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1. Introduction

Networked control systems (NCSs) are traditional feedback control loops closed through a
real time communication network. That is, in networked control systems, communication
networks are employed to exchange information (reference input, plant output, control
input, etc...) between control system components (sensors, controllers, actuators, etc...).
NCS has become popular in the field of control due to its distinct advantages such as
low cost, reduced weight, simple installation and maintenance, resource sharing and high
reliability. As a result, NCS have great potential in industrial applications such as manu-
facturing plants, smart grid, haptic collaboration, vehicles, aircrafts, robotics, spacecrafts
etc... NCS generally possess a dynamic nature which results in various challenges for
researchers in terms of random time delay, packet loss, multiple packet loss, packet disor-
dering, resource allocation and bandwidth sharing. It is well known that the performance
of NCS is significantly deteriorated due to these communication uncertainties. If these
challenges are not handled properly, they may result in degradation of the system’s per-
formance. Among all these issues, time delay and packet loss are considered to be crucial
issues in NCS that degrades the stability and control performance of closed-loop control

systems.

The delays may be constant, time-varying, and in most cases, random. The nature of
network delay mainly depends on the configuration of the communication medium. If the
communication medium is configured using lease line concept then the delays are always
deterministic in nature. And whenever the communication medium is shared by large
number of devices then the delays are random in nature. It is worth to mention here that,
the time required for the data packets to travel from sensor to controller and controller
to actuator is defined as total network delay. The controller mainly suffers from sensor-
to-controller delay. When such delay is transformed into discrete-time domain it mostly
possesses non-integer type of values. Such network delays in discrete-time domain are
defined as fractional delays which may be either deterministic or random in nature. So,
it is important to compensate the effect of deterministic as well random fractional delay

in discrete-time domain at each sampling instant.

Further, as mentioned above there are also possibilities of packet loss during the transmis-
sion of data packets from sensor to controller as well as controller to actuator. The packet
loss takes place due to heavy network load, network congestion and node competition. In
discrete-time domain, the network-induced delay greater than one sampling time is also
considered as packet loss. The nature of delay and packet loss is mainly dependant on

configuration of network medium.

In recent years, many algorithms have been studied for the stability analysis and con-

trol design of NCS in discrete-time domain that includes state feedback controller, H,



Model predictive controller and sliding mode controller etc... Among them Sliding Mode
Controller is one of the robust control algorithms because of its invariance properties to

parameter variation and uncertainties.

In the early stages of NCS, when modelling of random time delay was difficult to obtain,
the most appropriate approach was to treat the random time delay as constant which are
called as deterministic delays. Luck et al. [1, 2] introduced the concept of compensating
the time delay in continuous-time domain. Yu et al. [3] designed multiple step delay
compensator for NCS in the presence of dynamic noise and measurement noises. H. Chan
[4] designed convetional form of memory feedback controller based on delay compensation
method. D. Kim et al. [5] modelled an NCS as a switched system with constant input
delays and derived the sufficient conditions for the system stability by using piecewise
continuous Lyapunov methods. L. Montestruque [6] designed state feedback controller

that compensates the effect of deterministic network delays in continuous-time domain.

Many researchers ([7], [8], [9], [10], [11], [12], [19], [25]) have laid their sincere efforts to
model random time delays in last decade. Among them J. Nilsson et. al. [7] introduced
the time stamp technique to model the random time varying networked delay. L. Zhang
et. al. [8] and J. Dong et. al. [9] modelled random time delay using the concept of
Markov Chain process in discrete-time domain. While, Yang et. al. [10] modelled ran-
dom networked delay using Bernoulli’s distributed white sequence approach. Y. Shi [11],
modelled random delays using Markov chain process and designed output feedback con-
troller to handle the effects of random delay. H. Gao et. al. [12] used an independent and
identically distributed approach to model the time varying networked delay. Khanesar
et. al. [19] modelled the random time delays using a uniform probability distribution
function in continuous-time domain. Recently, A. Argha et. al. [25] proposed Bernoulli’s
white sequence approach for modelling the random time delay and proposed sliding mode

controller in the presence of random time delay and packet loss.

