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ABSTRACT

Networked control systems (NCS) are distributed mating and control systems with
sensors, actuators and controllers that communamatea shared medium. The distributed nature
of NCS and issues related to the shared commuaicatedium pose significant challenges for
control design, as the control system no longdov the rules of classical control theory. The
main problems that are not well covered by theiticathl control theory are varying time delays
and packet losses. The change of communicationtectlre introduces different forms of time
delay uncertainty in the closed loop system dynamihese time delays come from the time
sharing of the communication medium as well asdbmputation time required for physical
signal coding and communication processing. Moreabe time delays in a control application
can degrade a system’s performance and even cgateensanstability.

Due to availability of powerful microprocessor®e tbomplex processes which involves
higher order equations can be controlled easilythWicreased complexity of the process there
have been growing demands of controllers whichagperform the conventional controllers. So
the new intelligent techniques such as fuzzy lagictrol, artificial neural network based control
and genetic algorithm, etc have been invented.

This thesis proposes controller, which provideugibess against the challenges of NCS,
namely varying time-delays. The thesis includeiseadture review of recent stability and control
design results in NCS. To avoid the system instaldue to time delays first conventional PID
controller is designed for varying time delays i\MLAB. Further Intelligent control technique
like Fuzzy control is implemented. Performance lbftese controllers compared on the basis of
certain performance indices. In order to verify tesults of control design, the results of the

thesis indicate that the intelligent controllerdlsaited for NCS.
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CHAPTER 1

INTRODUCTNO

1.1 Overview

A major trend in modern industrial commercial syseis to integrate
computing, communication, and control into diffdr&vels. In every practical control
loop there is a time-delay resulting from sampliogmputations of the control signal
and the limited speed of the measurement sensorsos$t cases such a delay is time-
varying and stochastic in nature. Moreover the tdakys in control applications can
degrade the system’s performance and even causemsysstability. So first and
foremost priority is to design the controller farying time delay to make the system
stable. The input-output relations of the systeny ha uncertain and they can be
changed by varying time delay. Intelligent schente aeeded to address such

problems. One such approach is to utilize Fuzngrob

1.2 Objective of Thesis

In this thesis work the problem of varying timealebnd system instability is
solved by implementing Fuzzy Controller. The parfance of this controller is
compared with Conventional Controller using NetvaatkControl System with time

delay and packet losses.

1.3 Networ ked Control System

The feedback control systems [1], where the prosessors, actuators, and
controllers are interconnected by a communicatietwarks are called Networked
Control Systems (NCSs). It is a type of distributamhtrol systems. There are the
advantages of using the network in terms of rdiighi reduced wiring,
reconfigurability and ease of system diagnosis lagha information is available
everywhere in the system. However implementingctitramunication network induces
the stochastic and time varying delay which carraldgthe performance of the system
and even could make the system unstable. Morebedire delays are the function of

device processing times and communication rate.

PERFORMANCE STUDY OF FUZZY BASED NETWORKED CONTROL SYSTEM 1
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Research in NCSs is different from that in conwardl time-delay systems
where time delays are assumed to be constant oidieduBecause of the variability of
network-induced time delays, the NCSs may be tiamgiag systems which make
analysis and design more difficult.

1.4 I1ntelligent Control

Conventional control engineering approaches areecbasn mathematical
models, typically using differential and differenequations. However, these methods
can only be applied to a relatively narrow classnotels, including linear models and
some specific types of nonlinear models [2]. Apgiicn of classical control design
falls short in the situation when no mathematicablei of the process to be controlled
is available, or when it is nonlinear to such ardegthat the available techniques
cannot be applied. This led to the introductiontloé introduction of “intelligent”
control.

Intelligent techniques like Fuzzy and neural neksoemploy biologically
motivated procedures to develop models of realitd & design controllers for
dynamic systems. Fuzzy control is an example olebased representation of human
knowledge and deductive processes. Artificial neaetworks, on the other hand,
realize learning and adaptation capabilities bytatmg the functioning of biological

neural systems.

1.5 Historical Background

In 1868 J. C. Maxwell’'s publications on steam ergnegulation founded the
design principles of classical feedback controkesys, which followed Nyquist's 1932
revolutionary paper as they provided principlest ttauld be applied to virtually any
feedback system. Between 1930 and 1950, a solmtdtieal foundation for frequency
domain methods was laid by the pioneering work gfiNst, Bode, and Nichols. After
1950, there was growing interest in the use oftaliggtomputers as instrumentation for
feedback control. In 1983, Bosch began a feagitsliidy of using networked devices to
control different functions in passenger cars.

The networked control systems research field ié &iatively young. But the
traditional local control loop is expected to expao tomorrow’s control over large

communication network with variable-time delay [3].

PERFORMANCE STUDY OF FUZZY BASED NETWORKED CONTROL SYSTEM 2
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Time-varying delay is the integral part of mosttoé industrial processes. So this
has been always the area of the research for tbetists. Many research papers has been
published in this area [4, 5].

Dynamic programming has been proposed by B. Linéatrcontrolling varying
time-delay systems in 2003 [8]. A PID controllerusture is selected to control the
system as it is easy and intuitive to tune. li$® aised extensively in the industry [9].

For more advanced control algorithms e.g. modetliptee control (MPC) and
delay compensation has been used [10]. Networkattatcsystems sometimes demand
algorithms like MPC, but in some cases a simplewael performing PID controller can
be set up with considerably less effort. The siigl#ind robustness of the control loop is
hard to guarantee with unexpected long delays.

The Fuzzy control has emerged as one of the mesttiee control technologies
used in industrial applications [11, 12]. The math&cal modeling of Fuzzy concepts
was first presented by Professor Lotfi A. Zadeh] [(b31965. This began in 1974 with
work of E.H. Mamdani and first successful applicatof Fuzzy logic control [14]. Since
then the spectrum of Fuzzy control applicationstéadily growing.

In 1980s and 1990s, a “Fuzzy boom” happened irouarapplication fields. For
example, Fuzzy control found its way in traffic t@h and transportation, process
industry, robotics, flight control, but even monegortant, in a large number of consumer
products such as photo cameras, washing machinegnaitioners, and many others. In
this early Fuzzy control stage, Japan was leadirthe number of registered patents and
launched new products.

The history of artificial neural networks has pregged through both conceptual
innovations and implementation developments. Théy awork started in late 9 and
early 20" centuries by contribution of Hermann von HelmhoEznst Mach and Ivan
Pavlov.

The modern view of neural networks began in 1948 whe work of Warren
McCulloch and Walter Pitts [15], who showed thatMNould compute any arithmetic or
logical function. The first practical applicatiorf ANN came in late 1957, with the
invention of the perception network and associdésaining rule by Frank Rosenblatt
[16].

The key development was back-propagation algoriftomtraining multilayer
perception network in 1980.

PERFORMANCE STUDY OF FUZZY BASED NETWORKED CONTROL SYSTEM 3
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1.6 Outline of the Thesis

Chapter 1
In this chapter the brief introduction to thesiss Hzeen discussed along with

historical background and literature survey on Nek&d control system (NCS).

Chapter 2
This chapter deals with the overview of Networkedhtrol system, varying time

delay system. Also stability of the NSCs has basoussed.

Chapter 3
In this chapter Fuzzy logic controller and basic ozFAusystem is discussed. Also

the use and benefit of Fuzzy system is given.

Chapter 4

In this chapteModeling and simulation of PID and Fuzzy ControlieiControl a
second order processes with or without Networkedt@b System is given. Process is
two first order tank system connected in seriesn@ans second order tank system

modeling is done.

Chapter 5

In this chapterResults of the tank system with step input with Zyufogic
controller without NCS is compared with tank systemth Fuzzy logic controller with
NCS.

Chapter 6
In this chapteConclusion and future scope of NCS is discussed.

PERFORMANCE STUDY OF FUZZY BASED NETWORKED CONTROL SYSTEM 4
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CHAPTER 2

NETWORKED CONTROL SYSTEM

2.1 Introduction

Traditional centralized point-to-point control syst is no longer suitable to meet
new requirements such as modularity, decentratimadf control, integrated diagnostics,
quick and easy maintenance, and low cost [17]. N¢wsystems with common bus
architectures, called networked control systemsSB)Cprovide several advantages such
as small volume of wiring and distributed procegsifespecially with respect to
manufacturing systems, NCS architectures thatzatiprocessing power at each node
allow for the modularization of functionality andasdard interfaces for interchange
ability.

Networked control systems aim to overcome the d@@athges of conventional
digital control systems at the application levelisddlvantages such as difficulty of
modification, vulnerability to electrical noise ffitulty in maintenance and upgrades can
be overcome by methods offered by networked cosysiems. If the networked control
system idea, consisting of a sensor node, controltele and actuator node, each
implemented as independent computers connected bgnanunication network ,is
applied in its simplest form, it will cause otheoplems while solving those just stated.
The greatest problem is the variable and unbourtiday caused by communication
protocols, and the next is the data loss over #tevark. Most of the research in the
literature assumes lossless communication networks.

Networked control systems where the sensors, dartand actuators of a digital
controller reside on different computer nodes lohks a network aim to overcome the
disadvantages of conventional digital control systesuch as difficulty of modification
,vulnerability to electrical noise, difficulty in amtenance and upgrades, at the
application level. However data delay and losshenrtetwork may jeopardize stability.

The study of networked control systems unites thewkedge of computer
networks and traditional control systems. The nabfective of using communication
networks for data transmissions in control systemes reduced system wiring, ease of
system diagnosis as all information is availablergwhere in the system, and increased

system reliability.

PERFORMANCE STUDY OF FUZZY BASED NETWORKED CONTROL SYSTEM 5
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But consequently the major drawback is network aedua varying-time delay. So
first we must go through the varying-time delaytegss and Networks fundamentals.

