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On Enlarging the Domain of Attraction for Linear Systems Subject to
Asymmetric Actuator Saturation

Wenxin Lai, Yuanlong Li and Zongli Lin

Abstract—In this paper, we revisit the problem of enlarging
the domain of attraction for linear systems with asymmetric
actuator saturation. We partition the state space into several
regions according to the sign of each input and rewrite the
linear system subject to asymmetric actuator saturation as
an equivalent switched system, each subsystem of which is
associated with one partition of the state space and is a linear
system subject to symmetric actuator saturation. Based on this
equivalent representation of the system, we present a Lyapunov
function, which is composed of a set of quadratic functions
associated with matrices that are not required to be positive
definite. We establish sufficient conditions for regional stability
and, based on them, formulate optimization problems to enlarge
the estimate of the domain of attraction. Simulation results
illustrate the effectiveness of the proposed approach.

I. INTRODUCTION

In practical control systems, actuator saturation is a ubig-
uitous nonlinearity due to physical limitations and safety re-
quirements. The presence of actuator saturation may degrade
the performance of the closed-loop system and may even
cause instability. In the past decades, linear systems subject
to actuator saturation have become a focus of study in the
field of nonlinear control and a large number of interesting
results have been reported (see, for example, [1]-[3]).

Among the results available in the literature on linear
systems subject to actuator saturation are many on the study
of their domain of attraction (see, for example, [4], [8],
[9] and the references therein). Since the boundary of the
domain of attraction is difficult to obtain, a common practice
is to estimate the domain of attraction by using the level
sets of a Lyapunov function. The conservativeness of such
estimation depends to a large degree on the choice of the
Lyapunov function. Many Lyapunov functions have been
proposed. For example, in [15], a piece-wise quadratic Lya-
punov function is proposed, which effectively incorporates
the properties of the dead-zone function to provide a less
conservative estimate of the domain of attraction. In [6] and
[17], a regional sector condition is introduced to relax the
positive definiteness requirement of the matrix that defines
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the Lyapunov function for a larger estimate of the domain
of attraction.

The majority of the existing results, including those men-
tioned above, pertain to actuator saturation that is symmetric.
Asymmetric actuator saturation widely exists in physical
systems. There have been some attempts to achieve desirable
properties of linear systems with asymmetric actuator satura-
tion. In [10] and [11], a novel state transformation approach
is proposed to extending the available results on symmetric
saturation to the asymmetric case. In [14], for the enlarge-
ment of the domain of attraction, a system with asymmetric
actuator saturation is regarded as an equivalent switching
model and a set of conditions for determining linear con-
trollers and anti-windup compensators simultaneously are
established. Adopting the equivalent system representation
given in [14], Reference [7] constructs asymmetric piece-
wise quadratic Lyapunov functions, which contribute to a
considerable improvement in the estimation of the domain
of attraction. By an asymmetric Lyapunov function we mean
a Lyapuov function whose level sets are not symmetric with
respect to the origin of the state space. A parallel approach
for discrete-time systems is presented in [13]. Recently, by
shifting the state coordinates, Reference [12] proposes a
nonlinear asymmetric stabilizer for linear systems subject
to asymmetric saturation, which is demonstrated to have
the ability to enlarge the domain of attraction. In addition,
it is worth mentioning that, as a mechanism that naturally
accounts for constrained inputs, model predictive control
also attracts considerable attention in the enlargement of the
domain of attraction for linear systems subject to actuator
saturation (see, for example, [18], [19]).

