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This article proposes a delay-kernel-dependent approach to deal with the saturated control problem
of linear systems subject to mixed delays: discrete delay and distributed delay considering kernel.
By combining the state vector and the distributed delay with kernel, a new polytopic representation
strategy is used to cope with the nonlinear input saturation function. By choosing a Lyapunov-
Krasovskii functional and applying an integral inequality both related to the distributed delay kernel,
novel and less conservative results are provided to ensure the system stability. Finally, an example is
simulated to display the advantages of the developed approach.
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1. Introduction

Time-delay, usually categorized as discrete delay and dis-
tributed delay, is a general phenomenon frequently existing in
many practical systems, such as networked control systems,
biological systems, economic systems (Barforooshan, Derpich,
Stavrou, & Ostergaard, 2020; Yan, Shen, Nguang, & Zhang, 2020).
Regarding the stability analysis and controller design for time-
delay systems, the derived results independent on the delay are
generally more conservative than the results dependent on the
delay. Over the past decades, some representative techniques like
Wirtinger integral (Seuret & Gouaisbaut, 2013), Bessel-Legendre
inequality (Seuret & Gouaisbaut, 2017; Seuret, Gouaisbaut, &
Ariba, 2015) and their combination with reciprocally convex
lemma (Park, Ko, & Jeong, 2011) have been addressed to reduce
the design conservatism of linear systems with discrete delays or
distributed delays.

On the other line, for practical control systems, input satu-
ration exists in various physical devices due to the hardware
limitation. In order to process the saturation nonlinearity, sev-
eral effective tools such as sector-bound method (Yin, Seiler, &
Arcak, 2021), polytopic representation method (Zhou, 2013) and
anti-windup method (Li & Lin, 2014) are proposed. For linear
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systems with time-varying discrete delay and saturated con-
trol, under the polytopic representation framework, an auxiliary
time-delay feedback is combined with the state feedback to rep-
resent the nonlinear input saturation in Chen, Fei, and Li (2015).
In addition, a distributed-delay-dependent approach is further
investigated in Chen, Fei, and Li (2016) for the saturated con-
trol issue of uncertain systems with discrete and distributed
delays. Following the similar way, the impulsive control problem
of nonlinear time-delay system subject to input saturation is
developed in Li, Li, Ouyang, and Nguang (2020). Moreover, by
extending the distributed-delay-dependent method to discrete-
time systems with distributed state delay and fast-varying input
delay, better results for saturated local stabilization have been
obtained in Chen and Wang (2020). With the utilization of the
discrete delay or distributed delay in the polytopic representation
method, less conservative results can be obtained and larger
estimated domain of attraction (DOA) can be achieved than the
delay-independent strategy. Compared with the distributed delay
system in Chen et al. (2016), the system with distributed delay
kernel is more general and practical. For example, the kernel can
be used to represent the probability density of stochastic network
transmission delay. However, the above delay-dependent poly-
topic methods in Chen et al. (2015, 2016) and Li et al. (2020) are
difficult to treat the saturated control issue of linear systems with
discrete delay and distributed delay considering kernel.

Inspired by the precedent discussions, this article investigates
the saturated control of linear systems with discrete delay and
distributed delay considering kernel. The main contributions are
given as:

(i) A new polytopic delay-kernel-dependent approach utilizing the
distributed delay with kernel is presented to deal with the saturation
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nonlinearity. The existing method in Chen et al. (2016) can be
viewed as an equivalent form of our approach under the limitation
case (infinite divided delay intervals), which will lead to the curse
of dimensionality. However, it can be avoided by our proposed
approach.

(ii) A delay-kernel-dependent Lyapunov-Krasovskii functional (LKF)
and an integral inequality related to the kernel are applied to obtain
the analysis and synthesis conditions. Compared with the delay-
independent saturation handling strategy and the existing approach
adopting Legendre polynomials to approximate the kernel (Seuret
et al, 2015), the proposed delay-kernel-dependent approach is po-
tential to derive less conservative results.

The organization of this technical communique is given as
follows. The problem formulation is presented in Section 2. In
Section 3, the stability and controller design conditions are pro-
vided. Then, the advantages of the proposed approach are verified
by some simulation results in Section 4. Section 5 shows the
conclusions and future investigations.

