Minimax Theory and its Applications
Volume 11 (2026), No. 3s, 213 to 222

Optimal control and stability analysis of networked
communication systems with Time-Varying Delays

Parasa Gayatri!, Manikandan N K2, Putti Jyothi3, Nallamilli V K Reddi*,
M Suma®, Veeraswamy Ammisetty ©

! Assistant Professor , Department of CSE Amrita Vishwa Vidyapeetham, Amaravati, AP, India
Email: p_gayathri@av.amrita.edu , orcid: 0000-0001-9604-3993
2Assistant professor , Department of Computer Science and Engineering Vel Tech Rangarajan Dr.Sagunthala
R&D Institute of Science and Technology Chennai,India - 600062
Email:manikandan.nk@veltech.edu.in, orcid: https://orcid.org/0000-0001-7178-7996
3 Assistant Professor, Department of CSE-(Cys,DS) and AI&DS VNR Vignana Jyothi Institute of Engineering
and Technology Hyderabad, Telangana, India, Email:jyothi p@vnrvjiet.in
orcid: https://orcid.org/0000-0001-5552-3130
4Assistant Professor , Department of Computer science and Engineering, Aditya University
Surampalem -533437, Andhra Pradesh , India. Email:veerendranallamilli88@gmail.com
Orcid id:0009-0003-8514-7393
SDepartment of CSE(AI&ML), Ramachandra College Of Engineering Eluru — 534007, India, Email:
Vasavisuma9@gmail.com, Orcid: 0009-0000-0219-1064

®Associate Professor, Department of Computer Science & Engineering, Koneru Lakshmaiah

Education Foundation, Green Fileds, Vaddeswaram, A.P— 522302, Email:ammisetty.veeraswamy(@gmail.com
orcid id: https://orcid.org/0000-0002-6475-777X

Abstract

The integrated system of physical plants, sensors, controllers, actuators, and communication networks with
digital communication channels is called a networked control system (NCS). Scalability and flexibility are
achieved with a networked implementation at the cost of delays caused by communication that can significantly
affect closed-loop performance and destabilization of the controlled system. The situation gets more complex if
the delays between the sensor and the controller and between the controller and the actuators are not
deterministic but time-varying, and the bandwidth over which the communication occurs is limited. Event-
triggered control can effectively reduce unnecessary transmissions, while predictive control can cope with the
delay caused by the network. Yet optimal control performance, adaptive triggering of communication, two-
channel time-varying delays and stringent stability guarantees are still important mathematical control problems
that have not been solved yet. In this paper, we propose an optimal predictive control framework for linear
networked control systems with bounded time-varying communication delays by considering the
communication properties. The formulation models the existing delays from the sensor to the controller and the
delay from the controller to the actuators as separate delays, and as a time-varying delay function. A dynamic
event triggering mechanism is determined to decide when the state information is supposed to be sent, and a
delay-compensating state predictor is designed to predict the plant state at the future actuation instant. The
performance index adds an explicit communication-activity penalty to the traditional quadratic state/control
penalty. Based on this, a Lyapunov—Krasovskii functional of delay type is then built, and sufficient LMIs are
formulated for delay-dependent stability and quadratic performance. The numeric evaluation is conducted based
on the study configuration, which consists of system parameters and control schemes that are provided. The
obtained delay-compensation, communication-reduction and performance measures show the combined
dependency of delay-compensation and communication-reduction on closed-loop regulation.

Keywords: networked control systems; time-varying delay; event-triggered control; predictive control; optimal
control; Lyapunov—Krasovskii functional; linear matrix inequality; communication-aware control.

1. Introduction and Mathematical Motivation

NCS have emerged as a key mathematical tool for today's cyber-physical systems, where the controller and
physical plant are linked via a digital shared network. Prototype applications include distributed sensing, process
control, smart grids, autonomous vehicles, and remote robotic systems, all based on industrial automation. The
most important advantage of an NCS is that the sensing, computation and actuation elements can be physically


https://orcid.org/0000-0001-7178-7996
https://orcid.org/0000-0001-5552-3130
mailto:Vasavisuma9@gmail.com
https://orcid.org/0000-0002-6475-777X

214

separated. In an alternative approach, however, dedicated communication links are replaced by a shared
network, causing sampling constraints, bandwidth limitations, packet transmission delays, packet losses,
quantization and communication congestion. Consequently, the communication network is part of the feedback
loop, and the controller normally cannot rely on an absolutely up-to-date measurement.

Among these effects, the communication delay that varies according to time is most significant because its size
can differ depending on the volumes of network traffic and operation conditions. However, when an outdated
state is received by the controller and a control action is executed in that outdated state, the closed-loop system
can be unstable or experience reduced settling time or oscillation. Equating a realistic NCS to just a fixed delay
should thus not be attempted. Two-channel delays have been explicitly taken into account for event-based
networked predictive control (Yang et al., 2020), and robust and mixed-type event-triggered formulations have
been studied in the case of time-varying delay and disturbance (Liu & Liu, 2020; Li et al., 2020; Haghighi &
Tavassoli, 2020).