In this paper, we aim to construct a generalized asymmet-
ric Lyapunov function for linear systems with asymmetric
actuator saturation to further enlarge the estimates of the
domain of attraction. Following the idea of [7], we will
consider a partition of the state space according to the
sign of each input, and decompose the linear system with
asymmetric actuator saturation into a set of subsystems with
symmetric actuator saturation. For each subsystem, we assign
a piece-wise quadratic function that is defined by a positive
definite matrix. These quadratic functions are then combined
in a switching manner to develop a generalized asymmetric
Lyapunov function. We establish sufficient conditions under
which a level set of the proposed Lyapunov function is
contractively invariant, and hence can be used as an estimate
of the domain of attraction. To further reduce the conserva-
tiveness, we develop relaxed conditions where the positive
definiteness of the associated matrices is not required. Based
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on these conditions, we formulate the optimization problems
for maximizing the estimate of the domain of attraction. A
numerical example is given to illustrate the effectiveness of
our approach.

The remainder of this paper is organized as follows. In

Section II, we give the problem statement and present the
generalized asymmetric Lyapunov function. In Section III,
sufficient conditions are established for regional stability
for systems with asymmetric actuator saturation. Based on
these conditions, we formulate in Section IV the optimization
problems for obtaining the largest estimates of the domain
of attraction. Section V illustrates the effectiveness of the
proposed approach through a numerical example. Section VI
concludes this paper.
Notation. For a square matrix A, He(A) := A + AT. For
two integers Iy and ls, Iy > 11, I[ly,l3] denotes the set
of integers {l1,l; + 1,---,lo}. The asymmetric saturation
function sat,; : R™ — R™ is defined as sat, z(u) =
[satﬁl,ﬁ1 (uq) saty m,(uz)---saty g (um)]*, where u
[ur ug---u,)" and for each i € I[1,m], sat, 7, (u;) is
defined as follows, -

ﬁia Ui > ﬁia
saty 7, (u;) = Ui, U; € [—gi,ﬁi], (1)
7Hi’ U < 7&#

where 77; > 0 and p, > 0 denote the magnitudes of the
positive and ne%gative saturation levels, respectively, and 1t =
[y Ty Tn) s = (1 gy 'Em]T' For simplicity, we
use sat, (u) to denote the symmetric case, that is, = p =
7i. The dead-zone function is defined as dz, z(u) = u

sat,, zz(u), and for the symmetric case, dz,, (u) = u—sat,,(u).

II. PRELIMINARIES

A. Problem Statement

Consider the following linear system with asymmetric
actuator saturation,

& = Az + Bsaty, z(Fz), (2)

where © € R" is the state and A € R™*", B € R™*™ and
F € R™*" are constant matrices of appropriate dimensions.
The closed-loop system is assumed to be asymptotically
stable in the absence of saturation. However, it is well known
that such asymptotic stability is in general not global. We
are thus interested in characterizing the domain of attraction
of the closed-loop system, the set of all the initial states
from which the state trajectory converges to the origin.
However, in general, it is difficult to accurately describe the
boundary of the domain of attraction. A common practice
is to estimate the domain of attraction with a level set
of Lyapunov function. This involves the construction of a
Lyapunov function that would result in a less conservative
estimate of the domain of attraction. We will focus on a new
Lyapunov function, whose construction exploits the special
property of the asymmetric saturation.

Motivated by [7], [13] and [14], we partition the state
space into 2™ regions according to the sign of each input.
Each region is defined as

Ii={zeR": \;Fz >0}, ielI[l,2™], 3

where A; = diag{/\ﬂ, Aig, - ,)\lm} with /\ij = sgn(Fja:),
and Fj, j € I[1,m], is the j** row of F. System (2) can
then be represented equivalently as the following switched
system,

& = Ax + Bsat,, (Fz), x € Ty, 1 € I[1,2™], “4)

where p; = $((A; + 1)+ (I — A;)p). Within each region
T';, the associated subsystem (4) is a linear system subject
to symmetric actuator saturation.