An important trend in the recent control reseanstl applications is to integrate
some geographically distributed sensory, actuated aontrol devices/components
through communications networks to achieve disteétusensing, computing, executing
and higher-level decision-making [17], which in &ole builds the so called Networked
Control Systems (NCS). The rise of NCS stems frenwesal aspects.

First, the direct wirings an important trend i tlecent control research and now
become troublesome and impractical, because theplegity of the control systems
increases notably with their scales.

Second, quickly developing communication techniquwes provide flexible
system installation, manipulation and expansionhwdw costs, which significantly
increases reliability and efficiency.

Third, the mobile controllers exceed the stationamgtrollers in more and more
areas, especially when information and operatiames lacally unavailable. A typical
example is the NCS used in Robo Cup to link andclssonize a team of fully
autonomous humanoid robots.

Networks (usually wireless) are now viewed as tbgeantial links for these novel mobile

controllers world widely.

e Controller
Actaator/ .‘ Sensor “7 I‘\lﬂ

£ \ 2 Sensor /l' \‘E} T A
hh beuaci /l Sensor

Sensor T ——_—= Controller
— Agtuator’

Plant

Fig 2.1: Networked Control System
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2.2 Factor Affecting the Networ ked Control Systems

In the traditional control systems, informationrfradhe sensors is assumed to be
instantaneously available for the controller anditcd commands are assumed to be
instantaneously delivered to the actuator.

But in NCS, no matter what networks are used, s¢eate effects will be introduced into
the control loops during communication. Théssors are the following

1) Sampling rate constraints and resulting distodiaf the signals from the

sensors or to the actuators;

2) Network capacity for communications;

3) Disturbances introduced in communications;

4) Time delay in the measurement and control loops;

5) Data loss or package drop if using package-bagesi. Nn wireless network

situations, data packets may arrive at variablesinmot necessarily in order, and

sometimes lose at all.

2.3 Objective of Networked Control System

In general, the following five objectives need ® tonsidered when building a
communication network for NCS:
1) System performance, i.e. fast response, low aes fatio, big allowable bandwidth,
high signal-to-noise ratio (SNR).
2) System reliability in terms of failure possibiliand resiliency when failure occurs;
3) System security, especially for wireless NCS[24].
4) System flexibility, i.e. plug-and-play installatib un-installation, on-demand
bandwidth reservation and smart resources managemen
5) Provide the characterization of channels in fomisch are more meaningful for

control applications.

2.4 Varying Time-Delay Systems

One major challenge for NCS design is the netwoduced delay effect in the
control Loop. Some delays, i.e. the transmistiime delay that it takes for a transmitter
to send out data, are constant. Others includiggesging time caused by the waiting
consequence of medium access are naturally timgagarand sometimes hard to

estimate.

PERFORMANCE STUDY OF FUZZY BASED NETWORKED CONTROL SYSTEM 7
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A simple approach is to examine the longest timaydihat can be tolerated if tl
contoller is given. For instance, one simple methotianalyze the maximum allowat
frequencydomain shift of the systems' Eigen values calby time dela.

Similarly in timeddomain, the Maximum Allowable Transfer Interval (NMBA was
proposed in to exame the maximum allowable time delay for linear NElBwever, this
usually leads to timeonsuming sear+test procedure.

The types of control loops with tir-delays are depicted in Figure 2.1. In
following subsections physical examples of systentis varying timedelays are given.

1

€
Reference 5()_) Controllr || Process Delay S

A

Fig 2.1: Delay as a part of the process

Network caused delay directly contributes to théaylen the control loop an

contributes towards instability of the syst

L

e
Reference LO_) Controller || Process

Delay

Fig 2.2: The undelayed process

Every control loop definitely has a tirdelay. Often it is quite smaresulting
from sampling, computations of the control signad @éhe limited speed of the industr

sensors. In most cases such a delay is negli

PERFORMANCE STUDY OF FUZZY BASED NETWORKED CONTROL SYSTEM 8



Thapar University, Patiala

Delay 5 Process

L

Reference t Controller

Delay

Fig. 2.3: Delay caused by the network

Other delays can be caused by the process itdadfiseTare usually longer. St
delays come from dead times such as transportigpmThese delays can be constant,
in some cases they are ti- or state-dependent or random in nature. Thimplicates the

situation from the control design point of vi

actuator Cip(s) sansor

T >
plant y:] >
) -
————— -———————————————————————————l————————————w
actua
=213y - o "!". '/y
2, %

controller
w ]

" raference
nput

Fig 2.4 closed loop diagram of networked control sy

A time-delay is also introduced into a control loop whée toop is over .
network, because of the transmission delay. Thevor&t can be anything from a
industrial control network to even Internet. Thetuna of the delay depends on -
network type. Large scale systems such as comntionicaystems, manufacturir
systems, transportation systems, power systemstedagortation sysms are typical

examples of timalelay system
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2.4.1 Transport Lag
A transport belt transports the inflow of matei@h to the outflow Qut with the
speed v. If the belt has a length L the materighatend of the belt will reach the other

end in the tima = L/v. The input-output relationship can then lesaibed as:
Qu()=Q,(t=7) Q)
wherert is the time-delay. If the belt has a variable spéee delay is time-dependent:
r(t)=——
vt 2)(
2.4.2 Tank-Pipe
Consider a pipe with length L at the bottom ofadilfilled tank. In the pipe the

velocity of the flow is v = Q/A, where A is the @® section area of the pipe. The pipe
flow, Q, is a function of the height, h, of the ifluin the tank, due to the pressure
difference of the air at the pipe outlet and théewaressure at the pipe inlet, according to
Bernoulli's law. Then the water flow,i&dt) can be considered an outer disturbance. The
water level in the tank varies with time. The véipadn the pipe and therefore the delay
between the fluid entering and exiting the pipaisther words dependent of the state of
the system, h, and the delay is expressed as:

()=

Q(h) ) (3

Similarly, the temperature of the fluid in the tamk controlled by measuring the

temperature of the fluid coming out of the outlgtep

2.5 Networks

In conventional digital control systems, there &m® major components, the
controlled plant and the controller. Outputs of fh@nt are sampled at periodic intervals
by the controller, a control scheme applied togamples, and the result of the control is
produced at the output of the controller

A network can be used to interconnect the compisneha control loop. The
industrial networks used in automation can guaeacttain reliability and time-delay
bounds. This eases the design of controllers afdesbperation can be determined with
certainty. The information in the networks is tnanitsed as packets. Therefore as soon as

we transmit a continuous-time variable through tavoek it is turned into discrete-time.

PERFORMANCE STUDY OF FUZZY BASED NETWORKED CONTROL SYSTEM 10



Thapar University, Patiala

The International Organization for Stamlization (ISO) has created a reference
model for computers in a network to communicatédhv@ach other, called Open System
Interconnection (OSI). The OSI model is the primarghitectural model for networks. It
describes how data and network information arestratted from an application on one
computer, through the network media, to an apptinabn another computer. The OSI
reference model breaks this approach into seveerdaythe application layer, the
presentation layer, the session layer, the trahdager, the network layer, the data link
layer and the physical layer from the top to th&dyo respectively. Media Access control
(MAC), which is a sub layer of the data link layeés, responsible for the physical
transmission of data to the proper device on allataa networks (LAN) using a

hardware address and also handles error notifitatio

2.5.1 Ethernet

Ethernet uses the CSMA/CD mechanism for resolvirmgtention on the
communication medium. The CSMA/CD protocol is sfiediin the IEEE 802.3 network
standard and is described briefly as follows [2@8hen a node wants to transmit, it listens
to the network. If the network is busy, it waitstiiithe network is idle; otherwise it
transmits immediately. If two or more nodes listenthe idle network and decide to
transmit simultaneously, the messages of thesesrtridtmg nodes collide and the
messages are corrupted. While transmitting, a modst also listen to detect a message
collision. On detecting a collision between twormore messages, a transmitting node
stops transmitting and waits a random length ofetita retry its transmission. This
random time is determined by the standard binapoe&ntial backoff (BEB) algorithm:
the retransmission time is randomly chosen betweamd (2i —1) slot times, where i
denotes the'i collision event detected by the node and onetishet is the minimum time
needed for a round-trip transmission. After terdisioins have been reached, however, the
interval is fixed at a maximum of 1023 slots. Aft&6 collisions, the node stops
attempting to transmit and reports Failure backihbe node microprocessor. Further
recovery may be attempted in higher layers.

Ethernet is a very popular LAN technology that bageral versions. The original
IEEE 802.3 standard deals with a network architecaind protocol first constructed at

Xerox in the 1970s and termed “Ethernet”.
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Ethernet is well known, cheap and easy to instatlaise of its wide usage in
computer networks. The term Ethernet describedlaction of hardware, software, and
control algorithms that together provide a techaifpr interconnecting dozens of nodes,
spread over hundreds of meters, at aggregate natgig from 1 to 100 Mbps. These
nodes are typically actuators, sensors, controlberperipheral devices that frequently
exchange files, messages, and other types of datmgaeach other. Shielded coaxial
cables and unshielded twisted pairs are used fer ptiysical interconnection. The
Ethernet protocol uses carrier sense multiple aosél collision detection (CSMA/CD).

If two nodes try to transmit simultaneously on tb@mmon communication
channel, there is a collision. The transmitting eederminate their transmission after
detected collisions. They wait for a random peragddime and try to send the frames
again. Hence the expected delay for a packet iBthernet bus is statistically random. If
the overall traffic on the network is below a cartéreshold, eventual delivery of all new
and previously collided messages is guaranteedvadlue of the threshold establishes the
maximum aggregate information transfer rate thatlmsustained.