Notation: || - ||; and || - || represent 2-norm and co-norm of
vector, respectively. He(X) = X + X', where (-)7 means the
transpose of X. I(X,Y) = Y'XY.I[1, a], ® and eig,,(X) mean the
set {1, ..., a}, Kronecker product and the maximum eigenvalue
of matrix X, respectively.

2. Problem formulation

The considered system with discrete and distributed delays is
given as:

0
X(t) = Ax(t) + D1x(t — d) + D, f q(r)x(t + r)dr + BS(u(t)), (1)
—d

where x(t) € R" means the state, u(t) € R/ means the control
input, the nonlinear saturation function with unity level S(u(t))
is represented as S(u(t)) = [S(u1(t))~~S(ug(t))-~S(uf(t))]T,
S(ug(1)) = sgn(ug(t))

min{1, |ig|}, A, B, D; and D, are system matrices.

Remark 1. For practical networked control systems, the network-
induced communication delays are usually stochastic with some
special distributions. To make full use of the stochastic feature
of the communication delays, the distributed delay systems (1)
can be applied to model the delayed networked control systems,
where the probability distribution of stochastic communication
delays can be described as the delay kernel g(r). This application
of the distributed delay systems has been reported in some ex-
isting literature (Yan, Gu, Park, & Xie, 2022; Yan, Gu, Park, Xie, &
Dou, 2022).

The state feedback controller is constructed as:
u(t) = Kx(t), (2)

where K is the controller gain to be designed.

Lemma 1(_()Zhou, 2013). For given inlgerf > 1 and function
o(t) € RS satisfying lo(t)lleo < 1, f = f271, the function
ks defined as k;(0) = 0 and

k(s)= | =D+ 1 G+G#L Vjelll.s]
i IO} CG+G=1, Jellls] °

there exists S(u(t)) € co{Cu(t) + C; ¢(t) : s € I[1, 271} holds for
any u(t) € R, where co means the convex hull, G =1-¢G,

c 2 ey-14)®C € RIS eyt ) Means a row vector and its

elements are 0 except for the ke(s)-th element is 1.
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<>
We assume that 3 F;, F, € RS *" such that

0

Fix(t)+ F, / q(r)x(t 4+ r)dr
—d

<1 (3)

[o9)

lle(B)lloo =

In terms of Lemma 1, the nonlinear saturation function S(u(t))
can be expressed as

of
stue) = Y p[cute) + ¢, o) )
s=1

where 8! > 0 and Zil Bt=1.

Remark 2. In Eq. (4), the distributed delay with kernel f?d q(r)
x(t+r)dr is considered for the first time to describe the nonlinear
saturation function. It is more general than the existing approach
only related to state in Lv, Cao, Li, and Luo (2022) and Zhou
(2013), and is potential to reduce the design conservatism.

Remark 3. For Nh = d, a polytopic distributed-delay saturation
representation approach in Chen et al. (2016) is given as

N —(i—Dh
IOl = [P+ 6 [ ] <1 )
=1

oo

*jh

If F5; = F>q; and q(—jh) £ q; are chosen, then we have

N —(j—Dh

Il = |Fie)+ Y [
j=1

qx(t 4 r)dr <1, (6)

—jh S

the limitation of which for N — oo is equivalent to the form
(3) in this work. Under such situation, it yields infinite dimen-
sions of analysis conditions by using the approach in Chen et al.
(2016), which fails to design the saturated controller for the
distributed-kernel-based delay system (1).

In order to deal with the distributed delay item ffd q(r)x(t +
r)dr, we define q(r) = qo(r) and construct

ar) = [qo(r) - air) a(M]", Q) =qn @1,
0

a0 = [ Qe+ 7= [ Opu]. @)
—d

Based on Feng and Nguang (2016), the basic principle to choose
qi(r) is that the property q(r) = Qq(r) should be satisfied.
This implies that the elements g;(r) are the solutions of linear
homogeneous differential equations with constant coefficients in
the matrix Q € R"«+Dxnk+1) By combining (1), (2), (4) and (7),
the closed-loop system is given as:
of
6y =Y Bt [(A + BCK + B Fy)x(t)

s=1

+ Dix(t — d) + (D + BCS_FZ)I@(t)]. 8)
For further proceeding, a technical lemma is provided as follows.

