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Abstract: In this manuscript, we consider the stability problem of Lur’e systems with slope-
restricted nonlinearities. We focus on a specific parametrisation of the Lyapunov-Lur’e functional
in the literature, and extend it to a higher order. Meanwhile, we show this Lyapunov-Lur’e
functional based stability criterion is equivalent to the search for noncausal FIR multipliers
with a restricted form for the SISO case. Finally, we discuss the restrictions of this Lyapunov-
Lur’e functional approach with some numerical examples.
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1. INTRODUCTION

This manuscript focuses on the stability of a Lur’e sys-
tem (Lurie and Postnikov, 1944) in discrete-time, as shown
in Fig. 1, where the plant G is linear time-invariant (LTT)
and stable, and the nonlinearity (uncertainty) operator
¢ is memoryless, sector-bounded in the range [0,¥] and
slope-restricted in the range [0,I']. A classic problem is
to find the largest! possible ¥ and I' that preserve the
stability, and this problem is still open due to the lack of
necessary and sufficient condition.
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Fig. 1. The Lur’e system.

The stability of Lur’e systems is mainly studied in two
frameworks: Lyapunov stability and input-output stabil-
ity. Asymptotic stability is studied in the Lyapunov frame-
work, which is based on internal state variables of the un-
forced systems; £r-stability is studied in the input-output
approach, which is based on the input-output mapping of
the forced systems. As asymptotic stability and ¢, stability
imply each other (Vidyasagar, 2002), it can be instructive
to explore the relation between the two approaches. The
well-known Popov theorem and small-gain theorem can be
constructed in both frameworks (Khaill, 2002; Vidyasagar,
2002), but both of them are conservative in general.

In the Lyapunov approach, the most recent results are
provided by Park et al. (2019), where a Lyapunov-Lur’e
functional is used for systems with sector and slope re-
stricted nonlinearities. In a Lyapunov-Lur’e functional, a
Lur’e term is added to the original quadratic term:

* 6;(c)do > 0. (1)

o

! The definition of largest is not standard for MIMO system.

Copyright lies with the authors

where the operator ¢; is the 7 element of a MIMO opera-
tor ¢ and signals o1 and o, are inputs to ¢;. Furthermore,
the sector and slope conditions can be utilised in the Lur’e
term by extending (1) as

[ - oondo=0and [ r-¢(0)do=0. (2

o]

where y; and ¥; are the j diagonal elements of ¥ and T’
respectively. With the Lyapunov-Lur’e functional with (1)
and (2), three main facts are considered to influence the
conservativeness by Park et al. (2019). First, as studied
in Park and Kim (1998); Ahmad et al. (2013); Park
et al. (2015), a tighter estimation of the upper bound and
lower bound of (1) deserves a less-conservative stability
condition. Second, it is a natural idea to obtain less-
conservative results by including more data points. In
other words, more combinations of y;, yiy1, yi+2, etc. are
desired to be included in (1) (2). Finally, some other sector
and slope conditions can be added to the final stability
LMI. Similar analysis for the continuous-time case is in
Turner and Kerr (2014), where the % gain bounds are
also provided.

In the input-output approach, recent results are provided
by Wang et al. (2014); Fetzer and Scherer (2017); Carrasco
et al. (2020), which deals with SISO and MIMO case
respectively. Particularly, the search on a wide subclass
of LTI Zames-Falb multipliers (Willems and Brockett,
1968), called finite-impulse-response (FIR) multipliers, are
proposed by Carrasco et al. (2020). The search on the
multiplier M is conducted in frequency domain,

Re{M(z)(1+TG(2)} >0 Vo] =1. (3)

In contrast to Lyapunov function and continuous-time
Zames-Falb multipliers (see the tutorial paper Carrasco
et al. (2016)), the class of discrete Zames-Falb multipliers
is given as a necessary and sufficient condition (Willems
and Brockett, 1968), leading to complete argument which
has been used to establish a new conjecture (Wang et al.,
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2018), where the existence of a Zames-Falb multipliers is
a necessary and sufficient condition for stability.