Because of low medium access overhead, Ethernstaistmple algorithm for
operation of the network and has almost no delayoat network loads [29]. No
communication bandwidth is used to gain accesbameéetwork compared with the token
bus or token ring protocol.

Ethernet used as a control net work commonly usesl® Mb/s standard (e.g.,
Modbus/TCP); a high-speed (100 Mb/s or even 1 GBikgrnet is mainly used in data
networks [27].

Ethernet is a nondeterministic protocol and doe$ support any message
prioritization. At high network loads, message isodins are a major problem because
they greatly affect data throughput and time debyich may be unbounded.

2.5.2 Control Net (Token-Passing Bus)
MAP, PROFIBUS, and Control Net are typical exampiégsoken-passing bus

control networks. These are deterministic netwdr&sause the maximum waiting time
before sending a message frame can be charactdnzdge token rotation time. The
token bus protocol (IEEE802.4) allows a linear, tdubp, tree-shaped, or segmented
topology [29].
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The nodes in the token bus network are arrangaddlbg into a ring and, in the
case of Control Net, each node knows the addre#s piedecessor and its successor.
During operation of the network, the node with tb&en transmits data frames until
either it runs out of data frames to transmit @ time it has held the token reaches a
limit. The node then regenerates the token andnnéa it to its logical successor on the
network. If a node has no message to send, ipastes the token to the successor node.
The physical location of the successor is not ingrdrbecause the token is sent to the
logical neighbour Data frames do not collide, aly @me node can transmit at a time. The
protocol also guarantees a maximum time betweenanktaccesses for each node and
has provisions to regenerate the token if the tdi@der stops transmitting and does not
pass the token to its successor. Nodes can alsddexl dynamically to the bus and can
request to be dropped from the logical ring.

The token bus protocol is a deterministic prototioht provides excellent
throughput and efficiency at high network loads][2Buring network operation, the
token bus can dynamically add nodes to or remow#esdrom the network. These
contrasts with the token ring case, where the nptigsically form a ring and cannot be
added or removed dynamically. Scheduled and unsid@degments in each NUT cycle
make Control-Net suitable for both time-criticabdamon-time critical messages.

Although the token bus protocol is efficient andedministic at high network
loads, at low channel traffic its performance cdamatch that of contention protocols. In
general, when there are many nodes in one logiogl & large percentage of the network

time is used in passing the token between nodes dai traffic is light [32].

2.5.3 Device Net (CAN Bus)

CAN is a serial communication protocol developedntyafor applications in the
automotive industry but is also capable of offergpgod performance in other time-
critical industrial applications. The CAN protocsl optimized for short messages and
uses a CSMA/arbitration on message priority (CSMMEA medium access method.

Thus the protocol is message oriented, and eackageshas a specific priority
that is used to arbitrate access to the bus in chsenultaneous transmission. The bit
stream of a transmission is synchronized on the Isiia and the arbitration is performed
on the following message identifier, in which aitogero is dominant over a logic one. A

node that wants to transmit a message waits natibtis is free and then starts to send the
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identifier of its message bit by bit conflicts faccess to the bus are resolved during
transmission by an arbitration process at theewi¢ll of the arbitration field, which is the
initial part of each frame. Hence, if two deviceanivto send messages at the same time,
they first continue to send the message framestlaa listen to the network. If one of
them receives a bit different from the one it seads it loses the right to continue to
send its message, and the other wins the arbittaliddith this method, an ongoing
transmission is never corrupted.

CAN is a deterministic protocol optimized for shamtessages. The message
priority is specified in the arbitration field. Higr priority messages always gain access
to the medium during arbitration. Therefore, th@ensmission delay for higher priority
messages can be guaranteed.

The major disadvantage of CAN compared with thesiotietworks is the slow
data rate (maximum of 500 Kb/s). Thus the throughguimited compared with other
control networks. The bit-synchronization requiremef the CAN protocol also limits
the maximum length of a Device-Net network. CANaiso not suitable for transmission
of messages of large data sizes, although it dopgost fragmentation of data that is
more than 8 bytes.

The following are the IEEE 802 series of standaettsted to local area networks.
|EEE 802.3: Ethernet (CSMA/CD bus) protocol standard.

|EEE 802.3u: Fast ethernet (100 Mbps).

|EEE 802.3z: Gigabit ethernet (fiber).

|EEE 802.3ab: Gigabit ethernet (twisted pair).

|EEE 802.3ae: Ten gigabit ethernet.

|EEE 802.4: Token bus standard.

|EEE 802.5: Token ring standard.

|EEE 802.11: Wireless LAN standard.

| EEE 802.15: Bluetooth.

2.5.4 Timing Analysis of Control Networks
In this section, we characterize the time delayshefthree control networks by
studying their timing parameters The time delaypohessage T delay, is defined as the

difference between the time when the source nodgn®ethe process of sending a
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message,Tsrc, and the time when the destination node compleeception of this
messagel dest (i.e., Tdelay ¥dest —Tsrc).

The total time delay can be broken into three pértse delays at the source node,
on the network channel, and at the destination ndde time delay at the source node
includes the preprocessing timgel'which is the sum of the computation timgoh, the
encoding time Jcode and the waiting time L, which is the sum of the queue timgielie
and the blocking time plock.

Depending on the amount of data the source nodé sead and the traffic on the
network, the waiting time may be significant. Thetwork time delay includes the total
transmission time of a message and the propagaiteny of the network. This will
depend on message size, data rate, and the leintth wetwork cable. The time delay at
the destination node is the post processing timasiTpvhich is the sum of the decoding

time Tdcode, and the computation time Tdcomp, edstination node.

Blocking Time

The blocking time, which is the time a message muast once a node is ready to
send it, depends on the network protocol and isappmfactor in the determinism and
performance of a control network. It includes wagttime while other nodes are sending

messages and the time needed to resend the mé@ssagdision occurs.

FrameTime

The frame time, Tframe, depends on the size ofdhi, the overhead, any
padding, and the bit time. Let Ndata be the sizthefdata in terms of bytes, Novhd be
the number of bytes used as overhead, Npad beuimber of bytes used to pad the
remaining part of the frame to meet the minimunmieasize requirement, and Nstuff be

the number of bytes used in a stuffing mechanismsmne protocols).

Propagation Time

The propagation time Tprop, depends on the sigaalstission speed and the
distance between the source and destination nédeshe worst case, the propagation
delays from one end to the other of the networkectdy these three control networks are
Torop = 25.6us for Ethernet (2500 m), &, =10 pus for ControlNet (1000 m), andydp

=1us for DeviceNet (100m). The length in parenthesggasents the typical maximum
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cable length used. The propagation delay is nalyedsaracterized because the distance
between the source and destination nodes is nstanxdramong different transmissions.
For comparison, the assumption is that the propamdaimes of these three
network types are the same, say, Tprops=100 m). Note that Tprop in DeviceNet is
generally less than one bit time because DeviceNetit-synchronized network. Hence,

the maximum cable length is used to guaranteeittsyfichronization among nodes

2.5.5 Stability of NCSs

The stability of a network itself is defined by thember of messages in the queue
of each node. If this number is larger than a @ertanstant or tends to infinity as time
increases, the network is said to be unstable (thagh we assume infinite buffer size).
On the other hand, the stability of a networkedtirsystem should be defined by the
performance of both the network and the controtesys That is, when the networks are
unstable (i.e., increasing queue Lengths) and éwwark-induced time delays degrade the
control system sufficiently, the networked contsyistem can become unstable. Note,
however, that it is possible to have a system wathunstable network but a stable control
system, and vice versa. In this study, we only carghe stability of a network.

If sensors sample the data faster than the neteamkiransmit the data, then the
network will be saturated and data will be queuetha buffer (unless it is discarded). In
designing an NCS, both the effective bandwidth #redsensors’ sampling rate must be
considered. Although high sampling rates improvefgpmance in traditional control
systems, they also induce high traffic loads onrtevork Medium. High traffic loads
increase the message time delays and can degrattelgoerformance. A preliminary
case study on the trade off between sampling time metwork Traffic has been

performed [26].

2.5.6 Network Protocols

The software rules which apply to the format andt of data flow and the
detection and correction of errors are generafigrred to as the protocol. There are many
different protocols for local area networks butsiare all based on one of three network
structures known as star networks, bus networksiagdcetworks.

In a star network, each instrument and actuatocoisnected directly to the
supervisory computer by its own signal cable. Opgasent advantage of a star network

is that data can be transferred if necessary wsisgrial communication protocol such as
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RS232. This is an industry standard protocol andasopatibility problems do not arise,
but of course data transfer is very slow.

Because of this speed problem, parallel commuiicas usually preferred even
for star networks. While star networks are simplesiructure, the central supervisory
computer node is a critical point in the system faildre of this means total failure of the
whole system.

In contrast, both ring and bus networks have a Hegree of resilience in the face
of one node breaking down. Hence, they are genepadiferred to star networks. If the
processor in any node breaks down, the data trasgmi paths in the network are still
maintained. Thus, the network can continue to dperalthough at a degraded
performance level, using the remaining computatipoaver in the other processors. In a
ring network, all the intelligent devices are cocted to a bus that is formed into a
continuous ring.