As mentioned above, there are also possibilities of packet loss during the transmission of
data packets from sensor to controller as well as controller to actuator. In the research
works ([7]-[13],[23]), it is assumed that the packet loss within the communication medium
takes place when networked delay is greater than sampling interval and based on that the
mathematical model is derived. W. Kim et. al. [9] used Dirac delta probability function
to derive the mathematical model of packet loss assuming the single packet loss situation.
L. Zhang et. al. [8] considered the packet loss in correspondence with random time delay
model. Similarly, Yang et. al. [10] also considered the same packet loss situation in con-
nection with the random time delays. Y. Shi et. al. [11] assumed the packet loss situation
while modelling the random time delays using Markov’s chain process. Recently, H. Song
et. al. [13] derived the packet loss model using Markov chain process. The model was

validated for a single packet drop as well as successive packet drops. H. Li et. al. [23]
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designed sliding mode predictive controller under mutiple packet transmission policy.

Many researchers also proposed time delay compensation and estimation techniques to
compensate the effects of network delay in continuous-time domain like, Pade Approxi-
mation [14], [19], Smith Predictor algorithm [15], [17], Luenberger observer technique [21],
Kalman Predictor [24] and Observer based predictor [16]. In discrete-time domain also,
very few algorithms such as Zero-Order-Hold [20], Kalman Predictor [23], Luenberger out-
put feedback observer [22] and time delay estimation [18] are proposed for compensation
of time delay. Apart from these estimation techniques various reasearchers ([21], [26], [27],
[28]) have contributed their work in designing the controllers based on ouput feedback
method in networked control system. The Luenberger output feedback approach is widely
used in designing the various controllers such as state feedback, network predictive, H,
SMC, etc... that takes care of network non-idealities (time delay, packet loss and matched

uncertainty).

Motivation, Objective and Scope

It is worth to mention here that, the time required for the data packets to travel from sen-
sor to controller and controller to actuator is defined as total network delay. When such
delay is transformed into discrete-time domain it mostly possesses non-integer type of
values. Such network delays in discrete-time domain are defined as fractional delays. The
networked control system has sensor to controller fractional delay present in the feedback
channel and controller to actuator fractional delay present in the forward channel. The
nature of both these fractional delays depends on the type of the communication medium.
In NCS, when the data packets are exchanged through real time communication medium
the network delay always have the fractional delay. So, it is important to compensate
the effect of deterministic and random type of fractional delay in discrete-time domain at

each sampling instant in the presence of packet loss and matched uncertainty.

Although lot of work is done, fractional time delay compensation in the discrete-time
domain is still under investigation. Most of the researchers have assumed the values of
network delays in terms of an integer. But, in real time the delays may have non-integer
type values. So, as per the authors best knowledge till date none of the researchers in
the discrete-time domain have tried to study the effect of fractional delay in NCSs. The
compensation of fractional delays occurring within the network is still an open research
problem in NCSs in discrete-time domain. Apart from these, the controllers were de-
signed based on the time delay approximation technique without considering the effect of
uncertainty. Further, the control algorithm is implemented through digital processor and
the communication is also carried out in digital signal form. This motivates the authors

to explore the Discrete-Time SMC algorithm which compensates the fractional delay oc-



curring within the network even in the presence of system uncertainties and disturbances.

This thesis presents novel algorithms for designing Discrete-time Sliding Mode Controller
(DSMC) for NCS having both types of fractional delays i.e. deterministic and random
alongwith different packet loss conditions i.e. single packet loss and multiple packet loss

and matched uncertainty.