In this paper, we provide an insight into the parametrisa-
tion of the Lyapunov-Lur’e functional by Park et al. (2019)
and its relation to the multiplier search by Carrasco et al.
(2020). The main results and contributions are in Section
3. First, we construct a Lyapunov-Lur’e functional with
more information based on the analysis by Park et al.
(2019). Specifically, we further include the sector condition
at yit2, and the slope conditions between (y;,yi+2) and
(Yi+1,Yi+2) in the Lur’e terms. Meanwhile, we add the
sector condition at y;;3, and the slope conditions between
(yi,yi+3) to construct the LMI. Then, we interpret this
parametrisation of Lyapunov-Lur’e functional in frequency
domain, and show that it is equivalent to the search on
a restricted form of third order FIR multipliers in the
SISO case. Finally, some restrictions on the Lyapunov-
Lur’e functional stability criterion are discussed. In Section
4, a few examples verify the relations between the two
criteria.

2. PRELIMINARIES

Consider the feedback interconnection in Fig. 1, the LTI
system G has the state-space representation

Xit1 = Ax; — B (yi)
6o~ {1 2 , ()

where x; € R" and y; € R" are the state and output of
G at time instant i respectively; the matrices A € R"*",
BeR™m CeR™" and A is Schur. With some abuse
of notation, the memoryless nonlinearity operator ¢ is
defined by a static multivariable function ¢ : R™ — R is
sector bounded and slope restricted, i.e.

o) = [0161) $207) - duYM]", (5)
0< %9 <y o 20 (6a)
0< %ﬁi(cl) <y, Yoi#oy, (6b)

where y;j and ; (j=1,2,---,m) are the j”* elements in the

positive diagonal matrices W and I' respectively. We denote
nonlinearities that satisfy (6) as ¢ € [0,¥] and ¢ € S[0,T7].

The expression G*(z) denotes the complex conjugate trans-
pose of G(z) on |z =1, i.e. G*(z) = G (%), where the
superscript T indicates the transpose. For a matrix M,
He{M} =M+ M"; M >0 means M is positive definite;
* represents terms of a symmetric matrix which can be
inferred by symmetry.

Some preliminaries in Park et al. (2019) are repeated here
for completeness, and see details there and the references
therein.

Lemma 1. (Park et al. (2015)). For the a nonlinearity ¢ in
(5) and satisfying (6), lower and upper bounds of the Lur’e
term are given by L < fé’f ¢j(c)do <U, where

L= 4000 —0)+ 3 {9l oo}, (T)

U= ¢j(62)(02*61)*%%{¢j(02)*¢j(01)}2~ (7h)

Moreover, following Park et al. (2019) conditions in (6)
can be rewritten as follows

6,(0) {o— ;,iqu(o)} >0, (8a)

1

93(02) ~ (00 { (2= 00) - Z16y(00) - o] | 0.

(8b)

for any o, o1, and 0,. In particular, if setting 6, = y;4, and

o] =y; in (8b), this inequality implies a n'* step (order)
relation.

The details to parametrise a Lyapunov-Lur’e functional
candidate will be provided as the main results in Section
3.

We consider a subclass of discrete-time LTI Zames-Falb
multipliers (see definition of Zames-Falb multipliers in
Willems and Brockett (1968)).

Definition 1. (FIR multipliers (Carrasco et al., 2020)).
The convolution operator M is a noncausal FIR Zames-
Falb multipliers if

M(z) = —hpz "=z ho—h 1z —h 2, (9)
where the causal part is with the backward-shift operator
z7% (i, =1,2,--- ,np), and the anticausal part is with the
forward-shift operator z'/ (if = 1,2,---,ny). The coeffi-
cients h_;, >0, h;, >0, and satisfy ZZ:ZI hi, —I—Z?ff:l hoi, <
ho, where we can set hg = 1 without loss of generality.

3. MAIN RESULTS
3.1 Lyapunov-Lur’e stability criterion

In spirit of Park et al. (2019), the theorem below guar-
antees the stability of Lur’e systems with slope-restricted
nonlinearities.