Ring protocol sends a special packet continuousiynd the ring to control access
to the network. A station can only send data whereceives the packet. Once the
information has been safely received, the packetommtinue on its journey round the
network. A typical data transmission speed is 1@#IA bus network is similar to a ring
network but the bus that the devices are connemtéal is not continuous. Bus networks
are also resilient towards the breakdown of oneeniadthe network. This allows any
station to have immediate access to the networky Frave a similar data transmission
speed to ring networks of 10Mbps. Ethernet and IEteE 802.3 standard buses are

examples of bus networks.
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Fig 2.5 Network Protocols: (a) Star (b) Bus (c) R

2.5.7 Delay Distribution

The control loop can kextended to several Ethernet buses or even totamet.
The network resembles the situation of the trdffjbts, where the packets play the r
of the cars and the routers those of the traffibts. The delay at the router queut
determined byhe waiting packets and the router’s throughpus however not feasibl
to count the packets. The delay can rather be radday a statistical distribution. In
network, the delay distribution has been showresemble a shifted gamma distributi
The gamma probability distribution function is givieyx

P(X) == —(ax)"e™
T (@)

where Tis the gamma functic

T(n)= j t" e dt
0

(5)
and nis the shape parametoa = n/ T, where T is the mean delay.
The total network delay consists cstatic and a stochastic component
Ttotal :Tstatic +Tstochastic (6)

where T is the minimum delay for the network aT.hasicthe stochastic delay induc

by other traffic, approximated with the gamma disttion.
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2.5.8 Packet L oss

In computer networks such as the ethernet the packe also get lost. The loss is
due to transmission errors, node failure, messafjesion and queue overflow at the
routers. The packet loss is random and indeperafetiie delay [18], if the packets are
sent sufficiently far apart and the packets takdeags than 10% of the links’ capacity.
This is logical; consider two packets sent riglterabne-another. If the first packet is
dropped due to a queue overflow, the second paakgbrobably also be dropped. This
probability decreases as the time difference betvbe packets is increased. In some
protocols (e.g. TCP/IP) lost packets are retrartethitvhich causes extra delays.

The packet can only retransmit for a limited tirAfter this time has expired, the
packets are dropped. In practice a packet is Idsnwthe delay exceeds a certain

threshold, or is declared lost when the informatiothe packet is outdated.

2.6 Overview of Networ ked Control

In a conventional control system designed accortbhndigital control theory and
working at the lowest possible sampling frequen€yhe output of the plant is not
measured, the control outputs calculated and appdiehe plant by the actuators within
each and every sampling period, instability mayltes

Unfortunately, general purpose communication net&@ause just such problems
with their random delay and data loss propertidghodigh communication networks with
guaranteed delay upper bounds and loss rates thagtare not flexible or widely used
except for special applications.

The study of Networked Control Systems (NCSs) lwitapether the historically
separate disciplines of computer networks and obttieory. Feedback control systems,
wherein the loops used to control the behavior pfamt are closed through a real-time
communication network, are called networked consgdtems. The network may be
wired or wireless.

The defining feature of an NCS is that informatisrexchanged using a network
among control system components (sensors, contratie actuator). The insertion of the
communication network in the feedback control loopakes the analysis and design of
an NCS complex. The issues that need to be addrésslede network-induced delays

that occur while exchanging data among devices exied to the shared medium and
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packet losses, because of the unreliable netwarksinission path, where packets not
only suffer transmission delays but, even worse,bmlost during transmission.

In the thesis, an attempt has been made to andhgestability of an NCS
resulting from the network-induced delay (SenseGumtroller delay and Controller-to

Actuator delay).

> Xk+1 =Aka+BkUk+Wk
Yvr, - CbXb + Vr, A
Network

UkZU(Yl,.....,Yk) <

Fig 2.6: A NCS with single connection to the commeation network

2.6.1 NCS Structure

There are two general NCS structures listed asvisli

2.6.1(a) Direct Structure

The NCS in the direct structure is composed of @rotler and a remote system
containing a physical plant, sensors and actuafbing. controller and the plant are
physically located at different locations and areatly linked by a data network in order
to perform remote closed-loop control as in Fig. Zhe control signal is encapsulated in
a packet and sent to the plant via the network.plaet then returns the system output to
the controller by putting the sensor measuremetat @npacket as well. In a practical
implementation, multiple controllers can be impleteel in a single hardware unit to
manage multiple NCS loops in the direct struct@@me examples of NCS in the direct

structure are a distance learning lab and a DC mspiged control system.

Control Signal Actuator
0O 000
Controller Plant
03003d
Sensor measuremen Sensor

(J (] Packets
Fig 2.7: Direct structure of NCS
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2.6.1(b) Hierarchical structure

The basic hierarchical structure consists of a noamtroller and a remote closed
loop system as depicted in Fig. 2.8. The main atletrcomputes and sends the reference
signal in a packet via a network to the remoteesystThe remote system then processes
the reference signal to perform local closed-logmtol and returns to the sensor
measurement to the main controller for networkessedi-loop control. The networked
control loop has a longer sampling period thanldlcal control loop because the remote
controller has to satisfy the reference signal leefrocesses the newly arrived reference
signal. Similar to the direct structure, the maamtcoller can be implemented to handle
multiple networked control loops for several remsiestems. This structure is widely
used in several applications including mobile rebatd teleopration. The use of either
the direct structure or the hierarchical structareased on application requirements.

For example, a robotic manipulator usually requs®geral motors at the joints of
the robot to simultaneously and smoothly rotateetiogr. It may be more convenient and
more robust to formulate the networked control probin the hierarchical structure. On
the other hand, a designer may require a netwobkKédnotor speed control system to
have a faster control response over the networ&.ditect structure may be preferred in

this case.
Reference SIgnal
D [:] D [:] + Remote N Actuator| Planf Senso
Main Controller
Controller " -
000 Remote System
Sensor measurement
(] (] Packets

Fig. 2Hierarchical structure of NCS

2.7 Time-Delay composition

Since an NCS operates over a network, data tranbfgween the controller and
the other system components will induce networlaykelin addition to the controller
processing delay. Network delays in an NCS caralbegorized from the direction of data
transfers as the sensor-to-controller defay and the controller-to-actuator delay™

The delays are computed as:

K (7)
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1 =r"-r* (8)

where 7 *¢is the time instant that the remote system endajesuthe measurement to a
frame or a packet to be semt’ is the time instant that the controller startscessing the
measurement in the delivered frame or packef, is the time instant that the main
controller encapsulates the control signal to &gt be sent, and™ is the time instant
that the remote system starts processing the dosigoal. Moreover, both network
delays can be longer or shorter than the sampiiing T: The controller processing delay
T . and both network delays can be lumped togethéheagontrol delayr for ease of
analysis. Although the controller processing defayalways exists, this delay is usually

small compared to the network delays, and coulddagected.

The delaysr *and 7 “®are composed of at least the following parts [19].
. Waiting time delay. The waiting time delay is the delay, of which aise (the
main controller or sensors) has to wait for queuamgl network availability before
actually sending a packet out.
. Frame time delay. The frame time delay is the delay during the mantieait the
source is placing a frame or a packet on the nétwor
. Propagation delay. The propagation delay is the delay for a frame qracket
traveling through a physical media. The propagatielay depends on the speed of signal
transmission and the distance between the souttdestination.

These three delay parts are fundamental delay®tcat on a local area network.
When the control or sensory data travel across or&y there can be additional delay
such as the queuing delay at a switch. The delaysand 7 “® also depend on other
factors such as maximal bandwidth and frame or giagikes. In the analysis we made the

following assumption for ease of calculation:

1. The delaysr **and r “are equal
2. The sensor node, controller node and actuator asaléme synchronous
3. No data packet dropout occurs
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2.8 Consequences of delaysin theloop

The insertion of the communication network in teedback control loop makes
the analysis and design of an NCS complex. Conweaticontrol theories with many
ideal assumptions, such as synchronized controlnamdielayed sensing and actuation,
must be re-evaluated before they can be appliedd8s. Specifically; the following
issues need to be addressed. The first issue imdtweork-induced delay (sensor-to-
controller delay and controller-to-actuator deldlipt occurs while exchanging data
among devices connected to the shared medium.dBhay, either constant (up to jitter)
or time varying, can degrade the performance oftrobrsystems designed without

considering the delay and can even destabilizeykem.

2.8.1. Performance degradation

Delays in a control loop are widely known to degraystem performances of a
control system, so are the network delays in an NO%® goal of NCS design is to
guarantee the performance and stability of appdi@utrol systems, i.e. meet the control
system specifications.

These specifications include overshoot, settlimgetirise time and steady state
error. The limited network bandwidth introduces widable time delays in a control
system. These time delays could potentially degeasigstem’s performance and possibly
cause system instability. Hence the analysis andetmgy of NCSs with networked-
induce delay is the first step of standard cordgrollesign. The closed-loop Fuzzy
controller is implemented in NCS for varying timekalys. The results will be discussed
in later chapters which show that as the delaysases, the degradation in performance
specification increases.
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Fig 2.9: Clddeop Networked control system
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2.8.2. Destabilization

Delays in-the-loop including network delays andadpacket dropout in an NCS
can destabilize the system by reducing the systafilisy margin. Networks can be
viewed as unreliable data transmission paths, wpaoiet collision and network node
failure occasionally occur. Thus it is valuableatmalyze the rate at which the data should
be transmitted to achieve the desired performasiabi(ity). Since delays appear in the
characteristic equation as exponential functiorer@ have been various techniques for
analyzing the stability of NCS. For example, an N&@a periodic delay network [33] is
stable if all Eigen values of a specific formulatiare contained in a unit circle.

Another formulation (Hong, 1995) uses a generajdesmcy domain analysis for
checking stability, but the stability criterion lisnited to a single-dimensional system.
Stability analysis for an NCS with random networdays is more challenging, since
more advanced algorithms are usually required. éxample, stabilities of NCS were
analyzed based on stochastic stability analysis, with different formulations. The
underlying protocol of the MAC sub layer in the wetk is the key to controlling the
length of packets to be transmitted. For exampl&thernet, the data field of the protocol
is 1500 bytes i.e. the maximum data length trartechin one packet which can avoid the

unwanted packet dropout.