Summary of the Research Work

This thesis contributes mainly following:

e Firstly, a novel discrete-time sliding surface is proposed using the compensated state
information and proposed a design of discrete-time sliding mode controller that en-
compasses deterministic type fractional delay and single packet loss. The Thiran’s
approximation technique is used for compensating the deterministic type of frac-
tional delays. Two types of Discrete-time Sliding Mode Controllers are proposed
that is Switching type and Non-switching type DSMC. The conditions for stability
of the closed loop system using proposed controller are derived using the Lyapunov
approach. The algorithms are checked with simulation also validated by the exper-
imental results on servo system for various performance parameters. The proposed
algorithms are also compared with conventional sliding mode controller using CAN
and Switched Ethernet as network medium. The robustness properties of the algo-

rithm are also checked with slowly varying matched uncertainties.

e The above algorithms use the state information for the controller design but in
most of the control scenario only the output information is available. The thesis
incorporates the multi-rate output feedback approach for the state estimation in the
closed loop. The proposed multi-rate output feedback discrete-time sliding mode

controller also performs well in the networked environment.

e Next, the thesis proposes the discrete-time sliding surface design for the random
fractional delay and single packet loss that occur within the sampling period. The
random delay is compensated using Thiran’s approximation technique in the pres-
ence of packet loss situation. The random fractional delay is modelled by Poisson’s
distribution function and Packet loss are modelled by Bernoulli’s function. The
closed loop stability is proved using the Lyapunov function. The efficacy of pro-
posed novel non-switching type of DSMC is endowed by simulation results and also

experimentally validated by servo system.

e Further, the proposed algorithms extended for the random fractional delay with
multiple packet loss situation. The simulation as well experimental results with
various fractional delay situation and matched uncertainties show the efficacy of the

proposed algorithms.



4. Proposed Contents of the Thesis

The outline of the thesis is as follows:

e Chapter — 1 briefs about introduction and literature survey for NCS. The chapter
discusses a brief introduction of NCS with conceptual model and different stuctures

of NCS. Various issues related to NCS are also discussed.

e Chapter — 2 discusses the Preliminaries of Networked Control System and Sliding
Mode Control. In this chapter a basic block diagram of NCS with different types of
time delays that affect the performance of the system are discussed. The origin of
sliding mode controller in continuous-time domain and discrete-time domain are also

briefly discussed. Lastly, various challenges of NCS with SMC are also highlighted.

e The main contribution of thesis design of discrete-time sliding mode control for de-
terministic type fractional delay is mentioned in Chapter — 3. In this chapter, the
compensation of determinitic fractional delay is studied through Thiran’s Approxi-
mation in the sliding surface. The discrete-time sliding mode control law is derived
using proposed sliding surface with switching type reaching law. Further, the sta-
bility of the closed loop NCS is proved through Lyapunov approach. The efficacy
of the proposed algorithm is tested under simulation enviornment and experimental

enviornment.

e Chapter — 4 briefs about the designing of non-switching type discrete-time sliding
mode controller in the presencce of deterministic fractional delay and matched un-
certainty. In this chapter, the design of control law is based on sliding surface derived
using Thiran Approximation. Further, the stability of the closed loop NCS is proved
through Lyapunov approach that ensures the finite time convergence of system states
within the specified band. The efficacy of the proposed algorithm is tested under

simulation enviornment, experimental enviornment and real-time networks.

e Chapter — 5 describes the design of discrete-time sliding mode control using multi-
rate output feedback approach with fractional delay compensation. In this chapter,
the control signal is computed based on the output measurements available at the
controller side and the fractional delay is compensated using Thiran approxima-
tion. The stability of the closed loop NCS with derived control law is proved using
Lyapunov approach. The simulation results are carried out in the presence of net-
work delay and matched uncertainty in order to prove the effectiveness of proposed

algorithm.

e Chapter — 6 describes the design discrete-time sliding mode controller for random
communication delay and packet loss. In this chapter, the compensation of random
fractional delay is studied using Thiran’s Approximation with packet loss condition.
The mathematical models of random fractional delay and single packet loss are

derived using stochastic approach. The derived discrete-time sliding mode control



law is verified through simulation and implementation results in the presence of

random fractional delay, packet loss and matched uncertainty.

e Chapter — 7 discusses the mathematical model of multiple packet loss and design of
discrete-time sliding mode control for multiple packet transmission. In this chapter,
the discrete-time sliding mode control law is designed in the presence of multiple
packets transmission. The multiple packet loss is modelled using probability func-
tion. The efficiency of the proposed algorithm is verified through simulaton and

experimental results.

e The concluding remarks along with future scope and challenges are mentioned in
Chapter — 8. In this chapter, final comments and future scope of discrete-time
SMC algorithms are discussed. Lastly, various challenges are also listed that are still

remain unsloved in network control system domain.