Theorem 1. Consider the feedback system in Fig. 1, with
G in (4), and ¢ in (5) satisfies (6), i.e. G is stable and
G~[AB;CO], ¢ €[0,¥] and ¢ € S[0,I']. The feedback
system is stable if there exist a symmetric matrix P €
RGn+3m)x(Bnt3m) 1ositive diagonal matrices My, Mz, Moy,
My, M31, M3z, Nii, Niz, Nai, Noa. N3i, N3z, Lo, Ly, Lo, La,
S1, 82, S3 € R™™ such that

P=P+ZE>0, (10)
Q=0+ +0;<0, (11)
where E = [E]¢xe is defined in (12), and Q;, Qp, Q3 are
defined in (13), (14), (15) respectively.
Ey1 = CT (Myn+M3)TC+CT N WC
CT(Myy +My)TC+CTNpWC;  E31 = —CTM3,IC
3= —CTMpuTC; 33 = CT (Mo + M3)TC + CT N3 WC;
41 = —(Mia+M3z +N12)C; - Egp = MpC; Bz = M3:C
Ega = (My1 + My + My + Mz + Ny +Nip)T™Y5 Esp = Mo
Esy = —(Mip+Mp +N»)C;  Esy = —(My +Mp)I
Es3 =MnC;  Ess= (M1 +Mip+Mp +Mpn+No +Noo)T™
Eol = MnC; Eg =MnC; Eg = —(Mxn+Ms+N3)C;
Bt = —(Ma1 +Mp)T ™'y Egs = — (Mo +Mp)I
Eg6 = (Ma1 + Mo +Ms1 +Msr + N3y + NI

By = —CT M, IC;

)
[}
I

(11 (11 (x]

]
Il

(12)
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Q4

Il
*

(13)

Proof. See the sketch of the proof in Appendix A.

Remark 1. The matrix Q is expressed as the summation of
Qp, Qy, Q3, and some terms are added and subtracted at
the same time. This particular expression is not required
for Theorem 1, but it will be used in the next part.

Remark 2. Compared to the most recent Lyapunov liter-
ature (Park et al. (2019)), we further include conditions
involving three future steps in the proof, i.e. yii1, yito,
vi+3; hence it implies Theorem 1 is a third order technique.

3.2 Frequency domain interpretation for SISO case

In this part, we consider a special case of Theorem 1 with
m =1 (SISO) and W =T. Motivated by the analysis in
Ahmad et al. (2015), the stability conditions are converted
to a frequency domain inequality via the KYP lemma
(Rantzer (1996)).

Theorem 2. Consider the feedback system in Fig. 1 in
the SISO case. If conditions in Theorem 1 are satisfied
with some W =T, then there exists an FIR Zames-Falb
multiplier in the form

M(z) = *h32_3 *hzz_z fhlz_l + ho fh,lthzzZ *thS,

(16)
such that Re {M(2)(14+TG(z))} >0, V|z| = 1.
Proof. In (11), Q; +Q; can be written as
ATPA-P ATPB
Q1 +Q = PO 1
1142 { Erpl] , (17)

where P is defined in (10), and the state-space matrices
are

07000 0 0
00700 0 0
~ looaoo-B| = |o
A=1o00017 0| B=|o|:
00000 1 0
00000 0 I

which correspond to the augmented state
= T
%= xl o xly 000" 0T (irr) 67 (yig2)]

Then, applying the KYP lemma, LMI (11) can be con-
verted to the frequency domain inequality

N\ —1

[(Zl—§)1§}*g3|:<zl_’?) §}<o, Vizl=1. (18)

Substituting Q3 inside, (18) is equivalent to
He{Ls(G(z) +¥ ")+ M(2)(G(z) +T 1)} >0, V|z|=1,

(19)
where Lg = Lo+ L; 4+ Ly + L3, and M(z) is in (16) with

ho = 2(Myy + M2 + Moy + Moy + M3y + M3 + Sy + 52+ 53)
4+ Ni1 + Ni2 + Nap + Nop + N3p + N3y > 0;
hy =M1 +Miz +Mp +Mpy +Nip +Nag + N3 + 81 > 05
h_1 =M1 +Miz+Mp +M +Nip+Np+Npp+ 81 > 05
hy =M31+Mz+ S>>0, h3=53>0. (20)

It is clear that hy = h_y + hy + 2hy 4+ 2h3, so M(z) here
is a third order noncausal FIR multiplier in (9) with
np =nf = 3.

3.3 Discussions

Using insights provided by Theorem 2, the following
proposition can be used to simplify Theorem 1 for SISO
systems.

Proposition 1. Consider the feedback system in Fig. 1 in
the SISO case. If conditions in Theorem 1 are satisfied with
some W =T, then it is also satisfied with M|, Mj,, My,
My, M3y, M3z, Na1, Nx2. N31, N3z, Lo, L1, S1 being zero.