CHAPTER 3

FUZZY LOGIC CONTROL SYSTEM

3.1 Introduction

Fuzzy Logic (FL) introduced by Zadeh, gives us tAeguage with syntax
and local semantics in which we can translate thalitative knowledge about the
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problem to be solved them and provides us the bienéfenabling systems more
easily to make human-like decisions. The basispimposing Fuzzy logic was that
humans often rely on imprecise expressions like, l@gpensive or far. But the
"comprehension” of a computer is limited to blacki#&, everything-or-nothing, or
true-false modes of thinking. In this context, Zde&] emphasizes that humans
easily let themselves be dragged along by a ddsirattain the highest possible
precision without paying attention to the imprectb@racter of reality.

The theory of Fuzzy sets, which is based on Fubpgyc| is a mathematical
way to represent vagueness in linguistics and @odnsidered a generalization of
classical set theory. The basic idea of Fuzzy setpuite easy to comprehend. In a
classical set, collection of distinct objects ditdroizes the elements of the universe
of discourse into two groups;

U,(u) =1, if uis an element of set A
U,(u) =0, if uis not the element of set A

In using this, an element either belongs to a gse&nor does not belong. On the
other hand, Fuzzy sets eliminate the sharp bouesldhat divide members from non
members in a group. In this case, the transitiotwéen full membership and non-
membership are gradual (a Fuzzy membership funcéiod an object can belong to a set
partially.

The degree of membership is defined through a gémed characterized function
called the membership function:

Ha(u):U - [O1] ©)
where U is called the universe and A is a Fuzzgsubf U.

The values of the membership function are real rermin the interval [0, 1],
where 0 means that the object is not a membereosét and 1 means that it belongs
entirely to the set. Each value of the functionaed a membership degree.

Fig 3.1 shows the principal difference between adinary, crisp set and a
Fuzzy set. Crisp sets are ‘clear cut' while Fuety are graded. In Fig 1, for instance, the
membership degree to which the two values 14.98991&r001 belonging to the Fuzzy set
'medium’ are very close to each other, which remsstheir closeness in the universe, but
because of the crisp border between the crisggset and 'medium’, the two values are
associated with different crisp sets.
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Among the pioneering contributors on Fuzzy logne work of Tanaka in stability
analysis of control systems, Mamdani[14] in cemkit control in Fuzzy tools and

techniques needs special mention.

A

Crisp set Crisp set
‘cool 'medium'’

Membership F uzg_y set
function -+ medium

0.3

"""""" I N .

10 15 20 25

Y

Universe of Discourse

Fig 3.1: Representing Crisp and Fuzzy sets

The main advantage gained from this approach islilgy to express the amount

of ambiguity in human thinking and subjectivity ¢lading natural language) in a
comparatively undistorted manner. In this sensez¥lbgic is appropriate to be used in
the following types of problems.

In problems which are concerned with continuousnpheena (e.g., one or

more of the control variables are continuous) #rat not easily broken into

discrete segments.

In problems where a mathematical model of the m®aoes not exist, or

exists but is too difficult to encode, or is toonguex to be evaluated fast

enough for real-time operation, or involves too mumemory on the

designated chip architecture.

In problems in which high ambient noise levels minstdealt with or it is

important to use inexpensive sensors and/or lowiEic microcontrollers.

In problems which involve human interactions andewhhere is a need to

understand human descriptive or intuitive thinking.
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In problems in which an expert is available who cecify the rules
underlying the system behaviour as well as the y¥@ets that represent the

features of each variable.

3.2 Fuzzy Control

If PID control (proportional-integral-derivative wtol) is inadequate — for
example, in the case of higher-order plants, systesth a long dead time, or systems
with oscillatory modes (A strom and Hagglund 1995fuzzy control is an option. But
first, let us consider why one would not use a uwzntroller:
» The PID controller is well understood, easy t@lement — both in its digital and analog
forms and it is widely used. By contrast, the Fueamtroller requires some knowledge of
Fuzzy logic. It also involves building arbitrary mbership functions.
» The Fuzzy controller is generally nonlinear. died not have a simple equation like the
PID, and it is more difficult to analyse mathemalli; approximations are required, and
it follows that stability is more difficult to guantee.
* The Fuzzy controller has more tuning parameteas the PID controller. Furthermore,
it is difficult to trace the data flow during exemn, which makes error correction more
difficult.

On the other hand, Fuzzy controllers are useddnstry with success. There are
several possible reasons:
« Since the control strategy consists of if-thdesyit is easy for a plant operator to read.
The rules can be built from a vocabulary contairemgryday words such as ‘high’, ‘low’,
and ‘increasing’. Plant operators can embed thgieeence directly.
* The Fuzzy controller accommodates many inputsraady outputs. Variables can be
combined in an if-then rule with the connectivesl @md or. Rules are executed in
parallel, implying a recommended action from eathe recommendations may be in
conflict, but the controller resolves conflicts. ZzZy logic enables non-specialists to
design control systems, and this may be the maisorefor its success.
3.3 Motivation for Fuzzy Control

Conventional control theory uses a mathematical ehad a process to be
controlled and specifications of the desired cle®eg behaviour to design a controller.

Conventional approach may fall short due to:
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« The model of the process is difficult to obtain,rtjya unknown, or highly
nonlinear.

e There may be uncertainty in measurement.

e Multivariate and multiloop systems have complexstoaints.

* Plants, controllers, environments and their congsavary with time. Moreover,
time delays are difficult to model.

The principle of knowledge-based (intelligent) gohts to capture and implement
experience and knowledge available from experty.,(@rocess operators). A specific
type of knowledge-based control is the Fuzzy raeda control, where the control
actions corresponding to particular conditions leé system are described in terms of
Fuzzy if-then rules. Fuzzy sets are used to defieemeaning of qualitative values of the
controller inputs and outputs. The main motivatitorsusing Fuzzy controllers are:

» Fuzzy controllers are more robust than conventigoatrollers because they can
cover a much wider range of operating condition$ @m operate with noise and
disturbances of different natures.

» Fuzzy controllers are customizable, since it isexa® understand and modify

their rules.

3.4 Fuzzy Reasoning

In classical logic, an assertion is either truéatge — not something in between —
and Fuzzy logic extends classical logic by allowingermediate truth values between
zero and one. An assertion can be more or lessitrd@izzy logic. A computer can
interpret a linguistic statement such as if thehirag machine is half full, then use less
water. Fuzzy logic adds intelligence to the washimaghine since the computer infers an
action from a set of if-then rules. Fuzzy logicaesmputing with words’, to quote the
creator of Fuzzy logic, Lotfi A. Zadeh. The objeetiof this chapter is to select and
emphasize the concepts of Fuzzy logic that aressacg and sufficient from the point of

view of a control engineer.
3.4.1 Classical and Fuzzy sets

A classical set is a set with a crisp boundaryntelets either fully belong to a set

or are fully excluded from it. The membershig(x) of x of a classical set A, as a subset

of the universe X, is defined by:
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1,.if .xOA,

'UA(X):{O,..if XOA, (10)

This means that an element x is either a membsgetoA or not.

In contrast to a classical set, a Fuzzy set, an#ime implies, is a set without a
crisp boundary. A Fuzzy set is a set with gradechbeship in the real interval:

HA(x)U[0,1] (11)

That is, elements can belong to a Fuzzy set tortainedegree. As such, Fuzzy
sets can be used for mathematical representatibnsague concepts, such as low
temperature, fairly tall person, expensive car, 8tch imprecisely defined sets or classes
"play an important role in human thinking, partedy in the domains of pattern
recognition and communication of information”. Theziness does not come from the
randomness of the constituent members of the Isetdrom the uncertain and imprecise

nature of abstract thoughts and concepts.

Definition 2.1 (Fuzzy Set) A Fuzzy set A on universe (domain) X is a set dafiby
the membership functiom/ a(x) which is a mapping from the universe X into tiit
interval: Ha(X): X —[0,1] (12)
If the value of the membership function, called thembership degree, equals one, x

belongs completely to the Fuzzy set. If it equasdzx does not belong to the set. If the

membership degree is between 0 and 1, x is a pariaber of the Fuzzy set:

=1  xisa full member of A
HU.(X) =40[0,1] ___ xisa full member of A
=0___ xisnot member of A
Universe

Members of a Fuzzy set are taken from a universgisaiourse, or universe for

short. The universe consists of all objects thataame into consideration.

3.5 Propertiesof Fuzzy Sets

To establish the mathematical framework for computivith Fuzzy sets, a

number of properties of Fuzzy sets need to be éeéfin
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3.5.1 Normal and Subnormal Fuzzy Sets

We learned that the membership of elements in Faekyis a matter of degree.
The height of a Fuzzy set is the largest memberdbgree among all elements of the
universe. Fuzzy sets whose height equals one fi@aat one element x in the domain X
are called normal Fuzzy sets. The height of subabFRuzzy sets is thus smaller than one

for all elements in the domain.

Definition 2.2 (Height) The height of a Fuzzy set A is the supremum of the
membership grades of elements in A:
hgt(A) = S Ha(X) (13)

For a discrete domain X, the supremum becomes thenmam and hence the height is
the largest degree of membership for alDk

Definition 2.3 (Normal Fuzzy Set) A Fuzzy set A is normal if XX such that
u,(x)=1. Fuzzy sets that are not normal are called aubal. The operator norm(A)

denotes normalization of a Fuzzy set, i.e.,

A =norm (A} ua(X) = ua(x)/hgt(A),Ox (14)

3.5.2 Support, Core and a-cut

Support, core and-cut are crisp sets obtained from a Fuzzy set bycseg its

elements whose membership degrees satisfy cedaditmons.