The communication direction is also important. The channel between the sensor and the controller controls
when the measurement information is available to the controller; the channel between the controller and the
actuator controls when the calculated control action gets to the plant. Both of these delays could develop in
varying ways. To compensate for the delayed information, this has been hybridized with networked
architectures, and for time-varying sensing and actuation delays, event-triggered stabilization has been
formulated (Nozari et al., 2020). Recently, bounded time-varying delay and uncertainty (Sun & Meng, 2021)
have been considered in robust event triggered approach and dynamic event-triggered designs for networked
systems under communication constraints and attack has been developed (Zhao et al., 2021).

The second one is the utilization of communication. Periodic sampling ensures a periodic flow of information,
but it can convey a lot of measurements with little information. This behaviour is changed with event-triggered
control, in which the control is only transmitted if a state-dependent condition is met. In recent studies, the
forward and backward communication channels with transmission delay, successive packet dropouts and packet
disordering were discussed (Cui & Xu, 2021); dynamic event-triggered control under uncertainty and
transmission delay were discussed (Zhu et al., 2022); non-fragile event-triggered control under the time-varying
delay was discussed (Ge et al., 2022). Noise-impacted sampling intervals, stochastic time-varying delays (Hu e?
al., 2022), Markovian jump systems with dynamic triggering (Zhao et al., 2022) and robust output-feedback
control with time-varying delays (Lakehal Ayat et al., 2022) are studied.

The present work tackles the problem in an integrated control-communication formulation. The goal is not to
achieve novelty for any of these problems per se: event-triggering, predictive control, time-varying delays and
LMI analysis. The proposed framework, however, is a hybrid of: (i) explicit two-channel delay models, (ii)
dynamic event-triggered transmissions, (iii) delay-compensating prediction, (iv) gain optimization of feedback,
(v) delay-dependent stability conditions, and (vi) cost taking communication into account. This is a unified
formulation that is in line with the newest literature on NCS, such as networked predictive control under
deception attacks (Wu et al., 2023), periodic event-triggered control for networked predictive systems with
external disturbance and input/output delays (Sun & Zeng, 2023), and dynamic delay-compensation control for
networked predictive systems (Zhang, 2023).

The rest of the paper is laid out as follows. Section 2 introduces the plant model and two channel time varying
delay model that is connected via a network. The dynamic event-triggered communication mechanism is given
in Section 3, based on the formulation in the given source document. The development of the predictive optimal
controller is given in Section 4. The communication-aware performance index is explained in Section 5, the
closed-loop model is summarised in Section 6, and the formulation of Lyapunov—Krasovskii stability and LMI-
based design logic are presented in Section 7. The numerical evaluation is given in Section 8, the discussion of
the results in Section 9, and the conclusion in Section 10.

2. Proposed Networked Control Model

Let the linear plant be as below:

dx(t)
dt

= Ax(t) + Bu(t) + Ew(t), y(@) =Cx(t) (1)

where x(t), u(t), and w(t)denote the state, control input, and external disturbance, respectively.
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The communication architecture consists of two independent time-varying delays.ty.(t)between the sensor and
the controller, and 7., (t)between the controller and the actuator. The overall induced delay by the network is:

T(t) = T5c(t) + 7 (1) (2)
The channel delays are bounded according to:
0<7ee(t) SToe, 0S7,(0) STea (3)
Consequently,
0o<t@®) <t
The delay variation is assumed bounded by the following:

drg (t At (t
T;Ct( ) <d, <1, Tea(t)

<d,<1 (4)

Consequently,
T(t) = T5c(t) + 7o ()
The sum of delay rates is limited by:
d=dg+d,<1

This assumption is very convenient, as the derivative of an integral Lyapunov—Krasovskii term has the factor
(1 - ‘i'(t))in it. A brief overview of the proposed architecture is shown in Figure 1. The measured state is

produced by the sensor, the dynamic event trigger determines whether or not to transmit the measured state, the
two network channels each experience time-varying delay, and the predictive optimal controller receives the
delayed measured state, estimates the future state of the plant, and gives out the actuation signal.

‘T“Sﬂllli‘ . Network :
. only when |
X (t) Sensor y(®) Event Trigger condition satisfied| Se;s;:}t]o—C:ntz?)ller l, 7(t) Plant X(t)
e » T > T | eo— sc —_— . »
y(&) = Cx(t) &itle2 o1 Ay &/ #(t) = Ax(t) + Bu(t) + Ew(t)
(dynamic) || Controller-to-Actuator :
: Delay Tca(t) |
|
e TES )
u(t) Predictive Optimal Controller

>

u(t) = Kx(t +7(t))

7(t)
2t +1(0) = 4 Ox(t) + f eACO-9IBy(s)ds
0

f

x(t)

(delayed measurement)

Figure 1. Proposed control framework of the dynamic event-triggered predictive optimal control for networked
control systems with two-channel time-varying delays.