Proof. By Theorem 2, it is without loss of generality to
set hy =Ny, ho1 =Ny, hp =83, h3 =83 in (9) from the
multiplier point of view. Equivalently, other variables in
the multiplier can be set as zero. In addition, the sector
conditions at y; and y;; are included in V3! and AV3!,
and Njj, Njp are nonzero, then Ly and L; can be set as
zZero.

Furthermore, in (9), the coefficients of second order terms:
hy and h_,, and the coefficients of third order terms: hj
and h_3, can have different values respectively. However,
the restricted form hy = h_p, h3 = h_3, is forced in (16).
As a result, the search on second and third order terms is
restricted and may fail, then the multiplier would perform
as a first order multiplier.

4. NUMERICAL RESULTS

In Park et al. (2019), its results are proved to be less
conservative than other Lyapunov literature, so the com-
parison of different Lyapunov criteria are not repeated. In
this manuscript, we focus on Lyapunov-Lur’e functional
and its relation to FIR multipliers, so we introduce some
special examples to stress the relation, which are not
included in other existing literature. We assume that the
nonlinearity is repeated, so each ¢; has the same bound &,

ie. yj=v,=k V).

Examples
_ 0.1z
(1) Gi1(2) = 715 s
_ 2z40.92
(2) GZ(Z) - ZZ*O-SZ
0.2343z240.1224z+0.04805
(3) G3(2) = 361122+ 106521008843
(4) Ga(z) = 1.3412% ~1.2217340.6285z%—0.561824-0.1993
4 S-09352 10,7697 L1182 +0.6917:-0.1352
_ 7'—1.522+0.5z°—0.5z40.5
(5) Gs(z) = 4.475-8.9577419.89323—5.67172+2.2072—0.5
(6) Go(z) = 2.6852°41.404z% —1.39973 —0.7952724+-0.4009z-+0.008153
6 16+g.§76815 —(%16 19z4—0.383z3+0.1349z24-0.04182z—0.009093
_ | =098 =092
(7) Gi(2) = [Z 03 “oi
=097 7001

The numerical results are listed in Table 1, which are
obtained using SDP toolbox Yalmip (Lofberg, 2004) with

6444



Preprints of the 21st IFAC World Congress (Virtual)
Berlin, Germany, July 12-17, 2020