Lemma 2 (Feng & Nguang, 2016). For a matrix M > 0 € R™",
M = M and the vector q(r) defined in (7), it yields

0 0
/ SM,x(r)dr >3 <Q ® M,/ Q(r)x(r)dr) 9)
- —d

d

with @' = [° q(r)q(r)dr > 0.
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3. Main results

First, the stability conditions for system (8) with mixed delays
and input saturation are formed in Theorem 4.

Theorem 4. For given constants «, d and any initial condition
satisfying V(0) < 1, under the controller gain K, the system (8)
is asymptotically stable, if there exist symmetric matrices P > 0,
M > 0, S > 0, and matrices X, F; and F, such that

v, <0, (10)

1 e
>0, (11)
e P

where X =e[X + ee]X, §=Q®S, O/ =[Fu FuZ],
Y, = 5 + He(XY;), P =P + diag{0O, M}, M=QQ M,
Z = He(2{ P$2;) + 3(M + dS, ;) — I(M, e3) — 3 (8, eg) ,
€4

_|€ _ e B :
2= |:eq:| ,§2; = |:Q(O)e2 —Q(—d)e; — Qeq} eg=| |,

€44k

—_

Y = —e; + (A + BGK + BC;F] )82 + Dqe;
+ (D2 + Bc; F>)Teq,
e 2 [Onnn-1) In Onnate—my], h=1,....4+«.

Proof. Defining x "(t) £ [x7(t),x"(t), x"(t — d), Q"(t)] and left-
and right-multiplying the condition (10) from both sides by x ' (t)
and x(t), we have

3(%, (1)) <0, (12)

which further ensures

of
> BL(3(%. x(1))) < 0. (13)
s=1

By constructing X = Xe| + aXe,, it is derived from system (8)
that

of
Zﬁ;s(xvs, x(t)) = 0. (14)
s=1

Subtracting (13) by (14), one can get
(&, x(0) = 3(He(27PR2). x(6)) + (M + S, exx(¢)

— (M, esx () — 3 (5. egx(t)) < 0. (15)
Define n(t) = [x"(t) Q'(t)]" and construct an LKF as
V(t) = V4(t) + Vy(t), (16)
where

t
Vi(t) = 3(P, n(t)), Va(t) = / S(M + (r — t +d)S, x(r))dr.
t—d

By differentiating V(t), it gives

V(t) = He (n" (t)Pi(t)) + (M + dS, x(t))
0

- S(M,x(t—d))—/ (S, x(t +))dr. (17)
—d

Applying Lemma 2 to handle the integral item, one gets

0
—/ (S, X(t 4+ r))dr < —3 (8, Q(1)) . (18)

d
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According to q(r) = oq(r), it leads to
Q(t) = Q(OXX(t) — Q(—d)x(t — d) — QQ(t). (19)
Based on (19), it yields

n(t) = 21 x(t), 7t) = 2, x(¢). (20)
From (15), (17)-(20), the system stability is ensured by
V(t) < 3(&, x(1)) < 0. (21)

According to (21), we get V(t) < 0 and V(0) > V(t).
With the aid of Lemma 2, it leads to

(P, n(t)) = (P, n(t)) + 3 (M, Q(t))

0
+ / I((r + d)S, x(t + r))dr < V(t). (22)
—d

By using Schur complement to (11), it yields
T <>
0,6, <P, lelll, f]. (23)

According to (23), it gives
2 T
[Fux(e) + Faz(e)|” = 3(6] &1, n(1) = 3(P. (1), (24)

For any initial condition meeting V(t) < V(0) 52 1, it is ob-
served from (22) and (24) that ‘F”x(t) + FZIIQ(t)‘ < 1 holds.
This indicates that the assumption (3) is ensured. Therefore, the

stability of system (8) is ensured for any initial state satisfying
vVi0)<1l nm

Remark 5. It is unavoidable that the approximation error will
be introduced by using Legendre polynomials to approximate
the kernel q(r) in Seuret et al. (2015). Compared with Seuret
et al. (2015), the kernel-dependent integral inequality given in
Lemma 2 is able to treat the distributed delay by excluding the
approaching error and decrease the conservatism.