3. Event-Triggered Communication Mechanism

Consider the following transmission time points, t, for k = 1,2, .... x(t;) is the most recent state that was
transmitted.

Define the measurement error:

e(t) = x(t) —x(@) (5)
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The sensor no longer continuously sends x(t) but only if the triggering condition is fulfilled. A static event-
triggering condition can be specified by the expression:

el (£)Qe(t) = oxT(£)Qux(t)
where Q > 0 is a symmetric weighting matrix and ¢ € (0,1) is a threshold parameter.

However, the evolution of the controlled system is not adapted by using a fixed threshold. Hence, the following
dynamic triggering variable is added:

dn(t)
dt

= —an(t) + fx" (OQx() — ye" (OQe(®) (6)
with parameters satisfying @ > 0, 8 = 0, y > 0, and the initial condition n(0) = 1, > 0.
The available condition of the transmission is:

eT(t)Qe(t) = oxT(®)Qx (@) + pn) (7)
where p > 0 is a tuning parameter.

The communication system is then only fired if the error of the measurement is sufficiently large as compared to
the state of the system and the dynamic triggering variable. By this mechanism, it is possible to build an explicit
relation between the evolution of states and the communication activity. To prevent a fixed communication
threshold, some other works in the field of event-triggered NCS have adopted adaptive triggering variables
(Zhao et al., 2021; Zhu et al., 2022; Wu et al., 2023), which is the case in this work.

4. Predictive Optimal Controller

A conventional delayed feedback controller would be based on out-of-date information and can experience a
decrease in performance. To alleviate the delay, a predicted state is included. The state is predicted to be of the
following form for the nominal model:

T(t)
x(t+1(t)) = e Ox(t) + f eAT®=9) By(s)ds (8)
0

The proposed control law is given by:
u(t) = Kz(t+1(t) (9

Thus, rather than responding to a snapshot of the current state, the controller tries to derive the control action
based on the predicted state of the system at the future sampling time. One of the optimisation variables is the
controller gain. This structure is based on the predictive-control direction of the networked systems with
communication delay (Yang et al., 2020; Zhang, 2023; Sarkarfarshiet al., 2024), but the dynamic transmission
mechanism of Section 3 is retained.

5. Communication-Aware Optimal Performance Index

A quadratic optimal-control criterion is the conventional one. For the proposed formulation, there is an extra
communication penalty of:

J = fw[xT(t)Qx(t) +uT()Ru(t)] dt + A N, (10)
0

where N;, is the number of transmissions and A, represents the relative importance of communication cost. For
a finite simulation interval:

N

1, if transmission occurs;
Nex = Z Oer Ok = {O, otherwise a1
k=0
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Thus, the objective is a direct trade-off between performance in terms of control and utilization of the
communications network. Communication-efficient ET and inaccurate delay-aware PC have been investigated
from various angles such as uncertain delays (Wang et al., 2022), periodic ET (Wei et al., 2024), data-driven
control (Sun & Zeng, 2023), and the compensation of the time delay (Wang et al., 2022). We believe the
novelty of the work is not in the communication cost, as such cost has been seen in a number of works, but in
integrating the communication cost with the proposed framework of predictive, dynamic triggering and delay-
dependent LMI.

6. Closed-Loop Mathematical Model

The whole proposal system can be thus summarised:

dZit) = Ax(t) + Bu(t) + Ew(t),
y(t) = Cx(t),
_ dt(®)
T(t) = T5.(t) + 1,4(t), 0 < T(t) <7, o <d<1,
< e(t) = x(t) — x(t), (12)
d
% = —an(t) + BxT(®)Qx(t) — yeT (t)Qe(t),

eT()Qe(t) = axT(£)Qx(t) + pn(t),
\ u(t) = K2(t + (1))

This is the main mathematical model in the paper. This encompasses both the physical plant as well as the two-
channel delay relation, the event-triggered measurement error, the dynamic triggering state, the communication
condition and the predictive feedback law in a single closed-loop representation. The formulation allows
considering the control and communication variables together, instead of as individual design tasks.

7. Lyapunov—Krasovskii Stability Analysis

In order to obtain the delay-dependent stability conditions, build up the Lyapunov—Krasovskii functional:
V() =Vi(t) + Vo) + V30 + Vo (0) (13)

where:

V,(t) = xT(t)Px(t), P> 0

V,(t) = J xT (5)Sx(s)ds, S>0
t—1(t)

° g dx(s) T dx(s) (14)
Vg(t):f J[ Is Rd[ Is ]dsde, R;>0

T(t) t+6
Vo) =n@®)Pn), P, >0

The first component guarantees the state energy at the current time instant, the second one guarantees the state
energy accumulated over the current delay time, the third one is an integral component related to the state
variation, and the fourth component is the dynamic triggering state. The functional has to be positive; therefore,
the matrices must be positive-definite.P, S, Ry, and B, are chosen for this purpose.