_,OL,T,,t,,,, L __X______ i ___ X I _ * 1 ___x____.
I C' (M +M3)IC N | N | . | N
o 4C'Np¥CHPy v T e o T oo
‘T ‘r CT (Myp +Mx)TC : : : T
| —C™MpIC | +ATCT (Mp+Mp)TCA || | |
0, —ATCTMTC | +CTNpWC+ATCT N3 WCA |+ * | * | *
I 4Py +ATPRy I —He{ATCTMxpICY+ Py 11 \ \
| | T T o | [
+He{A" Py} +A" P33A
,0+,,,,6,,,,F,,f{,,%},,jﬂ,,‘a 7777777777 == — == — == — = fo— e — - = — -
Moo Y ____ Lo ____°%______ \,\,,M,,;[ ,,,,, l__ ___ * 1 ___Fx____.
I I (I 1n+Mp I I
N (Mli;M”>c w Mi2C+ M3,CA o) | MM | T N w N
: +P]2 : +Pyr + Pi3A : : +Ni1 +Np : :
92 = B :“7 e | -l — — — 7tP474 I (14)
| | o | BTCT(?’IZ%+M32)FCB |
I I (I I +B' C' N3, WCB I
| | _(MIZ +M22 +N22)C | | 7H€{M;22CB} |
| AT | +MpCA+BTCTMpIC —BTC" M3, | |
B'C' M3I°C T 1 My + My
0! rp | —B'CT(Mpn+Mn)TCA 101 —(My+Mp)l™! | ! *
| +M2C+ Ps; —B" P3 | BTCT Ny WCA Lo T ol |+ +My +My | T |
- 32 +Ps +Psqy — B Py
| | _BTPy—BTPaA+PyA || |\ PN+ |
\ ! 32 33 B ' +Ps—He{Ps;B} !
| | I [ T [
b b e e e m - = lmle — = — — — — — — ‘777;%1317’3373777477‘[17” 77777
! ! M3, C . : ( M, + M3 + N3p )CB ! 21 2
\ | . 11 — (M3 +Mp)™! I | My 4+ Msy | T
0 M3C+ Py . —(Mu+Ms+N3y )CA 0 ( 3]+P6432) . (M +Mp)rt +N21+N3322
| | +Psr + P3A | | +Ps5s — Ps3B | - 4P -
- 1 1 1 1 1 1 66 =
[ T S S S S AN S *o_ ____ X 4 ____*X____._ ]
o0 0 o o N _F____.
0 I 0 I 0 I * I * I * I *
****** |t Hlititi i Bl letse Nl il e Attt
S1+82\ -1
Ly —2 r
0TS Npc-sic | —sic-sca | ( +55 > | x | x | x
15 +8;) | | VA | |
R O S e S R | ________.
Vo My +Mp \ ! M1+ M ‘ ‘ My +Miz ‘ ‘
W4+My +M3 | C — 1 2Yc (N11 +N12)1“*1 2 | +M3; + M3, r-u I
—N1iC—-58:Ci | +Na» [ ST [ * [ *
(\ TN +Nn ) —(Msy +Ms)CA | +25, I | +N11 +Niz | |
L Awsye TR T 7 2} E Y B
M +M, I I I M +M: I
Qr = \ \ 11 12 21 2) g
3 : e o e | e 2
My + M +No1 + Ny _1 My +M
—-8$C I— C 128, S3CB | (2M 2M I I
2 | < +Nay ) | (Mo + My CA | 2 +5 | (H\l,l ++N12> r! 2 | M2+ M 1”" *
| | +N32 | [ AR \ +Nap + Ny |
el Hawsye v | ____ 2srloape o
: : (M2 +Mp c : : : M>y + M :
| | +N31 | | |~ | M1 +M32 | CB | Moy + M
My + My _ _ +N31 + N3 =2 | +Ms + M5, | T
—535C ' —(M3; 4+ M3)C ! 21 TN b2(My MLt !
3 |~ (M +M)C My + My | CA 3 | 2(Ms1 + M) I —(L3+S$3)CB +N31 + N3z
I I +N31 + N3y I I I 2My1 +2Myy 1 I —2S31“" —2L3‘I"71
- 1 1 +(L3 +S3)C 1 1 1 +N31 + N3 1 1
(15)
Table 1. Maximum slope bound by multiplier and Lyapunov approaches
Ex (1) | Ex(2) | Ex(3) | Ex (4) | Ex (5) | Ex (6) | Ex (7)
Carrasco et al. (2020) (nf =np=1) 12.9960 | 0.9108 | 0.6659 | 0.1695 | 2.5904 | 0.3468 N/A
Carrasco et al. (2020) (nf =np=23) 12.9960 | 0.9115 1.3651 | 0.4347 | 3.2253 | 0.4088 N/A
Park et al. (2019) 12.9960 | 0.9108 | 0.6659 | 0.1695 | 2.5904 | 0.3468 | 3.8091
Theorem 1 12.9960 | 0.9108 | 0.6659 | 0.1695 | 2.5904 | 0.3468 | 3.8091
Proposition 1 12.9960 | 0.9108 | 0.6659 | 0.1695 | 2.5904 | 0.3468 | 3.8052
Nyquist Value 36.1000 | 1.0870 | 2.2855 1.1766 | 7.9070 | 0.4938 | 3.8500

solver sdpt3 (Tiitiinci et al., 2003). The multiplier results
are obtained by the search of FIR multipliers in (Carrasco
et al., 2020). In particular, Example 1 has been used to
show that Kalman conjecture is false for second order
plants (Heath et al., 2015). The results by Park et al.
(2019) are included for comparison.