Second, in terms of the above theorem, the saturated con-
troller design criteria formulated by linear matrix inequalities
(LMlIs) are deduced in Theorem 6.

Theorem 6. For given scalars o, and d, if there exist symmetric
matricesP >0, M > 0,S > 0, andgatrices L, Y, Ny and N, such
that for Vr € I[1,2/], VI € I[1, f ], the following conditions

hold:

@5 <0, (25)
1 6
N . | =0, (26)
O, P

where X =e] +ae], §=Q®S, & =[Ny NiI],
. = & + He(XY,), P =P + diag{0, M}, M =Q® M,
He($2] P$2,) + I(M + dS, e;) — S(M, e3) — 3 (3, e;) ,
= —Ye, + (AY + BCSL + BCS_Nl)eZ + D Yes

+(D2Y + BC; N,)Zey,

ap <o
I

<>

then for any initial condition satisfying V(0) < 1, the asymptotic
stability of system (8) can be ensured by the controller K = LY !

Proof. Define Y = X", M = J(M,Y), S = 3(S,Y), §
(8, w1y ® V), M = SOV, Iy y @ YL KY =L, Ol12) @ Y) =
[N” NZIZ].

Pre- and post-multiplying (10) with YT = Iy14)® YT and Y,
we derive the condition (25).
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Following the similar way in the above, the condition (26) is
also obtained, which completes the proof. ®

Next, an optimization problem is proposed to derive a larger
estimation of DOA (A, ) when the controller is designed. Accord-
ing to the chosen LKF (16), we have

Vi(t) < 0 (6)Pn(t) < n' (t)diag{$2, 21}n(t)
< x'(t)eign(20)x(t) + Q' (t)eig,(£21)Q(t)
< (eig,(£20) + d eig,,(£21)eig, (@) [x(D)]3. (27)
Va(t) < (d eig, (M) + d>eig,(S)) Ix(t)]13 (28)
Then, the bound of As can be estimated by
V(0) < (eign(£20) + dweig,,(£21)
+ d eig, (M) + d’eig,,(S))o”, (29)

where [[x(0)[> < o, @ = eig,(Q"").
As in Chen et al. (2016), the constraint Y~TY~! < vl with a
variable scalar v > 0 is considered, which is ensured by

vl I

[1 He(Y) —1] z 0. (30)
Define 20 = (20, Y1), 21 = (21, Iy ® Y) and £ 2
diag{$29, £21} and let
P<Q, <yl i=01 M<al, S<al. (31)

Thus, the maximization of As in Theorem 6 can be optimized by
the following optimization problem:

Problem 1. ming ;s o 1 1) Ny Ny.Y.vypp1ara, P SUDject to LMIs

(30)-(31), (25)-(26) where
p=¢€v+ (VO + dw)/1 + da; + dzaz)

and ¢ is a weighting parameter. Consequently, the maximum o is
derived by omax = /1/0, where U = eig,,(£29) + dweig,,(£21) +
d eig,,(M) + d?eig,,(S).

4. Example
The system parameters are chosen as
0.2 0 06 04 —-0.3 0.1
A= [0.4 —0.7] D= [ 0 —0.5] D2 = [ 0 —0.6:|’
B= [} (}:’] . qr) = —(10/dfreF, 1 e [—d. O]

where the kernel q(r) satisfies Gamma distribution. For x = 1,
to construct the vector q(r) meeting the property ﬂ)(r) = 9q(r),

the other term can be chosen as q(r) = —%eT. Then, the
_ —(10/dPre't
vector q(r) and Q are obtained as q(r) = 10,100 , Q=

10 10
d d
5 ]

By choosing € = 3 x 10%, & = 1, and the unity saturation
level u; = u, = 1, the optimal estimation of DOA (A, ) for dif-
ferent d derived by our delay-kernel-dependent approach solved
by Problem 1 and the existing delay-independent approach are
shown in Table 1. From this table, one observes that larger DOA
can be obtained by our approach than the traditional approach
without considering the distributed delay term. This means that
the delay-kernel-dependent term and the auxiliary matrix F, are
helpful in reducing design conservatism.