The derivative of the first Lyapunov—Krasovskii component is given by:

av,(©) dx(t)
dt = 2"(0)P dt

(15)

The derivative consists of contributions from the current state and the delayed state, as well as the factor.1 —
7(t), for the delay-dependent term. Using the plant dynamics, the predictor relation, and the triggering dynamics
and substituting them into the derivative, you get some cross terms in x(t), x(t — ‘L'(t)), e(t), u(t) and n(t).
These latter are then bounded with suitable integral inequalities. The obtained sufficient condition is expressed
as a Lyapunov matrix and decision variable-dependent symmetric matrix inequality.
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To synthesize the controller, if desired, a bilinear term can be eliminated from the Lyapunov matrix by the
feedback gain using a standard change of variables. The feasibility conditions that are obtained are linear in the
transformed decision variables. Thus, the design simultaneously looks for a stabilizing feedback gain,
admissible triggering parameters and a delay bound to meet the positivity constraints. It turns out that the weight
terms of the state and of the control can be included in the same dissipation inequality so that a quadratic-
performance requirement can also be incorporated into the formulation. This is in line with the known LMI
approach in the contexts of robust and event-triggered networked control systems with uncertain (Li et al., 2020;
Haghighi & Tavassoli, 2020), or time-varying (Ge et al., 2022; Lakehal Ayat et al., 2022) time delays.

Stability interpretation is significant for the proposed design, which will be adapted for communication
purposes. If the reduction leads to an increase in the state error and/or if the error contains an angle greater than
the admissible delay angle, then the reduction of transmissions cannot be treated as an independent goal. The
LMI formulation thus provides a mathematical constraint that connects the communication constraint with the
stability in the closed loop. This is also in line with the recent works on a delay-free periodic event-triggering
(PEET) mechanism (Sun & Zeng, 2023), data-driven delay compensation (Wei ef al., 2024), and observer-based
predictive control (Sarkarfarshiet al., 2024), where delay bounds and stability conditions continue to be explicit
design requirements.

8. Numerical Evaluation

The supplied system configuration is followed by the numerical evaluation. The plant is LTI and has 2nd order.
Matrices are given in Table 1. The sampling time is 0.01 s, and the evaluation interval is 20 s. There are some
delays from both the sensor to the controller and the controller to the actuators, ranging from 0--50 ms.
Dynamic event-triggering parameters are selected as o = 0.01 and p = 0.8, and the quadratic weighting
matrices are taken to be as follows: Q = I, R = 0.1]. The weight for the communication is set at A, = 0.01. The
detailed list of all the system parameters and evaluation parameters for the reported results is given in Table 1.

Table 1. System parameters and numerical evaluation settings.

Parameter Value

Plant model Second-order LTI system

System matrices (A, B) A =1[[0,1],[-,2 —1]], B = [[0], [1]]
Sampling period 0.01s

Simulation time 20s

Sensor-to-controller delay 74 (t) 0-50 ms (time-varying)
Controller-to-actuator delay 7., (t) | 0-50 ms (time-varying)

Event-triggering parameters c=0.01p=038
Weighting matrices Q=1R=0.1]
Communication weight A=10.01

== Proposed method
we = Conventional MPC
w=ssw= Event-triggered (without prediction)

States

0 5 10 15 20
Time (s)

Figure 2. State response under different control schemes.

Three different control schemes are compared: the proposed dynamic event-triggered predictive method, the
conventional model predictive control, and the event-triggered control without the proposed prediction
mechanism. The state trajectories are shown in Figure 2. The proposed method steers the states towards the
equilibrium over transient response with a still relatively compact transient response. In addition, the
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conventional MPC trajectory has converged, and the event-triggered method (without prediction) shows a
bigger transient excursion, but then it also heads towards the origin. A direct reflection of the role of future state
compensation in case of the communication delay can be found in the comparison.

s Proposed method
= == Conventional control

Control input u(t)

0 5 10 15 20
Time (s)

Figure 3. Control input under time-varying delays.

The various control signals are displayed in Figure 3. The proposed approach results in bounded control and
decays towards the equilibrium as the state error goes down. The proposed predictor-based control structure
shows smaller transients in the initial part, and conventional control shows larger transients. Hence, the figure
complements the state response and displays the effect of the delay compensation upon the control effort that is
desired during the transient interval.

400
== == Periodic control
== == Static event-triggered o i
w=_Proposed dynamic event-triggered Sl =

300 -

200 -

100 -

Cumulative transmissions

Time (s)

Figure 4. Cumulative number of transmissions.

The communication behavior is illustrated in Figure 4 by the number of transmissions that have been sent up to
this point. The periodic control scheme grows linearly with the increase in the number of sampling instants
because there is a transmission during each control instant. The proposed dynamic event-triggered predictive
method has the lowest cumulative number of transmissions compared to the latter two schemes with static
event-triggering. This clearly shows the direct impact of the triggering mechanism on communication use in the
numerical trend.