B. A Generalized Asymmetric Lyapunov Function

An asymmetric Lyapunov function, whose level sets are
not symmetric with respect to the origin, has been presented
in [7]. To further reduce the conservativeness of this asym-
metric Lyapunov function, in this subsection, we will present
a generalized asymmetric Lyapunov function based on the
partition (3). To this end, we denote, for i € I[1,2™],

ANF 0
b= { 0 A
Fi — [E;I‘ In-{—m]T c R(3m+n)><(n+m)

:| c R2m><(n+m)’
®)

)

where A; is as defined in (3). Let £ = [#7 dz,, (Fz)T]T.
Then, within I';, we define a piece-wise quadratic function
as follows,

T
x —T — x

= & Pait,
where T € RE™MHWXGmEn) ang pg, e RMFm*(ndm) g

a symmetric matrix to be determined later. We then define
the following Lyapunov function candidate,

Va(x) = Vgi(x), ifx e Ty, i € I[1,2™], (6)
whose level set is given as
Evnion = U1 (E(Pei) NTYy),

with

E(Pgi) = {r € R" : €T Pgi€ < 1}.
T T
T
Ty € R®™*(m+1) and T € ROT™X(47) e have

Partition 7" as T = , where 1”1 c R27n><27n,

€ Pt = €"F, TF¢

T, T
:fT[EzT In+m] [ TQ}F T;j :| [E;r In-&-m}Tf
=V (EM'TVE; + He(E!'Ty) + T)&. (7)

Consider two intersected regions I'; and T';. It is clear
that there is only one different element between A; and A;,
that is, there is only one k € I[1,m] such that \jx # \ji.
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Denote the boundary between I'; and I'; as €;;, then for
each z € ();;, the following facts hold:

o There must be one input ur = Fjix such that Fyx =
dz(Fpz) = 0. Then one could have A\ Fpx =
/\ijk(L' =0 and /\lde(Fk(L') = )\jde(Fle') =0.

o Since \jr # Aji, for each | € I[1,m]\{k}, we have
Ny Fix = AjFie and \ydz(Fio) = A\jdz(Fz).

Based on the above observations, it can be shown that
Ei¢ = E;¢€ and F;& = F;€ hold if z is on the boundary
(2;;. This guarantees the continuity of Viz(x) in the whole
state space.

Remark 1: Note that in the case that 77 = O xom
and T5 = Ogyyx(m+n)» Va(x) reduces to the asymmetric
Lyapunov function proposed in [7] with a common positive
definite matrix shared in each region I';. Moreover, if 77 =
02 x2m and To # O2mx (m+n)> Vo becomes the asymmetric
Lyapunov function with different positive definite matrices
for each I';. This type of asymmetric Lyapunov functions
were also proposed in [7]. Apparently, the presence of T}
allows further enlargement of the differences between each
Pg;. This will result in a larger estimate of the domain of
attraction. And the relaxed conditions that will be presented
later could transform the proposed Lyapunov function into a
sign-indefinite one (the matrices associated with Lyapunov
functions are not required to be positive definite), which
in turn reduces the conservatism. Therefore, the proposed
Lyapunov function in this paper is more general than those in
[7]. Also, compared with [7], where each Pg; is constructed
by several different variables, the newly proposed Lyapunov
function shows a more compact form, that is, matrix 7 is
the only parameter that needs to be determined. In fact, such
a form is inspired by [16]. However, the method provided in
[16] is different from ours. In particular, although the specific
partition of the state space and the stability analysis for each
partition in [16] contribute to an LMI-based method that is
easy to solve, such a method is not directly applicable to
the estimation of the domain of attraction. This is because
the stability analysis in [16] is to verify the stability of
each predetermined partition in the state space while the key
idea of estimation is to find a set in the state space where
trajectories converge to the origin. Furthermore, instead of
piece-wise Lyapunov functions [15], quadratic Lyapunov
functions, which can be very conservative, are designated
to each partition in [16], leading to less favorable results.

The following lemmas present some useful properties of
saturation functions, which will help to develop the results
in the next section.