The controller gain for d = 0.5s is computed as K =
[—0.8381 —0.5168; —0.4335 —0.0669].
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Table 1
Comparison of the estimation of DOA (A, ) for different d.
d/s 0.1 0.5 1
Delay-independent method 2.0556 1.5078 1.1990
(Lv et al,, 2022; Zhou, 2013)
Delay-kernel-dependent 2.2179 2.0243 1.8329
method (4)
Table 2
Comparison of the estimation of DOA (A,) for D, = 0.
d/s 0.1 0.5 1
Delay-independent method 1.1863 0.7538 0.5676
(Lv et al,, 2022; Zhou, 2013)
Delay-kernel-dependent 1.4331 1.3581 1.2629
method (4)
3 0.5
—1(t) g o
---xo(t
_ 2| 2(t) S os —u(?)
2 1t 3
IS © 45
b7 R = 0 5 10 15 20
[ . o 05
% 0 ’: = o
‘i i 2 o
] ~
2 g 05 ua(®)
h j=3
et
b < -1
n
-2 -1.5
0 5 10 15 20 0 5 10 15 20

Time (s)

Time (s)

Fig. 1. The responses of state x(t) (left) and saturated control input u(t) (right)
for h=0.5s.

In simulation, under the initial condition x(0) = [3, —2]", the
responses of the state x(t) and saturated control input u(t) for
d = 0.5s are illustrated in Fig. 1. From this figure, one observes
that the designed saturated controller is effective to guarantee the
stability when input saturation happens.

In addition, the considered distributed delay system (1) is
reduced to conventional discrete delay system by setting D, = 0.
In this case, the corresponding comparison results are obtained
in the following table.

From Table 2, one observes that the estimations of DOA ob-
tained by our proposed method are larger than the results ob-
tained by existing delay-independent method. These comparison
results further illustrate that our proposed method is effective for
systems with discrete delay.

5. Conclusion

This paper has studied the saturated control issue of linear
systems with discrete and distributed delays. A delay-kernel-
dependent approach is proposed to handle the nonlinear sat-
uration function. Then, sufficient LMI conditions to solve the
saturated controller are obtained. Lastly, some simulation re-
sults demonstrate that our proposed delay-kernel-dependent ap-
proach is less conservative than the existing delay-independent
method. Note that the continuous-time system is considered in
this work. In the future, how to extend the proposed delay-
kernel-dependent saturated control method to discrete-time sys-
tems deserves further studies.

Acknowledgments

This work was supported in part by the National Natural Sci-
ence Foundation of China under Grant 62103193, Grant 62273183,



S. Yan, Z. Gu, J.H. Park et al.

and Grant 62022044; in part by the Natural Science Foundation of
Jiangsu Province of China under Grant BK20200769; and in part
by the Project funded by China Postdoctoral Science Foundation
under Grant 2021TQ0155 and Grant 2022M711646. The work of
J.H. Park was supported by the National Research Foundation of
Korea (NRF) Grant funded by the Korea Government (Ministry of
Science and Information and Communications Technology) under
Grant 2019R1A5A8080290.

References

Barforooshan, M., Derpich, M. S., Stavrou, P. A., & Ostergaard, J. (2020). The effect
of time delay on the average data rate and performance in networked control
systems. IEEE Transactions on Automatic Control, 65(9), 3943-3949.

Chen, Y., Fei, S., & Li, Y. (2015). Stabilization of neutral time-delay systems
with actuator saturation via auxiliary time-delay feedback. Automatica, 52,
242-247.

Chen, Y., Fei, S., & Li, Y. (2016). Robust stabilization for uncertain saturated
time-delay systems: a distributed-delay-dependent polytopic approach. IEEE
Transactions on Automatic Control, 62(7), 3455-3460.

Chen, Y., & Wang, Z. (2020). Local stabilization for discrete-time systems
with distributed state delay and fast-varying input delay under actuator
saturations. IEEE Transactions on Automatic Control, 66(3), 1337-1344.

Feng, Q., & Nguang, S. K. (2016). Stabilization of uncertain linear distributed
delay systems with dissipativity constraints. Systems & Control Letters, 96,
60-71.