The result of the quantitative comparison of performance is shown in Table 2. The proposed method has a state
tracking error equal to 0.52 and a control effort equal to 1.21. For the same two indices, equivalent values for
static event-triggered control are, respectively, 0.98 and 1.76 and those for conventional MPC are 1.36 and 2.48.
The proposed scheme is based on 105 overall transmissions, compared with 208 transmissions under
conventional MPC and 356 transmissions under the comparison provided under the static event-triggered case.
The table also indicates that the proposed method decreases the transmissions by as much as 70.5% compared to
the periodic operation by eradicating the ping-pong effect, and the delay bound of the proposed method is also
maximum 85 ms. Each of these values is now taken from the numerical comparison given.



Table 2. Performance comparison of different control schemes.

Performance index Proposed Conventional Static event-
method MPC triggered

State tracking | 0.52 1.36 0.98

error(fOT xT x dt)

Control effort( [ u u dt) 1.21 2.48 1.76

Total transmissions 105 208 356

Reduction in transmissions | 70.5% 41.8% 0%

(compared to periodic)

Maximum admissible delay | 85 ms 50 ms 65 ms

bound

9. Results and Discussion

The numerical results demonstrate that the proposed framework covers three aspects of Networked Control,
which are interconnected: State Regulation, Control effort, Communication activity. The corresponding state
response shown in Fig. 2 demonstrates that the predictive controller is able to converge in the presence of time-
varying communication delays. The control-input response of Fig. 3 illustrates that the actuation signal is kept
bounded and decreases with the development of the transient. These two observations are important due to the
fact that communication reduction without the correlated control-performance constraint would not be sufficient
to support a practical NCS.

The clearest evidence for the component that is communication-aware is in the transmission results shown in
Fig. 4. Periodic control causes the most amount of communication since a transmission is made at every
sampling instant. Incorporating the same predictive compensation helps reduce communication; however, this
can only be done for static events. Based on the measurement error, the proposed dynamic trigger also relies on
the internal triggering state, and the transmission decision varies with the change of the internal triggering state.
This is a behaviour that aligns with the aims of dynamic event-triggered (DET) mechanisms in previous NCS
research (Zhao et al., 2021; Zhu et al., 2022; Wu et al., 2023).

Table 2 also indicates a reduction in communication when compared to the other two comparison schemes; the
state tracking error and the control effort are also reduced. The state-error value, 0.52, is less than the
corresponding values, while the control effort is 1.21, which is less than 2.48 and 1.76. The proposed
formulation sheds light on this aspect in Section 4: the controller is not working directly on an old measurement,
but based on an estimate of the state at the future time it is going to be actuated. This formulation is inspired by
the idea of predictive compensation for network delay, which has been studied previously in the context of
event- and observer-based networked control, e.g. Yang et al. (2020), Zhang (2023), and Sarkarfarshiet al.
(2024).

The delay bound as reported in Table 2 is also important. The proposed method allows for 85 ms maximum
bound of the considered comparison, while the traditional MPC and static event-triggered control have 50 ms
and 65 ms respectively. These should be considered in conjunction with the Lyapunov—Krasovskii formulation
and not as an ultimate delay bound. The admissible bound is related to the plant matrices, the controller gain, the
weighting matrices, the triggering parameters and the assumptions made on the derivative of the delay. Besides,
dependence on delay bounds, as well as stability conditions, can also be observed in robust event-triggered,
probabilistic-delay, and stochastic-delay formulations (Haghighi & Tavassoli, 2020; Hu et al., 2022; Wang et
al., 2022).

This framework is also explicit in terms of co-design. Setting the controller gain influences the state regulation
and the control effort, while the triggering parameters affect the communication frequency; the delay bounds
define the operating region of the network and the communication weight, A.The relative importance attributed
to the activity in the communication network. The objective function thus enables the analysis of operating
points that trade off both physical and network control quality in favor of each other and not the optimization of
one of these parameters separately. Recent data-driven and periodicity event-triggered studies also focus on
coordinated design of control and communication under time-varying delay (Wei et al., 2024), and observer-
based and robust predictive approaches and studies point towards the explicit min-max delay consideration
(Sarkarfarshiet al., 2024).

A systems view of the two-channel versus all-network effects as one constant delay. The delay between the
sensor reading and its delivery to the computation unit is referred to as the sensor-to-controller delay, while the
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delay that occurs between the controller and the application to the actuator is referred to as the controller-to-
actuator delay. The time-varying combination of them is achieved by using the linear time-varying combination:

T(t) = 75 (t) + 140 (t)

In this structure, the stability analysis is able to consider the total delay whilst still keeping the physical
representation of the two directions of communication. The contribution of the separation is supported by
forward/backward channels control, output feedback control as well as delay-compensation control (Cui & Xu,
2021; Lakehal Ayat et al., 2022; Zhang, 2023).