As shown in the table, for SISO systems (Ex.(1)-(6)), The-
orem 1 can be simplified as Proposition 1 without increas-

(7)). However, the

although Theorem
form of third order

In particular, we

6445

ing the conservativeness, but not in the MIMO case (Ex

stability criteria based on Lyapunov-

Lur’e functionals (Park et al. (2019) and Theorem 1)
are possible to deteriorate as first order FIR multipliers,

1 is proved equivalent to a restricted
multipliers.

take Ex.(2) as an example to show

the difference on resultant multipliers. By Carrasco et al.
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(2020), the maximum slope is 0.9115, where the third order
multiplier is

M(z) = —0.8325z% —0.0155z ' 4+ 1 —0.12327> — 0.02872,

whose parameters are asymmetric, and the third order
causal term is dominant. In contrast, the equivalent third
order multiplier obtained by Theorem 1 is

M(z) =—0.114247% —0.1142477%2 — 0.42887 !
+1—0.114247—0.114247% — 0.114247,

where the coefficients are scaled to make hy = 1. Due to
the symmetry on second and third order coefficients, the
first order causal term becomes dominant. Hence, this
multiplier would be considered as first order, with the
maximum slope 0.9108.

Similarly, the additional information with third order
relations, such as the slope condition between y; and y; ;3 in
Theorem 1, compared to Park et al. (2019), did not reduce
the conservativeness, because the equivalent multipliers
are forced to be first order.

In conclusion, it is important to improve the parametrisa-
tion of Lyapunov-Lur’e functionals to break the restriction
on its equivalent FIR multipliers. On the other hand, the
relations for the MIMO case is still open.

5. CONCLUSION

In this manuscript, we extended the Lyapunov-Lur’e func-
tional in Park et al. (2019), and demonstrate it is equiv-
alent to a restricted form of third order noncausal FIR
multipliers for SISO systems. However, the Lyapunov-
Lur’e functional performed as first order noncausal FIR
multipliers in the numerical examples, which implies the
necessity to break the symmetry in the parametrisation in
future work.
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Appendix A. PROOF OF THEOREM 1

Without loss of generality, we assume the matrices M, =
diag(ml,aym27av e 7mm,a)a N/? = diag(”],h7n2,h7 T 7nm,h)7 where
aand b are 11,12,21,22,31,32, and all entries are positive.
In addition, we assume the matrix P is comprised of sub-
matrices P, , with appropriate dimensions, where p and ¢
are 1,2,...,6.

First, we consider the Lyapunov-Lur’e functional candi-
date,

Vi:V,-1+V,-2’1+‘/iz’2+‘/i2’3+‘/i3’1+Vi3’2+Vl-3’3,
where Vl-1 =nlPn;

(A1)

Yjit+1

m
v =2 Y mn [
J=1 y

i

{6;(0)—9;(;)} do

w2 Y e [ 50 20 - 04(0) ~ 300} do
Jj=1 :

Yji

v =2Y mjn /yjj+2 {95(0) = 9;(vji1)}" do
=

Yji+1

28 mian [ (0 -3100) ~ (91(0) ~ 0 0ii)} o

j= Vil
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AVZ? < (yigs — yir2) Mool (yis — yiga)

V=2 Z m;3| /y)j " {0i0) 0,050} do — (ir2 —yir1)) M (yisa —y,-+1)
" Vi ,HN + 207 (yi+3)Ma1 (Vi — Yiz2) — 207 (yi2)Ma1 (Vi3 — Yita)
+22m] 32/» (0 =31 = (91(0) = 9;0,))} do +207 (Vir2) M2 (yis2 = yie1) = 207 (vie 1) Moz (vis2 = yir1)
. —[6(vis2) = 9 i) (Mo +M22) O (3i43) — 0 (vis2)]
2B [ oo de 2 s [ o e@) oo b (a4 M 00042) — 000
)

m Vit m V)it .2’3 < (yjz3 —V; —

VIS'ZZZZHLZI/O l{‘Pj(G)}TdG-‘rZan,ZZ/O wo—go)} dor AV S (y’+3T yir) Msal Qs =i
j=1 J= — itz = yi)" M3 (yiv2 — i)

‘43’3:2f:"./,31/ oo }Tdc+2Zm‘.n;sz/:jj+2 (wio— 900 do: 207 0ir3)Ma1 (Vies —Yir1) = 207 (1) M31 (yies — yie1)
=1 J=1 +2¢7 (it ) M52 (vio — yi) — 297 (Yi)MSZ(yi+2 i)