Li, H., Li, C, Ouyang, D. & Nguang, S. K. (2020). Impulsive stabilization of
nonlinear time-delay system with input saturation via delay-dependent
polytopic approach. IEEE Transactions on Systems, Man, and Cybernetics,
51(11), 7087-7098.

Automatica 152 (2023) 110984

Li, Y., & Lin, Z. (2014). Saturation-based switching anti-windup design for linear
systems with nested input saturation. Automatica, 50(11), 2888-2896.

Lv, X, Cao, ], Li, X, & Luo, Y. (2022). Local synchronization of directed lur'e
networks with coupling delay via distributed impulsive control subject
to actuator saturation. IEEE Transactions on Neural Networks and Learning
Systems, http://dx.doi.org/10.1109/TNNLS.2021.3138997.

Park, P., Ko, J. W., & Jeong, C. (2011). Reciprocally convex approach to stability
of systems with time-varying delays. Automatica, 47(1), 235-238.

Seuret, A., & Gouaisbaut, F. (2013). Wirtinger-based integral inequality:
Application to time-delay systems. Automatica, 49(9), 2860-2866.

Seuret, A., & Gouaisbaut, F. (2017). Stability of linear systems with time-varying
delays using Bessel-Legendre inequalities. IEEE Transactions on Automatic
Control, 63(1), 225-232.

Seuret, A., Gouaisbaut, F., & Ariba, Y. (2015). Complete quadratic Lyapunov
functionals for distributed delay systems. Automatica, 62, 168-176.

Yan, S., Gu, Z, Park, J. H.,, & Xie, X. (2022). Synchronization of delayed fuzzy
neural networks with probabilistic communication delay and its application
to image encryption. IEEE Transactions on Fuzzy Systems, http://dx.doi.org/10.
1109/TFUZZ.2022.3193757.

Yan, S., Gu, Z,, Park, J. H., Xie, X., & Dou, C. (2022). Probability-density-dependent
load frequency control of power systems with random delays and cyber-
attacks via circuital implementation. IEEE Transactions on Smart Grid, 13(6),
4837-4847.

Yan, S., Shen, M., Nguang, S. K., & Zhang, G. (2020). Event-triggered H,, control
of networked control systems with distributed transmission delay. IEEE
Transactions on Automatic Control, 65(10), 4295-4301.

Yin, H., Seiler, P., & Arcak, M. (2021). Stability analysis using quadratic constraints
for systems with neural network controllers. IEEE Transactions on Automatic
Control, 67(4), 1980-1987.

Zhou, B. (2013). Analysis and design of discrete-time linear systems with nested
actuator saturations. Systems & Control Letters, 62(10), 871-879.