Lemma 1: [5] For any given diagonal matrix S > 0 €
R™*™, for any v = [v1 vg -+ v,]T € R™ where |v;] < p,
V j € I[1,m], the following inequality holds,

dZE(Fz)S(Fx —dz,(Fz)+v) > 0.
Let ¢,(Fz) € R™ be the directional derivative of
dz,(Fx) at « along &, which can be defined as

F ) — F
b (Fa) = tim PP+ 19) = dzy(Fa)
t—0+ t

Lemma 2: [15] For any given diagonal matrices S, Ss €
R™*™ the following sector-like conditions hold for any = €

R",
S (Fa) Sy (Fi — ¢pu(Fx))

dz,, (Fx)Sa(Fi — ¢, (Fx))

0,
0

IIT. MAIN RESULTS

In this section, we establish sufficient conditions under
which a level set of the proposed Lyapunov function is
contractively invariant for system (4).

Theorem 1: Consider system (4). If there exist a symmet-
ric matrix 7' € RGm ) xBmtn) diagonal matrices Sy;, So;,
Ss; € R™ ™ with Sy; > 0, and matrix H; € R™*("+m)
i € I[1,2™], such that the following matrix inequalities hold,

0, — He(OPGiA +I781:(Gy + HiGs)

+ 2352105 + T1 S3:Gs ) <0, ®)
and
M2 hij
{ v Pe ] >0, )]
where h;; is the j*" row of H; and
Po; =T, TF,
L )
0m><(n+m)
A_[A+BF —B 0

(10)

mxn I Omxm}

F - Im Onxm]

=0

=

[Iner O(ner)Xm]
= [Omx X (n+m) In],
= [F(A+BF) —FB - 1I,),

then the level set Eypion 1S a contractively invariant set of
system (4).

Proof: To prove the theorem, we need to show that the
value of the Lyapunov function decreases towards zero along
the system trajectory at each nonzero z € Euypjon. Since
the proposed Lyapunov function V¢ is continuous across the
boundaries among the partitions, it is sufficient to verify that
inequality Vz(z) < 0 holds at each nonzero z € &(Pg;)NT;,
i€ I[1,2™].

Recall that ¢ = [2T dz,, (Fz)T]|T and ¢, (Fz) is the
directional derivative of dz,,, (F'z) at « along &, i € I[1,2™].
By the Schur complement, inequalities (9) is equivalent to
Pg; > 2hTh Thus, for each z € &(Pg;), we have
|h1j§ | < Mz Let v; = H;¢. Then, by Lemma 1, the regional
sector condition is given as

dz) (Fx)Sy(Fx — dz,,(Fz) + Hi€) > 0
which is equivalent to

O =n"ZLS1:(G + HiGa)n > 0, (11)
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where n = [z7 dz,, (Fz)" ¢,,(Fx)]*.
Besides, the sector-like conditions introduced in Lemma
2 can be written as

Do =0 Ty S2:G3n = 0, (12)

and

®;3 =n"I{ S3:G3n =0, (13)

respectively.
Note that the time derivative of Vi (x) can be computed
as

T T
VG(.’E) =2 |: t :| PGi dZMz‘ (FJT)
dz,,, (Fz) 6, (Fa)
A+ BF —B 0
=9 TP ; nxm
é‘ ¢ |: 077L><7l O'HLXTYL ITYL } 17
= n"He(OPg; A)n. (14)

Then incorporating the sector and sector-like conditions (11),
(12) and (13) into (14), we have

3
Va(z) < Vo(o) + nTHe( > %)77 =n"0m. (15

=1

In view of inequalities (8), it can be verified that Vi (z) < 0
for all nonzero « € £(Pg;)NT;, i € I[1,2™]. This completes
the proof. (|
From inequalities (9) in Theorem 1, we can see that
matrices Pg;, @ € I[1,2™], are required to be positive definite
such that the positiveness of V() can be guaranteed for
all x+ € R". However, this seems to be unnecessarily
conservative since it is sufficient to show that Vg;(z) > 0
for each z € I;. Let K; € R"T™X(47) pe 3 symmetric
matrix whose elements are all non-negative. Recall that
Eil = [ A;dz,, (Fz) } '