The findings also reveal the overall impact of the method on the development of research in NCS. There are
robust H,, designs that focus on disturbance attenuation and uncertainty (Li et al., 2020; Haghighi & Tavassoli,
2020), design based on dynamic triggering that aim at communication efficiency (Zhao et al., 2021; Zhao et al.,
2022), design based on periodic and/or data-driven methods that address implementation constraints (Sun &
Zeng, 2023; Wei et al., 2024), and design based on predictive formulations that tackle network-induced delay
(Yang et al., 2020; Sarkarfarshiet al., 2024). In the current framework, these directions are related by the same
mathematical structure, which explicitly incorporates communication cost and delay-dependent stability.

10. Conclusion

An integrated optimal-control framework for linear networked control systems (NCSs) with two-channel time-
varying communication delay has been presented in this paper. The different time delays between the sensor and
controller, and between the controller and the actuator, were modeled individually and added together to form a
time-varying total delay. An event-triggering mechanism was dynamically determined, and a predictive state
model was used to compensate for the delay between sensing, the calculation and the actuating. The traditional
quadratic control criteria were modified with a new communication-activity cost to link physical control
performance with network utilization. Then, sufficient conditions for stability in terms of LMIs were obtained in
the stability domain of the delay-dependent Lyapunov—Krasovskii functional. The numbers depict the behavior
of the proposed architecture in terms of state regulation, control effort and cumulative transmissions. While
keeping the mentioned acceptable delay bound, the proposed method also guarantees state tracking and control-
effort values as compared to periodic operation. The results are useful for the application of joint controller—
trigger design for NCSs where one has to take into consideration the communication resource, as well as delay
characteristics. In the future, the framework can be further developed to include packet loss, quantization,
asynchronous sampling, uncertain plant parameters, nonlinear dynamics and network-security constraints.
Future work can also include distributed multi-agent implementations and delay prediction in light of stability
structure preserving based on data. The basic idea of the central design is to design for communication decisions
as well as predictive compensation, optimal control and stability, as harmonized elements of the networked
feedback loop.

References

1. Yang, R, Yu, Y., Sun, J, & Karimi, H. R. (2020). Event-based networked predictive control for
networked control systems subject to two-channel delays. Information Sciences, 524, 136-147.
https://doi.org/10.1016/j.ins.2020.03.031

2. Liu, B., & Liu, Y. (2020). Mixed event-triggered mechanism modeling and controlling for networked
control systems with time-varying delays and uncertainties. Asian Journal of Control, 22, 803-817.
https://doi.org/10.1002/asjc.1951

3. Li, T.,, Wang, T., Zhai, J., & Fei, S. (2020). Event-triggered observer-based robust Hoo control for
networked control systems with unknown disturbance. International Journal of Robust and Nonlinear
Control, 30, 2671-2688. https://doi.org/10.1002/rmc.4898

4. Haghighi, P., & Tavassoli, B. (2020). Robust Hoo output feedback design for networked control systems
with partially known delay probabilities. Optimal Control Applications and Methods, 41, 1052—-1067.
https://doi.org/10.1002/0ca.2587

5.  Nozari, E., Tallapragada, P., & Cortés, J. (2020). Event-triggered stabilization of nonlinear systems with
time-varying sensing and actuation delay. Automatica, 113, 108754.
https://doi.org/10.1016/j.automatica.2019.108754


https://doi.org/10.1016/j.ins.2020.03.031
https://doi.org/10.1002/asjc.1951
https://doi.org/10.1002/rnc.4898
https://doi.org/10.1002/oca.2587
https://doi.org/10.1016/j.automatica.2019.108754

222

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Sun, X., & Meng, X. (2021). A robust control approach to event-triggered networked control systems with
time-varying delays. IEEE Access, 9, 64653—-64664. https://doi.org/10.1109/ACCESS.2021.3075696

Zhao, N., Shi, P., & Xing, W. (2021). Dynamic event-triggered approach for networked control systems
under denial-of-service attacks. International Journal of Robust and Nonlinear Control, 31, 1774-1795.
https://doi.org/10.1002/rnc.5384

Cui, Y., & Xu, L. (2021). Networked control for linear systems with forward and backward channels in the
presence of data transmission delays, consecutive packet dropouts and disordering. Journal of the Franklin
Institute, 358, 4121-4140. https://doi.org/10.1016/j.jfranklin.2021.03.013

Zhu, X., Zhang, X., Wei, J., Du, H., & Xi, J. (2022). Dynamic event-triggered control of networked control
systems with uncertainty and transmission delay. Journal of the Franklin Institute, 359, 477-491.
https://doi.org/10.1016/j.jfranklin.2021.10.045

Ge, C., Zhang, Y., Wang, L., & Liu, Y. (2022). Non-fragile control with event-triggered scheme for
networked control systems under probabilistic time-varying delays. Journal of the Franklin Institute, 359,
4856—4873. https://doi.org/10.1016/j.jfranklin.2022.04.009

