[0, c0) is extended to be defined on
R with f(t) = when ¢t < 0.

Lemma 4. Assume that ¢,y € Lg.[0,00) are a monotonic pair in the the sense
that for any t1,t2 € R, we have the implication z(t1) < z(t2) = y(t1) < y(t2),
then

T T
/ d%@ﬂzf ot - TYy(t)dt,

—00 —00
for all T > 0 and for all T € R.

Proof. This follows from Hardy, Littlewood, and Polya’s rearrangement inequal-
ity, [2]. O

Consider the equations that defines A,:

{ z=w, z(0)=0,

w =g - 2)

If v € Ly[0,00), then it follws from Lemmma 1 that also w € L3[0,00). Let
y = v — z. It follows from the slope condition of ¢ that w and y — %w satisfy
the monotonicity condition in Lemma 4 and thus

T

T
| w0 - uone> [ -0 - jue)a,

—00 —o0

forall T >0 and all 7 € R.

We can get an additional inequality if ¢ is odd. For fixed, 7, let § be defined
such that 8(t)8(t — 7) = —1 and 6(¢)? = 1, Vt. Then if ¥ = 6(¢)y(t), we have
sign(@(t)y(t — 7)) = —sign(y(t)y(t — 7)), Vt. Using that @(¢) = o(H(?)) =

13



0(t)p(y(t)) gives
T

/Tw@@w—%mmﬂ=/

—o0 —00

OIORESTO)
T
> [ a-n@0 - o)

T 1
- / w(t = )(y(t) — zw())ds

—o0
Using these inequalities with y = v — z gives

T

T
/ wmwm—%mmei/

—00 —o0

w(t — 1) (v(t) - %w(t))dt

T

+ / z(@t)(w(t) Fw(t — 7))dt, (10)
—o0

where the inequality with the “upper signs” is valid for all ¢ € slope[0, k] and

the other inequality holds if ¢ in addition is odd.

The last term in (10) causes some worries since it contains z(t), which may
not be in L;[0, 00). However, we will next see that a partial integration of the
last term gives benign terms.

Let u(t) = ffoo[w(s) —w(s — 7)]ds = Fw, where

—_— p ST
F(s) = 1-e77

is a bounded operator on Ly(—00,00). This means that u € Ly(—00, ) and
since also 4 € La(—00, 00) we have u(t) — 0 as t — co. Partial integration gives

T T
/ vidt = 2(T)u(T) — 2(—o0)u(—o0) — / sudt.
If we use that
1. u(T) = 0, as T — o0, and z(T') is bounded,
2. 2(t)=0fort <0and u(t) =0fort <,
then the above inequality becomes
o x>
/ zudt = — / wudt,
—00 —00
as T — oo.
Similarly,
o0 o oo [ee)
/ 2O w(t) +w(t — 7))dt = 2 / it — / sidt > / wudt.
—00 —00 —o0 —o0

14



Using this in (10) gives

/_ ” w(®) F w(t — 1)) - %w(t))dt + / T wu@d >0, (1)
for all € R.

Let us first consider the general case when ¢ is not necessarily odd. Mul-
tiplying the inequality in (10) with “upper signs” with h(—7) and integrating
with respect to 7 gives

0< [ o:o /_ c: h(=n)w(t)(v(t) - —]];w(t))dtdfr -
/_‘: /—‘: h(=7)(w(t - 7)(v(t) - %w(t))dth +
/_ o:o /_ o:o h(=r)w(t)u(t)dtdr
=<th—Hﬁmu_%w>+w%mw

< (w0~ B - u) ) + (w, Fu),

where the last inequality follows from the observation in Remark 3 and since
llAlly < 1.

Finally, for the case when ¢ is odd we multiply the inequalities in (11)
with |h(—7)|. The terms with arbitrary sign for given 7 can be multiplied
by h(—7) = |h(—7)|sign(h(—7)). Integration with respect to 7 gives (where

1
y=v- zw)

Vs /_ ) /_ " b= w(@y(@dtdr -
/_oo /—oo |h(—7)|sign(h(—7))(w(t — T)y(t)dtdT +
‘/_oo [Oo [h(—T)ISign(h(—q—))w(t)u(t)]dth

< <(Hh“11 — HYw,v— %w> + (F*w,w)

< (w (- B - u) ) + (w. Fu).

Proof of Theorem 3: It is clear that Ag, = 0 and A;, = A,. Causality
of A, is obvious and boundedness follows since ¢ € sector[0, 7k], which by
Lemma 1 implies that ||A;,|| < 7k. Condition (i74) and (iv) follows from the
same argument.

The proof of condition (v) relies on the following lemma.