For each « € T';, i € I[1,2™], all elements of E;{ are non-
negative. Thus, we have

EYENK B > 0,0 € I[1,2™], (16)

Then, the positiveness of Vg;(z) = £T Pg;& can be guaran-
teed if
" Paig — € B KiBig > 0,

which can be further ensured by

Pgi — EFKE; > 0. (17)

It is clear from (17) that Pg; is not required to be positive
definite to guarantee Vg (z) > 0, z € R™ \ {0}. Based on
the analysis above, we establish the following theorem.

Theorem 2: Consider system (4). If there exist symmet-
ric matrices K;, M; € RT™*0+m) iy non-negative
entries, symmetric matrix 7 € RG™TW*Gm+n) - gia00nal
matrices Sy;, So;, S3; € R™*™ with S1; > 0, and matrix
H; € R™ ™) i ¢ [[1,2™], such that the following
inequalities hold,

0, =0, + OEI M;E;0" <0, (18)

and

T hij

i
v Pou-E'KE | ~°

(19
where h;; is the 4t row of H; and matrices ©; and O are
as defined in (8) and (10), respectively, then the level set
EUnion 18 a contractively invariant set of system (4).

Proof: Recall the definition of F;, £ and 7. It is clear that,
for any x € T';, all the elements of E;¢ and EZ-OTn are non-
negative. Since each element in the symmetric matrices K;
and M; is non-negative, for all x € I';, we have (16) and

nTOEI M; E;0Tn > 0. (20)

Noting that inequalities (19) imply that Pg; — B K, E; >
0, we have ¢TPg;¢ — ¢TETK,E;¢ > 0. By conditions
(16), the positive definiteness of Vg (x) can be guaranteed.
Furthermore, from (15) and (20), we have

3
Va(w) < Vo) + 1" He( Y @i )n+n" OB MiE:0™n
=1
= UTém-

By inequalities (18), it can be verified that V(;(CE) < 0 for
all nonzero x € £(Pg;) NIy, i € I[1,2™]. Hence, the level
set Eunion 18 contractively invariant for system (4). O

Remark 2: If K; and M, are set to be zeros, Theorem
2 will reduce to Theorem 1. Moreover, conditions (16) and
(20) play different roles in reducing the conservativeness of
Theorem 1. conditions (16) are used to relax the positive
definiteness constraint on P;, while conditions (20) weaken
the negative definiteness constraint on ©;, which is defined
in (8).

Remark 3: Obviously, we can reduce our proposed Lya-
punov function into a quadratic one by fixing some parts
of T to be zeros. This implies that the selection of
(Pgi,S1.4,H;) can be inherited from the results obtained
by this quadratic Lyapunov function. Under such a selection
of (PGmSl,ini)’ let 531 = Om and K,L = Mz = 0n+m’
and then we can always find a diagonal matrix Sy ; with
sufficiently large diagonal elements such that conditions in
Theorems 1 and 2 are feasible [20].

IV. OPTIMIZATION PROBLEMS

Theorems 1 and 2 present sufficient conditions under
which the level set Eynjon 18 an estimate of the domain of
attraction of system (4). Based on these conditions, we will
formulate optimization problems to obtain the estimates as
large as possible. Considering that Pg; in Theorem 2 is not
required to be positive definite, we need to find a subset
of Eunion, Which is characterized by some positive definite
matrices, to measure the size of Eypjon. The following
proposition, which is modified from the one in [17], presents
a condition under which a reference set is a subset of £(Pg;).