Hu, Z., Song, H., Ren, H., Su, Y., & Deng, F. (2022). Stabilization of networked control systems subject to
noisy sampling intervals and stochastic time-varying delays. IEEE Transactions on Control of Network
Systems, 9, 1271-1280. https://doi.org/10.1109/TCNS.2022.3141696

Zhao, H., Li, W., Li, Z., & Ren, Y. (2022). Dynamic event-triggered control for Markovian jump linear
systems with time-varying delay. International Journal of Robust and Nonlinear Control, 32, 2359-2379.
https://doi.org/10.1002/rnc.5954

Lakehal Ayat, E. D., Mansouri, N., &Boukabou, A. (2022). Dynamic output feedback robust Hoo control
of networked control systems with time-varying delays via T-S fuzzy models. Journal of the Franklin
Institute, 359, 8127-8154. https://doi.org/10.1016/j.jfranklin.2022.08.019

Wang, Y., Zhao, Z., Ge, C., Wang, L., & Liu, Y. (2022). Networked control systems with probabilistic
time-varying delay based on event-triggered non-fragile Hoo control. Mathematics and Computers in
Simulation, 202, 206—222. https://doi.org/10.1016/j.matcom.2022.05.028

Wu, Z., Wang, Z., Wang, Y., Xiong, J., & Xie, M. (2023). Dynamic event-triggered networked predictive
control for discrete-time NCSs under deception attacks. International Journal of Robust and Nonlinear
Control, 33, 2682-2702. https://doi.org/10.1002/rnc.6535

Sun, J., & Zeng, Z. (2023). Periodic event-triggered control for networked control systems with external
disturbance and input and output delays. IEEE Transactions on Cybernetics, 53, 6386—6394.
https://doi.org/10.1109/TCYB.2022.3164214

Zhang, J. (2023). Dynamic event-triggered delay compensation control for networked predictive control
systems with random delay. Scientific Reports, 13, 20017. https://doi.org/10.1038/s41598-023-46753-1

Yu, T., & Xiong, J. (2023). Event-triggered L2-gain control for networked systems with time-varying
delays and round-robin communication protocol. Journal of the Franklin Institute, 360, 7462-7480.
https://doi.org/10.1016/j.jfranklin.2023.05.014

Wei, Z.-]., Liu, K.-Z., Wang, Y.-W., Pan, Z.-R., Wen, S.-X., & Sun, X.-M. (2024). Periodic event-
triggered data-driven control for networked control systems with time-varying delays. Systems & Control
Letters, 193, 105951. https://doi.org/10.1016/j.sysconle.2024.105951

Sarkarfarshi, E., Hashemzadeh, F., Bagheri, P., & Rezaei, M. A. (2024). Observer-based networked
predictive controller with bounded and unknown time-varying delay. Optimal Control Applications and
Methods, 45, 2537-2556. https://doi.org/10.1002/oca.3169


https://doi.org/10.1109/ACCESS.2021.3075696
https://doi.org/10.1002/rnc.5384
https://doi.org/10.1016/j.jfranklin.2021.03.013
https://doi.org/10.1016/j.jfranklin.2021.10.045
https://doi.org/10.1016/j.jfranklin.2022.04.009
https://doi.org/10.1109/TCNS.2022.3141696
https://doi.org/10.1002/rnc.5954
https://doi.org/10.1016/j.jfranklin.2022.08.019
https://doi.org/10.1016/j.matcom.2022.05.028
https://doi.org/10.1002/rnc.6535
https://doi.org/10.1109/TCYB.2022.3164214
https://doi.org/10.1038/s41598-023-46753-1
https://doi.org/10.1016/j.jfranklin.2023.05.014
https://doi.org/10.1016/j.sysconle.2024.105951
https://doi.org/10.1002/oca.3169

	Optimal control and stability analysis of networked communication systems with Time-Varying Delays
	1. Introduction and Mathematical Motivation
	2. Proposed Networked Control Model
	3. Event-Triggered Communication Mechanism
	8. Numerical Evaluation
	References


    d x  ( t )  d t = A x  ( t ) + B u  ( t ) + E w  ( t ) ,   y  ( t ) = C x  ( t )    ( 1 )


  x  ( t )


  u  ( t )


  w  ( t )


    𝜏  s c  ( t )


    𝜏  c a  ( t )


  𝜏  ( t ) =   𝜏  s c  ( t ) +   𝜏  c a  ( t )    ( 2 )


  0 ≤   𝜏  s c  ( t ) ≤   𝜏  s c ,   0 ≤   𝜏  c a  ( t ) ≤   𝜏  c a    ( 3 )


  0 ≤ 𝜏  ( t ) ≤ 𝜏


    d   𝜏  s c  ( t )  d t ≤   d  s c < 1 ,     d   𝜏  c a  ( t )  d t ≤   d  c a < 1    ( 4 )