15



Lemma 5. Consider

9(t) = —k(®)y(®) + £(1), ¥(0)=F(0) =0,
where k(t) € [0,1]. Then there exists ¢ > 0 such that

T T
/ IkylPdt < / \f flat. (12)
0 0

Proof. We will construct a continuous function V() satisfying V' (¢) > 0, Vt > 0,
V(0) =0, and

av ;
I <alffl—calkyl?, Vt>0, (13)

for some positive constants ¢; and cy. Integration of (13) gives

T T T
¢ /0 oy [2dt < e / FHldt+V(0) - V(t) < / \F fldt,

since V(0) = 0 and V (¢) > 0, which proves the lemma.
It remains to construct V'(¢) with the stated properties. Let us partion the
(y, f) plane into the regions

Ri={(f):y>0, f<y/4}u{(y,f):y <0, f>y/4},
Ro={(y,f):9y20, f>y/4}U{(y,f):y <0, f<y/4},

see Figure 6. Then define

WO -0 G, F0) € Ry
V(t)“{ 0550+ FO) /2, (y(t), F(1)) € Ro (14)

It is clear that V(t) is continuous, V() > 0, and finally that V(0) = 0, since it
assumed that y(0) = f(0) = 0. It remains to prove (13). In region R; we need

V= —(y - NHky < 1| Ff] — ealkyl?

for all (y, f) € R and 0 € k < 1. We assume cp > 0, so it follows by convexity
that we only need to verify the inequality for ¥ =0 and k = 1. The case k=0
is trivial and for k = 1 we get the constraint (c; — 1)y® + fy < c1|ff|. This
constraint holds if cp < 3/4 since fy < y?/4in R;.

In region R, we need

V = (0.5y + f)(=0.5ky + 1.5f) < c1|f f| — ealky? (15)

for all (y, f) € Rz and 0 < k < 1. Convexity in k implies, that we only need to
verify the cases k =0 and k = 1.

Consider the case k = 0. The left hand side of (15) can be bounded above
by 1.5(0.5|y| + |fDIf] < 4.5|ff|, since |y| < 4|f| in R2. Hence, if ¢; > 4.5, then
(15) holds for the case k = 0.
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Figure 6: Regions for defining V (¢).

For the case k = 1 we have

505y + f)y+ 505y + 1)f ~ erlf 11 < ~ealyl”.

<0 if ¢1>4.5

This inquality holds if cz > 3/8 and ¢; > 4.5, since fy > y?/4 in R,.
We have thus proved that V in (14) satisfies the inequality in (13) if ¢; > 4.5
and 3/8 < ¢ < 3/4. O

We will now prove (v). Let

21 = 7'1@(’0 - Zl): 21 (O) = 07
22 = T2(p(1) - 22), 22(0) = O,

and consider the difference § = z; — 3. We need to prove that ||0]| < vl — 72| -
[lv]], for some v > 0. We have

0 =mi(p( —21) — oV — 22)) + (11 — R2)p(v — 22)
T1 — T2

= —k(t)8(t) + — (16)

where k(t) € [0,71k]. The first term in the last equality follows from the slope
condition, ¢ € slope[0,%). The case when 7y = 0 is trivial since then ||§]] <
72k|| - ||Jv]]. It is thus no restriction to assume that 0 <7 <72 < 1.

If we change time scale so that t —+ s = 71 kt, and define

Ty — T2

y(s) = 6(t), f(s) = (), 1;(3):;7175@),

2
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then (16) becomes %g = k(s)y(s) + %’;, where k(s) € [0,1], and y(0) = f(0) = 0.
An application of Lemma 5 shows that there exists ¢ > 0 such that (12) holds
in the new time scale. Transformation back to the original time scale gives

T -~ To —T1 2 T
/ |k6|%dt < ¢ (——) kT / |z222|dt,
0 T2 0

for all T > 0. The only essential remaining step of the proof is to show that
the integral on the right hand side can be bounded by ||v||>. To do this we first
observe that

Z% = TQ(P(U - 22)2:’2 S Tzk(’U - 22)22,
and thus,

1 k
2080 < V3 — -ﬁ—kzg < fz—qﬁ. (17)

We define the positive and negative parts of 2225 as

Gaiat = { 220 122020

From (17) we get (z222)+ < %ﬁqﬂ, which implies that (z225)+ is integrable with
J57 (z22) 1 dt < Z2E|jo||2. The relation

T T T 1

/ (2222)+dt —/ (2'222)_dt = / 2929dt = §(ZQ(T)2 — z2(0)2) >0,

0 0 0
shows that also [;°(z22)—dt < ZE||v||?, and thus [;°|zaza]dt < ZE|jv|?.
Hence,

18] = || — k6 + 2=z,

T2
t? [T

< (/2 +1) bin =l ol < 2 =l o
T2

where v = (c'/2/2 + 1)k. This concludes the proof.
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