Proposition 1: Given a symmetric matrix Pg; €
R Fm)X(+m) CIf there exists a symmetric matrix L; €

R X (M) with non-negative entries, a positive definite
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matrix P, € R™*" and a diagonal positive definite matrix
W; € R™*™ such that

ITPI, — Poi — EYL,E, — He (z;fwigl) >0, (@I

where 7, = [In OnxmL I5 = [Oan Im], glA and F; are
as defined in (10) and (5), respectively, then £(F;) NI'; with
EP) ={zeR" imTPia: < 1} is a subset of £(Pg;).

Let a := 5 ?:1 tr(P;). The minimization of a repre-

sents the maximization of U?",&(P;) N T';, which in turn
implies the maximization of the level set Euypjon. Then
the optimization problem associated with Theorem 2 is

formulated as follows,

(22)

X min a,
Pgi,P;>0,81:>0,52;,83:,Hi, K, M;,L; i€I[1,2™]

s.t. Inequalities (18), (19) and (21).

Because of the presence of S1; H; in (18), the optimization
problem (22) is a BMI problem. Let Z; = S1; H;, and noting
that 1i7s3;; + 5 > 25145, we replace (19) with

1
2810 = 42 Zij
:

23

>0,

where s1;; is the 4th diagonal element of Sy; and z;; is the
™ row of Z;, i € I[1,2™], j € I[1,m]. As a result, (22)
reduces to the following LMI problem,
X min «
Pgi,P;>0,51:>0,52;,53;,Z;,K;,M;,L;,i€I[1,2™]
s.t. Inequalities (18), (21) and (23).

; (24)

The optimal solution to (24) is a suboptimal solution of the
BMI problem (22). Furthermore, by applying this optimal
solution as the initial values, we develop the following direct-
iterative algorithm for solving the optimization problem (22),
and the result obtained by this iterative algorithm is at least
as good as the result obtained by solving (24).

Algorithm 1 : Iterative Algorithm for Enlarging Eypion.

Step 1: Solve the LMI problem (24) and denote the optimal
solution as ((3(, Pgi, Pz’, S1i, S92, 834, 2y Ky M, Ll) Let
t=0, H; =Sy, Zi, i € I[1,2™] and oy = é.

Step 2: Let k <« k + 1. Fix H; and solve optimization
problem (22). Denote the optimal solution as (d,PGZ-7]5i,
S1i, S2i, 834, Kiy My, L),

Step 3: Fix S7; and solve optimization problem (22). Denote
the optimal solution as (&, Pgy, Py, So;, S5, Hi, K, M;, L;).
Let o, = &

Step 4: If | o — ax—1| < 6, a pre-determined tolerance,
stop, then Pg;, @ € I[1,2™], are feasible solutions. Else go
to Step 2.

Remark 4: Note that Theorem 2 reduces to Theorem 1
when K; = M; = 0. Thus, setting K; and M; to be
zeros in the optimization problems (22) and (24), we obtain
the corresponding BMI-based and LMI-based optimization
problems, respectively, with their constraints obtained from

Theorem 1. Correspondingly, by setting K; = M; = 0,
Algorithm 1 can also be used to solve the resulting BMI-
based optimization problem from (22).

V. NUMERICAL EXAMPLES

Consider the following system taken from [7],

4 [06 —087 o _[08030 09455
~ 108 06 |"7 7 [0.0839 09159 |
[ 12031 1.0926

T | —0.4441 —1.5447 |

p=R2 1" p=0 2"

We first estimate the domain of attraction by solving the
LMI-based optimization problems, corresponding to both
Theorems 1 and 2. To do this, we solve the LMI-based
optimization problem (24) with K; = M; = 0, which is
formulated according to Theorem 1, and obtain the estimate

Union With aJi™ = 0.8910.

Then solving the optimization problem (24) whose con-
straints are derived from Theorem 2, we obtain the estimate

Union With a3 = 0.6659 and matrix Pgy with its
eigenvalues being {0.7600,0.1470,0.0027, —0.0001}. It is
clear that Py is not positive definite.