with ;= [x] x], ) x[ 1, 0(vi)" 07 (vis1) ¢T(yi+2)]T- [0 (ix3) — 9 Oir1)]" (M31 +M3)T 19 ()’z+3) O(yir1)]
By Lemma 1, the following inequalities hold. — [0 (yis2) —0()])" (M31 +M3) T [0 (vig2) — 0 ()] :
VA > (yier —yi) Ml (i1 — i) AV <y N Wi — 3] NPy
+He{oT ()M (vie1 —yi) — 07 Gie1) M2 (yis1 — i) } +207 (vir1 )N (vis1 —yi) = 207 (7)) N2 (yis1 — yi)
O ir1) — 000" (M +M)T [P (visr) — 9 (0] —[0i+1) — o))" (N1t +Ni2)T 9 (ivr) — O]
V22 > (iv2 = yir 1) Mool (visa — Y1) AV <yl Ny =] N Wi
+He {9 (i1 )Mo (yisa — vir1) — 07 (ie2)Moa (i —yirt) ) 207 0ir2)Nat iz = yis1) = 207 (i 1)No2 (vis2 = yi1)
10 iv2) — 0 is1)]" (Ma1 +Ma)T 7 [ (yir2) — 9 (yisa)]: —[00is2) — O Gie1)]” (Nt + N2)T ™ [$ (i) — @ (i1
ViZ,S > (yis2 — yi)M3T(yip2 — vi) AV,~3’3 < yiT+3N32‘Pyi+3 —yiT+zN32‘Pyi+z
+He{oT (yi)Ma(viea —yi) — 07 (Vie2) M2 (yiso — i) } +207 (3i3)N31 (vies = yiv2) =207 (vir2)N32(yies — yiv2)
+[0(ir2) — 9] (Ms1 +M32)T ™ [9(3is2) — ()] — [0 (i+3) = 9 0ir2)]” (V31 +N32)T 7 [ (vi3) — 9 (i)
V I> yI NPy, — He{(]) Yi)Ni2yi } In addition, by relations in (8), it follows
+ 07 (3) (Vi1 +Ni2)T o () 0<20" (yi)Lo [i —‘P”(P(yi)] ;
0 <207 (yiy1)Ly [vi ;
Vi3,2 > N Wyist — He {07 (e ) Nozyist } <207 (yis1)Li [yir1 =¥ 19 (vir1)] s
+ 0T (vip 1) (Nay +No2)T 1o (i 1) 029" (i2)La sz =¥ (i) )
0<2¢" (vir3)Ls [yirs — ¥ "9 (vira)];
V22 >y N Wyio — He {97 (viv2)N32yiso } #3)la e i ]
+ 07 (is2) (N3t +N32)T ™' 9 (yiga).- 0 <2007 (yig1) = 0" (30))S1 [ =) =T (P is1) — 0 ()] :
The above inequalities can be written as 029" (vi2) = 97 ()82 [z =30) =T (B vi2) = 0 0))]
0<2(0" (vix3) — 0T 51))S3 [ —yi) =T (9 (iz3) — 9 ()] -

VIV RV VI Vv el e, (A2) AR .
Invoking inequalities above, the upper bound of AV; in
where  is given in (12). Therefore, the lower bound of (A 3) is

the Lyapunov-Lur’e functional (A.1) can be expressed as < tTOE
nI(P+E)n;, and it is positive for any non-zero n; if (10) ;7 A‘; <6 ?C" , , (A'4T)
holds. where &= [x] x] x5 07 (vi) 07 (viv1) 07 (ir2) 07 (vig3)]

and Q is equivalent to the summation of Q, Q;, Q3 in (13),

Second, ider the diff f (A1
econd, we consider the difference of (A.1) (14), (15) respectively. Therefore, AV; is negative for any

AV, = Vi — Vi = AV} _|_AVl,271 +Avizvz +AV,-2"3 non-zero §; if (11) holds.
_|_AVl.3*1 +Avl.372+AVI.373. (A.3) Finally, it is clear that (10) and (11) is sufficient for the
stability.

Similarly, the following inequalities hold by Lemma 1:
AV < (yiva — yit) "M (viso — yist)

— (yir1 = i) Mol (yig —yi)

+20" (yis2)Mi1 (vig2 —yi+1) O i) M1 (vis2 —Yir1)
+207 (vis 1) M2 (yie1 —yi) — ( DM (i1 — i)
—[00it2) = 9 (ir )] (M1 +M12)F "o iv2) — 0 (is1)]
—[0Gi+1) — 0] (M +Mi)T (9 (vis1) — 9 ()]
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