Definition 2.4 (Support) The support of a Fuzzy set A is the crisp subsét whose

all elements have nonzero membership grades:
Supp (A) = {¥a(x)>0} (15)

Definition 2.5 (Core) The core of a Fuzzy set A is a crisp subset of iXsigting of all
elements with membership grades equal to one:

Core (A) = {x|a(x)=0} (16)
Definition 2.6 (a-Cut) The o-cut A, of a Fuzzy set A is the crisp subset of the

universe of discourse X whose elements all have Imeeship grades greater than or equal
toa:
Au={X| a(X) = 0}, a €0, 1] (17)
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Thea-cut operator is also denoted &-cut(A). Ana-cut A, is strict if 1 a(X) # a for each

x € A, The valueu is called thex-level.

1
v ¥

a-level
4——-/

core(4)

o |-

A,

supp(A4)

Fig 3.2: Core, Support ana-cut of a Fuzzy set

Definition 2.7 (Convexity) A Fuzzyset A is convex if and only if for a x;,x» € X

and A €[0,1]
Un={AX1+ (1 -A) %z} =min{ L a(X1), L a(X2)} (18)

Alternatively, A is convex if all ita-level sets are convex.

(a) Two Convex Fuzzy Sets {(b) A Nonconvex Fuzzy Set

_§ 1 % 1
S g
508 508
R=3 k=3
.g’ 0.6 § 0.6
Qo Qo
204 204
QD (]
=0.2 202

0 0

Fig 3.3 (a) Two convex membership function (b) A ~convexmembership functic

Definition 2.8 (Cardinality) Let A = { ua(x) | 1 =1,2,3,... ... , npe a finite discrete
Fuzzy set. The cardinality of thiFuzzy set is defined as the sum of the member

degrees.
IAl=2"" Halx) (19)

Linguistic Variables
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To specify rules for the ru-base, the expert will use a “linguistic descriptic
hence, linguistic expressions are needed for thetsnand outputs and the characteris
of the inputs and outputs. We will use ‘“linguisti@riables” (constant symbo
descriptions of what are in general t-varying quantities) to descritFuzzy system
inputs and outputs. For oFuzzysystem, linguistic variables denoted lu; are used to
describe the inputs;.uSimilarly, linguistic variables denoted by; are use to describe
outputs y. For instance, an input to tlFuzzysystem may be described u; =“position
error” or " ="velocity error,” and an output from ttFuzzysystem may bey; =“voltage
in.”

3.6 Member ship function for mulation

A Fuzzyset is completely characterized by its Membershipdtion. Since mos
Fuzzysets in use have a universe of discourse X, a cmreenient and concise way
define an MF is to express it as a mathematicah@te. The shape of a members
function depeds on the particular application involved. The menship functions mo:
commonly used in control theory are Triangular,pEzoidal, Gaussian, and Sigmoi
Z- and S-functions.

Triangles and trapezoids, which are piece-linear functions, are often ud in
applications. Graphical representations and omersitwith theseFuzzy sets are very
simple. Also, they can be constructed easily orbtms of little informatiot

A LA

(a) (b)
Fig 3.4a) Triangular (b) Trapezoidal membership funct

The triangular function A with endpoints (¢) and (b, 0), and high point (e) is defined
by:
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A(X) = a(x—‘bj_if c<x<b (20)

The trapezoidal function B with epoints (a, 0) and (b, 0), and high poiic, o) and
(d, o) is defined by:

X—a .
a(—j_lf asxsc
c-a
a if csx<d
A(X) = a(;(—_gj_if d<x<b (21)

=0__ otherwise

The Gaussiafunctions, the familiar be-shaped curve, are of the fc

_(x0p?

Ax)=e 2¢° (22)
These are related to the v-known normal or Gaussian distributions in prob&piéind

have useful mathematical propert

\ /

2 )
- (x—>1~

Gaussian €~ 25

- . =
Gausslan €~ 72

Fig 3.5: Gaussian membership functions

The parameters ¢ amddetermine the center and the shape of the cugspectively. Thu

values ¢ = 0 and = 1, define the standard Gaussian membeifunctiore 2 , centered
at c = 0, as shown in the figure abc
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1
T4e—2+-

1

1—ex-1

S-tunction Z-function

Fig 3.6 (a) Sigmoidal - (b) Sigmoidal Z-membership functior

The S- and Zunctions are sigmoidal functions of the fo

1
AX) = ———— 23
(0= s (23)

The values ofc determine either increasing or decreasing funstiavhile the
parameter m shifts the function right or left. Tim@duct of two sigmoidal functions

sometimes used as membership func

3.7 Rule Base

The rule base is set of I+tthen rules, which contains a Fuzbgic quantificatior
of the expert’s linguistic description of how tohéve good control. The mapping of 1
inputs to the outputs for Fuzzysystem is in part characterized by a secondition—
action rules, or imodus ponen(If-Then) form,

If premiseT hen consequent

Usually, the inputs of thFuzzysystem are associated with the premise, ani
outputs are associated with the consequent. Tles mby use several variables bin
the condition and the conclusion of the rules. €boetrollers can therefore be appliec
both multi-input-multieutput (MIMO) problems and sin¢-input-single-output (SISO)
problems. Basically a linguistic controller contirules in the tthen fornat, but they
can be presented in different formats. In manyesyst the rules are presented tc end-
user in a following forma

1. If error is neg and change in error is neg thetput is NE

2. If error is pos and change in error is neg thetput is NM

3. If error is neg and change in error is pos thaput is PN

4. If error is pos and change in error is pos thaput is Pl
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The linguistic variables neg, [ andNM, NB, PM, PB are labels of input ai
output Fuzzysets. The same set of rules cobe presented in a rational format, a

compact representation as in Tabl

Table 1 Fuzzy rule base

Error  Changein Error  Output

neg Neg NB
pos Neg NM
neg Pos PM
pos Pos PB

Table 2 for Fuzzy rule base

EXAMPLE OF DECISION TABLE
de/e NB NM NS z PS PM PB

NB NB NB NM NM NS ZE

NM NB NM NS NS ZE PS

NS NS ZE PS PS PM

NB
NB
NS NB NM NS NS ZE PS PM
NM
NM

PS NS ZE PS PS PM PB

PM NS ZE PS PS PM PB PB

PB ZE PS PM PM PB PB PB

3.7.1 Inference Engine
Final calculationof the fuzzified output called an “inference endie “Fuzzy
inference module” which emulates the expert’'s demsismaking in interpreting ar
applying knowledge about how best to control thent
The inference mechanism has two b tasks.
Determining the extent to which each rule is relév¥arthe current situation

characterized by the inpLu,, i1=1, 2, .. ., if called as “matching”), an

Drawing conclusions using the current inpu; and the information irthe

rule-base (called as “inference ste
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The various operations used in inference mechaarsm
Aggregation
Activation

Accumulation

Possibility

According to Zadeh, a Fuzzy set induces a possilaistribution on the universe,
which implies that one can interpret the membershipes as possibilities. How are then
possibilities related to probabilities? First off @robabilities must add up to one, or the
area under a density curve must be one. Membershggsadd up to anything (discrete
case), or the area under the membership function lmaanything (continuous case).
Secondly, a probability distribution concerns tlielihood for the occurrence of an
event, based on observations, whereas a possithitsibution (membership function) is
subjective. The word ‘probably’ is synonymous withresumably’, ‘assumably’,
‘doubtless’, ‘likely’, or ‘presumptively’. The wordpossible’ is synonymous with
‘doable’, ‘feasible’, ‘practicable’, ‘viable’, orworkable’. Their relationship is best

described in the sentence, ‘what is probable isgvwpossible, but not vice versa’'.

Linguistic variables

Whereas an algebraic variable takes numbers ass/aduinguistic variable takes
words or sentences as values (Zadeh in Zimmerm&®3)1 The name of such a
linguistic variable is its label. The set of valubat it can take is called its term set. Each
value in the term set is a linguistic value or tetefined over the universe. In short, a

linguistic variable takes a linguistic value, whisha Fuzzy set defined on the universe.

3.8 Fuzzification

The first block inside the controller is fuzzifieat, which converts each piece of
input data to degrees of membership by a lookugnaor several membership functions.
The fuzzification block matches the input data witte conditions of the rules to
determine how well the condition of each rule magclthat particular input instance.
There is a degree of membership for each linguitgron that applies to that input

variable.
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3.9 Defuzzification

In control theory, a crisp output is often need€his requires some process
defuzzification producing a number that best refléabheFuzzyset in some sense. The
are manyechniques for defuzzificatic

Loosely speaking, there are two types of defuziion technique- Composite
moments and composite maximum. “Composite” reflébes fact that the values ¢
obtained from combining severFuzzy sets. Composite momenthaiques use son
aspect of the first moment of inertia, and com@osiaximum techniques extract a va
for which the Fuzzyset attains its maximum. The centroid method isetkeemple of the

first type, and the middle of maxima methods ithef seconaype.

3.9.1 Centre of Gravity method

The centre of area, or cer of gravity, or centroid method computes the ceatfe
area of the region under the curve defined IFuzzyset and selects the first compone
If C is the Fuzzyset in question and C is integrable, then the agfied value of C by
this method is:

'—.U

yC(y)dy

j C(y)dy

where [a, bjis an interval containing the support of C. If thgport of C is finite, th
computation can be calculated by replacing thegnatéon by the summation. T center
of area defuzzification is the most widely usechtegue. The defuzzified values tero
move smoothly in reaction to small changes, and relatively easy to calculate. T
COG method is used with the Mamdani 1-min inference.