5. Conclusion

In this thesis, a novel idea of compensating the fractional delay in the sliding surface
is introduced. The effect of fractional delay generated in NCS due to the presence of
the communication medium is compensated using Thiran approximation technique. The
sliding surface designed so that it slides along the predetermined surface according to
fractional delays. Using this novel approach, a switching-type discrete-time networked
sliding mode controller is designed which computes the control sequences in the presence
of deterministic fractional delay and matched uncertainty. The stability of the closed
loop system is assured by using Lyapunov approach. The efficacy of the proposed al-
gorithm is tested on DC Servo motor setup with different network delays and external
disturbances. The results were also compared with the conventional SMC. It is concluded
that the fractional delay approximated using Thiran approximation is more efficient tech-
nique as it compensates the fractional networked delays then conventional discrete-time
sliding mode control. The major drawback of switching type discrete-time sliding mode
controller is that it generates more chattering. So, to overcome this issue a non-switching
type discrete-time sliding mode controller is designed such that system states slide along
the proposed compensated surface and maintain within the specified band. The stability
of the closed loop system is assured using Lyapunov approach through proposed control
law. The efficacy of the proposed algorithm is tested through illustrative example as well
as DC servo motor setup with different deterministic fractional delays and matched uncer-
tainty. The results were also compared with switching type SMC as well as conventional
SMC. It is concluded that non-switching type SMC provides faster convergence without
increasing the amplitude of control signal and offers better fractional delay compensation
than switching-type SMC and conventional SMC. The efficacy of the proposed control
algorithm is also tested under real-time networks using True-Time simulator. The perfor-

mance of the control algorithm is checked using CAN and Switched Ethernet as a network



medium in the presence of packet loss condition.

The concept of Thiran Approximation is further extended with Multi-rate Output feed-
back approach in which the sliding surface and control law are computed based on avail-
ability of the output information. The main advantage of using multirate output feedback
approach is that the system states are computed using the output information available
and the error between actual and estimated state variables becomes zero exactly after one
sampling instant. Using this novel approach a multirate output feedback discrete-time
networked sliding mode control law is derived that compute the control sequences in the
presence of deterministic fractional delay and matched uncertainty. The stability con-
dition of closed loop NCSs is derived using Lyapunov approach that ensures finite time
convergence of system states in presence of network non-idealities. The effectiveness of
the proposed algorithm is examined under different possible conditions through illustra-

tive example.

Further, the concept of Thiran Approximation is examined for random fractional delays
with single packet loss situation. The random fractional delay is modelled using Poisson’s
distribution function and packet loss is modelled using Probability distribution function.
The discrete-time sliding mode controller is designed using compensated sliding surface
in the presence of random fractional delays, packet loss and matched uncertainty. The
stability of the closed loop system is derived that ensures finite time convergence in the
presence of random fractional delay, packet loss and matched uncertainty. The effective-
ness of the proposed control algorithm is examined through DC servo motor setup under
random fractional delay and packet loss. The results proved that the control law derived
using Thiran’s Approximation compensates random fractional delay accurately even in
the presence of single packet loss with probability of 30% as well as networked delays

having values greater than sampling interval.

Lastly, the same concept is extended for random fractional delay with multiple packet
loss situations. The multiple packet loss is also modelled using Probability distribution
function while random fractional delay is modelled using Poisson’s distribution. The
discrete-time sliding mode control law is derived that compensates the effect of random
fractional delay with multiple packet loss using compensated sliding surface. The stability
of the closed loop NCS is assured through Lyapunov approach under multiple packet trans-
mission. The efficiency of proposed control algorithm is verified through same DC servo
motor plant under random fractional delay, multiple packet loss and matched uncertainty.
The results proved that the proposed control law works efficiently and compensates the
effect of random fractional delay even in the presence of multiple packet loss with proba-

bility of 20% as well as networked delays greater than sampling interval.
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