    𝜏 .  ( t ) =     𝜏 .  s c  ( t ) +     𝜏 .  c a  ( t )


  d =   d  s c +   d  c a < 1


   ( 1 −   𝜏 .  ( t ) )


    t  k


  k = 1 , 2 , …


  x  (   t  k )


  e  ( t ) = x  (   t  k ) − x  ( t )    ( 5 )


  x  ( t )


    e  T  ( t ) Ω e  ( t ) ≥ 𝜎   x  T  ( t ) Ω x  ( t )


  Ω > 0


  𝜎 ∈  ( 0 , 1 )


    d 𝜂  ( t )  d t = − 𝛼 𝜂  ( t ) + 𝛽   x  T  ( t ) Ω x  ( t ) − 𝛾   e  T  ( t ) Ω e  ( t )    ( 6 )


  𝛼 > 0


  𝛽 ≥ 0


  𝛾 > 0


  𝜂  ( 0 ) =   𝜂 0 > 0


    e  T  ( t ) Ω e  ( t ) ≥ 𝜎   x  T  ( t ) Ω x  ( t ) + 𝜌 𝜂  ( t )    ( 7 )


  𝜌 > 0


  x  ( t + 𝜏  ( t ) ) =   e  A 𝜏  ( t ) x  ( t ) +   ∫ 0  𝜏  ( t )    e  A  ( 𝜏  ( t ) − s ) B u  ( s )   d s    ( 8 )


  u  ( t ) = K   x ˆ  ( t + 𝜏  ( t ) )    ( 9 )


  J =   ∫ 0 ∞   [   x  T  ( t ) Q x  ( t ) +   u  T  ( t ) R u  ( t ) ] d t +   𝜆  c   N  t x    ( 10 )


    N  t x


    𝜆  c


    N  t x =   ∑  k = 0  N    𝛿  k ,     𝛿  k =  {    1 ,  if transmission occurs;   0 ,  otherwise    ( 11 )


       {      d x  ( t )  d t = A x  ( t ) + B u  ( t ) + E w  ( t ) ,   y  ( t ) = C x  ( t ) ,   𝜏  ( t ) =   𝜏  s c  ( t ) +   𝜏  c a  ( t ) ,   0 ≤ 𝜏  ( t ) ≤   𝜏 - ,     d 𝜏  ( t )  d t ≤ d < 1 ,   e  ( t ) = x  (   t  k ) − x  ( t ) ,     d 𝜂  ( t )  d t = − 𝛼 𝜂  ( t ) + 𝛽   x  T  ( t ) Ω x  ( t ) − 𝛾   e  T  ( t ) Ω e  ( t ) ,     e  T  ( t ) Ω e  ( t ) ≥ 𝜎   x  T  ( t ) Ω x  ( t ) + 𝜌 𝜂  ( t ) ,   u  ( t ) = K   x ^  ( t + 𝜏  ( t ) ) .   (12)


  V  ( t ) =   V 1  ( t ) +   V 2  ( t ) +   V 3  ( t ) +   V 4  ( t )    ( 13 )


           V 1  ( t )  =   x  T  ( t ) P x  ( t ) ,   P > 0     V 2  ( t )  =   ∫  t − 𝜏  ( t )  t    x  T  ( s ) S x  ( s )   d s ,   S > 0     V 3  ( t )  =   ∫  − 𝜏  ( t ) 0    ∫  t + 𝜃  t     [   d x  ( s )  d s ]  T   R  d  [   d x  ( s )  d s ] d s   d 𝜃 ,     R  d > 0     V 4  ( t )  = 𝜂  ( t )   P  𝜂 𝜂  ( t ) ,     P  𝜂 > 0   (14)


  P


  S


    R  d


    P  𝜂


    d   V 1  ( t )  d t = 2   x  T  ( t ) P   d x  ( t )  d t    ( 15 )


  1 −   𝜏 .  ( t )


  x  ( t )


  x  ( t − 𝜏  ( t ) )


  e  ( t )


  u  ( t )


  𝜂  ( t )


  0 . 01  s


  20  s


  0 -- 50  ms


  𝜎 = 0 . 01


  𝜌 = 0 . 8


  Q = I


  R = 0 . 1 I


    𝜆  c = 0 . 01


  A =  [   [ 0 , 1 ] ,   [ − ,  2 − 1 ] ] ,   B =  [   [ 0 ] ,   [ 1 ] ]


    𝜏  s c  ( t )


    𝜏  c a  ( t )


  𝜎 = 0 . 01 ,   𝜌 = 0 . 8


  Q = I ,   R = 0 . 1 I


  𝜆 = 0 . 01


   (   ∫ 0  T    x  T x   d t )


   (   ∫ 0  T    u  T u   d t )


  85  ms


  50  ms


  65  ms


    𝜆  c


  𝜏  ( t ) =   𝜏  s c  ( t ) +   𝜏  c a  ( t )


    H ∞