U u

@

.\" v .\" V

Fig 3.7 (a) Centre of Gravity (b) Middle of maxima defifation methor
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3.9.2 Middle of maxima method

Middle of maxima, or mean of maxima (MoM), takbe average of the smallest
and largest values in the domain on which the Fisstyassumes its maximum. This
method appears weak, for a Fuzzy set with two sepgrateaus at the maximum height.
The MOM method is used with the inference basedraary implications, to select the
“most possible” output. The inference with implicais interpolates, provided that the
consequent sets sufficiently overlap. The outpdeitned by:

y =Lt (25)

3.10 Fuzzy L ogic Controller

Fuzzy logic controllers (FLC) are the most impottapplications of Fuzzy logic.
They work rather different than conventional colérs with expert knowledge used
instead of differential equations to describe desysand the knowledge can be expressed
in a very natural way using linguistic variabledjigh are described by Fuzzy sets. Fuzzy
control is a control method based on Fuzzy logist s Fuzzy logic can be described
simply as ‘computing with words rather than numhdfsizzy control can be described
simply as ‘control with sentences rather than @quat A Fuzzy controller can include
empirical rules, and that is especially usefulpem@tor controlled plants.

Basically the conventional control schemes are gihesl with differential
equations defining the system, where as the Fubmyral system comprises of two
distinct levels i.e. heuristics and rules. Ther symbolic if-then rules, qualitative Fuzzy
variables and values such as;

If Fuzzy variable one is <high> and Fuzzy variatwe is <low> then the Output

Fuzzy variable is <low>.

Structure of Fuzzy logic controller

In the block diagram shown in Fig 3.8, the Fuzzyntodler is between a
preprocessing block and a post processing block.

Preprocessing
Inputs are most often hard or crisp measuremeats fome measuring equipment,
rather than linguistic. The preprocessor processntikeasurements before they enter the

controller.
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Examples of preprocessing ¢

* Quantization in connection with sampling or rourngia integers
* Normalization or scaling onto a particular, stamdange

» Filtering in order to remove noit

* Averaging to obtain long term or short term tendes

* A combination of several measurements to obtainitkeigators

» Differentiation and integration their discrete equivalences.

Fuzzycontroller

Rule
base
—p»1 Preprocessing~p»| Fuzzification —p 1 Defuzzificatiod—P»| PostprocessitP»>
Inferencq
engine

Fig 3.8: Structure of Fuzzy controller

Postprocessing

Output scaling is also relevant. In case the outpdéfined on a standard unive
this must be scaletb engineering units. The post processing blockroftontains a
output gain that can be tuned, and sometimes alsategratol

For a feedback control system reference signalarft) actual output c(t), tt
error signal e(t)=r(ti(t) is given as tt input to the Fuzzgontrol and u(t) is the contr

signal given to the plant. The structureFuzzycontrol system is shown in Fig9

Data | Rule
| Base | Base ?—Knowledge Base
FLC ¢ ............ i
| () o)
t 1) ;
f()r@i) e(_y): Fuzzification |—) Fuzzy | _p| Defuzzification = Plant >
g Inference :

Measurement <
System

Fig 2.9: Structure of Fuzzy control system
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3.10 (a) Fuzzy controllers applications
Consumer products:

e Washing machines

e Microwave ovens

e Rice cookers

e VVacuum cleaners

e Camcorders

e TVs and VCRs

e Thermal rugs

e Word translators

Systems.

e Elevators

e Train

e Cranes

e Automotive (engines, transmissions, brakes)
e Traffic control

Softwar e

e Medical diagnosis

e Securities

e Data compression

Definition 6.1 (Fuzzy Controller)

A Fuzzy controller is a controller that containgrenlinear) mapping that has
been defined by using Fuzzy if-then rules.

Fuzzy control provides a formal methodology forresgenting, manipulating, and
implementing a human’s heuristic knowledge abowt tmcontrol a system.

In this section the philosophy of approaching tlesigh of Fuzzy controllers is
discussed. The Fuzzy controller block diagram igegiin Figure 3.9.1, where Fuzzy

controller embedded in a closed-loop control sysgeshown.

PERFORMANCE STUDY OF FUZZY BASED NETWORKED CONTROL SYSTEM 40



Thapar University, Patiala

Fuzzy controller

Inference
i»| mechanism |y

|

Rule-base

Inputs Outputs

wt)
»| Process >

Reference input
rit)
——

ur)

Fuzafication
Defuzzificaon

|
|

Fig 3.9.1:Fuzzy controller embedded in a clostmbp control systel

The plant outputs ardenoted by yi{t its inputs are denoted fku(t), and the
reference input to thEuzzy controller is denoted by r(t). The Fuzegntroller has four
main components:

(1) The rulebase” holds the knowledge, in the form of a setudés, of how best t
control the system.

(2) The inference mechanism evaluates which contr@srare relevant at the curr
time and then decides whae input to the plant should be.

(3) The fuzzification interface simply modifies the utp so that they can be interpre
and compared to ¢rules in the ru-base.

(4) The defuzzification interface converts the conclosiaeached by the inferen

mechanism into the inputs to the pl.

Sugeno-Type Fuzzy Inference

The Fuzzyinference process discussed so far is Mamdi{Fuzzy inference
method, the most common methodology. This sectiscudses the -called Sugeno, or
Takagi-Sugeno-Kang[]1method ofFuzzyinference. Introduced in 1985, it is similar
the Mamdani method in many respects. The firstgans of theFuzzy inference process,
fuzzifying the inputs and applying ttFuzzy operator, are exactly the same. The n
difference between Mamdani and Sugeno is that tigei$ output membership functic
are either linear or constal
A typical rule in a SugenFuzzy model has the form

If Input 1 = x andnpui 2 =y, then Outputisz=ax+ by +c
For a zeraarder Sugeno model, the output lez is a constarna=b =0)

The output level;zof each rule is weighted by the firing strengt of the rule
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For example, for@AND rule with Input 1 : x and Input 2 = ythe firing strength i

w = AndMethod (F, (x), F,(Y)) (26)
where F » (.) are the membership functions for Inputs 1 an
The final odput of the system is the weighted average ofuddl outputs, computed

N
z |Zi
- _:1
Final Output ==——
> w
i=1
where Nis the number of rule
A Sugeno rule operates shown in the followin

Input MF

Input 1 F,ix)
S\
Ftule
Input 2 l'flrlng strength)

| . F?_(}'J
Cutput MF

Z = dE+Dy+C

Cutput
Z Level

i B |

Fig 3.9.2: Sugeno rule operation

2. Ay - 'pr
1. Fuzzify inputs fuzz: pply implication
DBE'EBD" method {prod).
R = max)
\ -
rancid
- =, fcheap) z.
servica iz poor food is rancid then tip = cheap

z_ (average) z

sarvice is good tip = averaga

excellant
delicious

servica is excallant or food is dalicious tip = ganarous

Zi(genarous} F-3

service = 3 food =8
input 1 input 2 output

tip = 16.3%

Fig 3.9.3:0Operation of Sugeno rule based system and exi

PERFORMANCE STUDY OF FUZZY BASED NETWORKED CONTROL SYSTEM 42



Thapar University, Patiala

The preceding Fig 4 shows tlFuzzy tipping model developed in previo
sections of this manual adapted for use as a Sugystem. Fortunately, it is frequen
the case that singleton output functions are cotalylsufficient for the needs of a giv
problem. As an example, the systtippersg.fis is the Sugertgpe representation of tt
now-familiar tipping model. If you load the system gpldt its outpit surface, you will
see in Fig 3.9(ajhat it is almost the same as the Mamdani systemhgve previousl
seen.

a = readfis(‘tippersg’);

gensurf(a)

Fig 3.€.4: Surface viewer of the tipper example

The easiest way to visualize f-order Sugenoystems is to think of each ruas
defining the location of a moving singleton. Thatthe singleton output spikes move
around in a linear fashion in the output spaceeddmg on what the input is. This a
tends to make the system notation very compact edficient. Highe-order Sugeno
Fuzzymodels are possible, but they introduce significrhplexity with litle obvious
merit. Sugeno Fuzzynodels whose output membership functions are grelasa first
order are not supported Fuzzy Logic Toolbox software.

Because of the linear dependence of each ruleemput variables, the Suge
method is ideal for aittg as an interpolating supervisor of multiple &neontrollers ths
are to be applied, respectively, to different opegaconditions of a dynamic nonline
system. For example, the performance of an airaredy change dramatica with
altitude and Mich numbe
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Linear controllers, though easy to compute and seited to any given flight
condition, must be updated regularly and smoothligetep up with the changing state of
the flight vehicle. Similarly, a Sugeno system ustesd for modelling nonlinear systems
by interpolating between multiple linear models.

3.10.1 Comparison of Sugeno and Mamdani Methods

Because it is a more compact and computationafigieiit representation than a
Mamdani system, the Sugeno system lends itselhé¢ouse of adaptive techniques for
constructing Fuzzy models. These adaptive techeigua be used to customize the
membership functions so that the Fuzzy systemrhedels the data.

The following are some final considerations abbettivo different methods.

3.10.2 Advantages of the Sugeno M ethod
« It is computationally efficient.
« It works well with linear techniques (e.g., PID tat).
« It works well with optimization and adaptive techues.
« It has guaranteed continuity of the output surface.
« Itis well suited to mathematical analysis.

3.10.3 Advantages of the Mamdani Method

« ltis intuitive.
« It has widespread acceptance.

« Itis well suited to human input.

3.10.4 Benefits of Fuzzy Logic and Fuzzy L ogic Based Control System
1. Fuzzy logic is conceptually easy to understand. The mathematical concepts behind

Fuzzy reasoning are very simple and natural.

2. Fuzzy logic is flexible. With any given system, one can add incrementallyemo
functionality to the solution without restartingpfn scratch.

3. Fuzzy logic is tolerant of imprecise data. Most things are imprecise on closer
inspection. Fuzzy reasoning is adept in incorpngathis imprecision into the process
model at the very outset and does not wait tillfdgeend of design-stage for its inclusion.
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4. Fuzzy logic can model nonlinear functions of arbitrary complexity. One can create
a Fuzzy system to map any set of input data toubuiith arbitrary precision. This is
exploited by adaptive techniques like Adaptive Nebuzzy Inference Systems.