For comparison, by using the asymmetric Lyapunov func-
tion presented in [7], we get the estimate 55Lion1 with
aggﬂ = 0.9027. Also, if we use the asymmetric Lyapunov
function in [7] as the basic construction and then incorporate
the sector conditions into the construction such that the
associated matrices are not required to be positive definite
([6]. [17)), the resulting estimate £, | is with alo) =
1.1449.

We plot these estimates and the actual domain of attraction
in Fig. 1. As apparent in Fig. 1, the estimates based on the
methods proposed in this paper, especially Theorem 2, are
significantly larger than the existing approaches.

-------- [7: uggﬁ=0.9027 Theorem 1: ulSJ'LM'=O.891O =====+=* Domain of attraction

Th2-LMI

16,17]: al®7=1.1449 Theorem 2: «
opt1 opt

=0.6659

X1

Fig. 1. The estimates of the domain of attraction obtained by LMI-based
optimization problems.

We next estimate the domain of attraction by solving the
BMlI-based optimization problems, corresponding to both
Theorem 1 and Theorem 2. To obtain estimation based on
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Theorem 1, we let K; and M,; be zeros and choose the
optimal solution of the resulting LMI-based problem (24)
as the initial values for the resulting BMI problem (22).
Carrying out the resulting Algorithm 1, we obtain Efjpian
with agp™ = 0.7463.

We also carry out Algorithm 1 associated with The-
orem 2, and obtain iy, with afi?™ = 0.5377.
Specially, the associated matrix Pg; has eigenvalues
{0.7405, 0.1448,0.0025, —0.0001}, that is, Pg is not pos-
itive definite. Moreover, numerical computation shows that
each matrix ©;, ¢ € I[1,4], in (18) has positive eigenvalues.
This reflects the discussion in Remark 2 that Theorem 2 leads
to less conservative results than Theorem 1.

For further comparison, we apply the same iterative strat-

egy to solve the BMI problems formulated by using the

Lyapunov functions in [7] and [6], [17]. We obtain S[JLiOHQ
with o), = 0.7566 and 537, with o551 = 0.6880,

respectively. Besides, in order to show the superiority of
piece-wise Lyapunov functions used in this paper, we re-
formulate Theorems 1 and 2 using the quadratic Lyapunov
functions suggested in [16], based on which we then establish
and solve the BMI problems to obtain quadratic-Lyapunov-
function-based estimates £7;,,, with ag @ = 0.7419 and
E Unton With g = 0.6493, respectively. All of these results
and the actual domain of attraction are depicted in Fig. 2.
As observed in Fig. 2, the proposed approach contributes
to improving the estimates of the domain of attraction for
linear systems with asymmetric actuator saturation. Also, it
is apparent that the piece-wise Lyapunov function used in
this paper for each subspace yields less conservatism than
the quadratic one in [16].

........ 171 o =0.7566 oTh2Q
opt

00768 e ey

=0.6493  seeeree Domain of attraction

16,171 o!%'71=0.6880 Theorem 1: QIL""BM'=0.7463

opt2

- -~ - [16]: oM C=0.7419
opt

Theorem 2: al;‘f'w':o.ssn

Fig. 2. The estimates of the domain of attraction obtained by BMI-based
optimization problems.

VI. CONCLUSIONS

This paper proposes a generalized asymmetric Lyapunov
function for the estimation of the domain of attraction for lin-
ear systems subject to asymmetric actuator saturation. Such
a Lyapunov function is less conservative as the associated
matrices are not required to be positive definite. Based on

the proposed Lyapunov function, sufficient conditions for
stability analysis are established and then relaxed conditions
are provided to further reduce the conservativeness. The
estimation of the domain of attraction is formulated as an
optimization problem. An iterative algorithm is developed
to solve the optimization problem. Simulation results show
that our approach has the ability to significantly enlarge the
estimate of the domain of attraction.
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