http://refhub.elsevier.com/S0005-1098(23)00137-1/sb1
http://refhub.elsevier.com/S0005-1098(23)00137-1/sb1
http://refhub.elsevier.com/S0005-1098(23)00137-1/sb1
http://refhub.elsevier.com/S0005-1098(23)00137-1/sb1
http://refhub.elsevier.com/S0005-1098(23)00137-1/sb1
http://refhub.elsevier.com/S0005-1098(23)00137-1/sb2
http://refhub.elsevier.com/S0005-1098(23)00137-1/sb2
http://refhub.elsevier.com/S0005-1098(23)00137-1/sb2
http://refhub.elsevier.com/S0005-1098(23)00137-1/sb2
http://refhub.elsevier.com/S0005-1098(23)00137-1/sb2
http://refhub.elsevier.com/S0005-1098(23)00137-1/sb3
http://refhub.elsevier.com/S0005-1098(23)00137-1/sb3
http://refhub.elsevier.com/S0005-1098(23)00137-1/sb3
http://refhub.elsevier.com/S0005-1098(23)00137-1/sb3
http://refhub.elsevier.com/S0005-1098(23)00137-1/sb3
http://refhub.elsevier.com/S0005-1098(23)00137-1/sb4
http://refhub.elsevier.com/S0005-1098(23)00137-1/sb4
http://refhub.elsevier.com/S0005-1098(23)00137-1/sb4
http://refhub.elsevier.com/S0005-1098(23)00137-1/sb4
http://refhub.elsevier.com/S0005-1098(23)00137-1/sb4
http://refhub.elsevier.com/S0005-1098(23)00137-1/sb5
http://refhub.elsevier.com/S0005-1098(23)00137-1/sb5
http://refhub.elsevier.com/S0005-1098(23)00137-1/sb5
http://refhub.elsevier.com/S0005-1098(23)00137-1/sb5
http://refhub.elsevier.com/S0005-1098(23)00137-1/sb5
http://refhub.elsevier.com/S0005-1098(23)00137-1/sb6
http://refhub.elsevier.com/S0005-1098(23)00137-1/sb6
http://refhub.elsevier.com/S0005-1098(23)00137-1/sb6
http://refhub.elsevier.com/S0005-1098(23)00137-1/sb6
http://refhub.elsevier.com/S0005-1098(23)00137-1/sb6
http://refhub.elsevier.com/S0005-1098(23)00137-1/sb6
http://refhub.elsevier.com/S0005-1098(23)00137-1/sb6
http://refhub.elsevier.com/S0005-1098(23)00137-1/sb7
http://refhub.elsevier.com/S0005-1098(23)00137-1/sb7
http://refhub.elsevier.com/S0005-1098(23)00137-1/sb7
http://dx.doi.org/10.1109/TNNLS.2021.3138997
http://refhub.elsevier.com/S0005-1098(23)00137-1/sb9
http://refhub.elsevier.com/S0005-1098(23)00137-1/sb9
http://refhub.elsevier.com/S0005-1098(23)00137-1/sb9
http://refhub.elsevier.com/S0005-1098(23)00137-1/sb10
http://refhub.elsevier.com/S0005-1098(23)00137-1/sb10
http://refhub.elsevier.com/S0005-1098(23)00137-1/sb10
http://refhub.elsevier.com/S0005-1098(23)00137-1/sb11
http://refhub.elsevier.com/S0005-1098(23)00137-1/sb11
http://refhub.elsevier.com/S0005-1098(23)00137-1/sb11
http://refhub.elsevier.com/S0005-1098(23)00137-1/sb11
http://refhub.elsevier.com/S0005-1098(23)00137-1/sb11
http://refhub.elsevier.com/S0005-1098(23)00137-1/sb12
http://refhub.elsevier.com/S0005-1098(23)00137-1/sb12
http://refhub.elsevier.com/S0005-1098(23)00137-1/sb12
http://dx.doi.org/10.1109/TFUZZ.2022.3193757
http://dx.doi.org/10.1109/TFUZZ.2022.3193757
http://dx.doi.org/10.1109/TFUZZ.2022.3193757
http://refhub.elsevier.com/S0005-1098(23)00137-1/sb14
http://refhub.elsevier.com/S0005-1098(23)00137-1/sb14
http://refhub.elsevier.com/S0005-1098(23)00137-1/sb14
http://refhub.elsevier.com/S0005-1098(23)00137-1/sb14
http://refhub.elsevier.com/S0005-1098(23)00137-1/sb14
http://refhub.elsevier.com/S0005-1098(23)00137-1/sb14
http://refhub.elsevier.com/S0005-1098(23)00137-1/sb14
http://refhub.elsevier.com/S0005-1098(23)00137-1/sb15
http://refhub.elsevier.com/S0005-1098(23)00137-1/sb15
http://refhub.elsevier.com/S0005-1098(23)00137-1/sb15
http://refhub.elsevier.com/S0005-1098(23)00137-1/sb15
http://refhub.elsevier.com/S0005-1098(23)00137-1/sb15
http://refhub.elsevier.com/S0005-1098(23)00137-1/sb16
http://refhub.elsevier.com/S0005-1098(23)00137-1/sb16
http://refhub.elsevier.com/S0005-1098(23)00137-1/sb16
http://refhub.elsevier.com/S0005-1098(23)00137-1/sb16
http://refhub.elsevier.com/S0005-1098(23)00137-1/sb16
http://refhub.elsevier.com/S0005-1098(23)00137-1/sb17
http://refhub.elsevier.com/S0005-1098(23)00137-1/sb17
http://refhub.elsevier.com/S0005-1098(23)00137-1/sb17

	A delay-kernel-dependent approach to saturated control of linear systems with mixed delays
	Introduction
	Problem Formulation
	Main Results
	Example
	Conclusion
	Acknowledgments
	References