5. Fuzzy logic can be built on top of the experience of experts. Fuzzy IF Then rules
can readily capture the expert knowledge whichaedhto model in any other format
including differential equations.

6. Fuzzy logic can be blended with conventional control techniques. Fuzzy controller
can be successfully added to play a complementag/ to an existing conventional
controller and simplify its implementation.

7. Fuzzy logic is based on natural language. The basis for Fuzzy logic is the basis for
Human communication. This observation underpinsynanthe other statements about
Fuzzy logic.

CHAPTER 4

MODELLING OF SECOND ORDER PROCESSES

4.1 INTRODUCTION

In the thesis, analysis of NCS with second ordecgss with varying time-delay

has been considered to evaluate the performancpas@on for conventional PID, with
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Fuzzy Controller. Unit step is applied as a refeesimput for analysis. All the simulations
are carried out in MATLAB/SIMULINK Version 7.5.0.24(R2007b) with Windows
Vista Home Basic.

4.2 PERFORMANCE SPECIFICATIONS

The performance of the controllers can be sunmredrand analyzed by the certain

specifications. In the thesis, following Specifioat are used.

. Rise Time

. Peak Overshoot

. Settling Time

. Steady state error

4.3 SIMULATION FOR NCSWITH SECOND ORDER PROCESS
A second order system is one whose output y(tflescribed by the solution of a
second order differential equation .For examplefofliewing equation describes a second

order linear system :

A, P y/ide + Ay dy/dt + Ayy = b (1) (27)
If Ap# O then this equation yields
? dAylde + 2& dy/dt + y =k, f(t) (28)

where? = A, /Ao 2tE= A1 /Aq and Kp= b/A,. Equation (28) is in the standard form of a
second order system. Where
© = is the natural period of oscillation of the gyat
& = is damping factor
k= is steady-state or static or simply gain of th&tem
If equation (28) is in terms of derivation variafléhe initial condition is Zero and its
Laplace transformation yields the following start&nansfer function of a second order

system.

G(s) = Y(S)IF(s)ks / (17S* +2¢Ts+1) (29)

System with second or higher order dynamic caredreasn several physical situation
These can be classified into three categories
1. Multycapacity process.-A process that consist two or more capacitiest{@rder

system) in series, through which material or enenggt flow.
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2. Inherently second-order systems: - Those Process that have Inertia due to fluid or
mechanical solid component and also subjecteddel@@tion. Such systems are rare in
chemical process.

3. A Processing system with its Controller: - It may exhibit second or higher order
dynamics. In such case the controller which hasbestalled on a processing unit
introduces additional dynamics which coupled wite tdynamics of the unit, give rise to

second or higher-order system behaviour.

4.4 Multi capacity Processes as Second-Order Systems

When material or energy flow through a singleaway ,we get a first order
system .If on the other hand ,mass or energy fibmaugh a series of two capacities ,the
behavior of the system described by second orgesrdics. Two multicapacity system
are shown in figure below ,each with mass capecitiwo tanks).

Tank one affect the dynamic behaviour of tank @awal vice versa because the
flow rate F1 depands upon the difference betwegmdilevel hl and h2. This system

represents intrecting capacities or intrecting farsler systems in series.

4.4.1 Noninteracting capacities
When a system is composed of two noninteractipgciées ,it is described by a set

of two differential equations of the general form:

r % +Y1=k, f (t) first capacity (30)
W vook s d i 31
r&+ =k, f(t) second capacity (31)

In other world ,the first system affect the secdnydits output, but converse is not true

.the corresponding transfer function are

MO

G(9)= F(s) r1ps+l (32)
GZ(S) - YZ(S) - ipr
F,(s) 7ps+l (33)

The overall transfer function between the extemmaiit F1(t) and y2(t) is
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k k
G(S) = Yl(s) DYZ(S) — Gl(S) EGZ(S) - ‘Pl 0 “PZ
F(s) F,(s) rps+l rps+1 (34)
G(s) = Y(3)F(s) = k'p [(r°s*+28T's+1) (35)
/—\:n N\ m(t)
' ‘ -*. ‘/,. ' /""" 'I |. ;""'\\.]
‘ S >
TN e - —"/tank
valve
3R f
: (1 Il (-
. RN\
———— p(t)
C?ou(f)
Fig 4.1: Fluid tank as a first order system
Fi
hl F1 I "2
F2
Tank 1 R1 Tank 2 R2
Fig 4.2: two first order tank in series
where
r=r 00, (36)
28T =1 ,+7 , (37)

K, =k, 0K, (38)

Equation 34show: very clearly that the overall response of the sysis second
order. From equation 3%ve also notice that pole of the overall tran$terction are res
and distinct.

pl=-1/r,, and p2=-1,

p2
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If the time constamrp'l and rp'2 are equal we have two equal poles. Therefore

noninteracting capacities always result in an oaended or critically damped second
order system and never in underdamped system

Overall transfer function of the two first ordemkaconnected in series can be
given as follow
G(s) #(+ 3s + 2) (39)

4.5 Control Valve
The most common final control element in the precesntrol industries is the
control valve. The control valve manipulates a flogvfluid, such as gas, steam, water, or

chemical compounds, to compensate for the loadirthahce and keep the regulated

process variable as close as possible to the desgtgooint.

<

WOSST7iIL
WO958/IL WOEWIL

QUICK OPENING LINEAR EQUAL PERCENTAGE

Fig: 4.3: Types of Control Valves

Process plants consist of hundreds, or even thdasasf control loops all
networked together to produce a product to be effdor sale. Each of these control
loops is designed to keep some important procesabla such as pressure, flow, level,
temperature, etc. within a required operating ratgesnsure the quality of the end
product. Each of these loops receives and intgrnalieates disturbances that
detrimentally affect the process variable, andradgon from other loops in the network
provides disturbances that influence the procesahla.

The most common final control element in the precesntrol industries is the
control valve. The control valve manipulates a flogvfluid, such as gas, steam, water, or
chemical compounds, to compensate for the loadirthahce and keep the regulated

process variable as close as possible to the desgtepoint.

4.6 Char acteristic of control valve

PERFORMANCE STUDY OF FUZZY BASED NETWORKED CONTROL SYSTEM 49



Thapar University, Patiala

100

QUICK
OPENING—

/s

e

o 20

FER CENT OF MAXIMUM FLOW

/ PERCENTAGE
o

PER CENT OF BATED TRAVEL

Fig: 4.4: characteristic of control valve

The flow characteristic of a control valve is tledationship between the flow re
through thevalve and the valve travel as the travel is vafrfedh 0 to 100%. Inherer
flow characteristic refers to the characteristicetved with a constant pressure d
across the valve. Installed flow characteristic nsethe one obtained in service where
pressure drop varies with flow and othdanges in the system. Figure illustrates
typical flow characteristic curve

The quick-opening flow characteristic provides for maximuhagge in flow rat:
at low valve travels with a nearly linear relatibip. Additional increases in valve trav
give sharply reduced changes in flow rate, and whervalve plug nears the wide of
position, the change in flow rate approaches zier@ control valve, the quick openil
valve plug is used primarily for ~off service; but it is also suitable for ma
applications where a linear valve plug would notgnbaé specifiec

The linear flow characteristic curve shows that thew rate is directly
proportional to the valve travel. This proportiomalationship produc: a characteristic
with a constant slope so that with constant presdwp, the valve gain will be the sa
at all flows. (Valve gain is the ratio of an incrental change in valve plug position. G
Is a function of valve size and configuration, sysoperating conditions and valve pl
characteristic.) The linear valve plug is commosgecified for liquid level control ar
for certain flow control applicions requiring constant gain.

In the equatpercentage flow characteristic, equal incremeritvalve travel
produce equal percentage changes in the existmg The change in flow rate is alwe

proportional to the flow rate just before the chamgvalve plug, disk, or ball position
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made. When the valve plug, disk, or ball is nearsgat, th flow is small; with a large
flow, the change in flow rate will be large. Valvegth an equal percentage flc
characteristic are generally used on pressure aorgpplications and on oth
applications where a large percentage of the prestop is ncmally absorbed by th
system itself, with only a relatively small percage available at the control val
Valves with an equal percentage characteristic lshalso be considered where higl

varying pressure drop conditions can be expe

4.7 Simulation and Tuning of Conventional Controller
The feedback control system has been used to ¢omnérprocess. The error sigr

between unit step reference and the output signi@d to the controller which genera
the actuated output given to tactuator to control the process.

The simulation of conventional PID controller witlt delay is shown in the Fig.5

@—} simout

Clogkt To Workspaoe2
r 3 1 ]
+_ = FID = - —
1.55+1 F=+3z+2 S .
Step control valve Transfer Fen weRs

Disorete

FPID Controller simoutl

To Workspaced

L— | simout2

To Workspaoe
Fig: 4.5Simulink Model for Convention PID controller without NC

Tuning of PID controller has been done by Ziegler-Nichols method. As in the

method, theK; andK gains are first set to zero. TP gain is increased until it reach

the ultimate gainK, at which the output of the loop starts to ostsl

Ky and the oscillation pericP, are used to set the gains as shu

Table 4.1: Ziegler—Nichols method

Control Type Kp K, Kb
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P 0.50K, - -
Pl 0.45K, 1.2K, / R, -
PID 0.60K, 2K,/ Ry KoPu/ 8

By using ZieglemMichols Method the followin values of gain is obtained for P
Controller without Networked Control Syste
K,=6.66
P,=3.74
Kp=0.60 * K, = 3.996
Ki=2*Kp/ Pu= 2.4,
Kd= KpPu/ 8= 1.6¢

4.8 Simulation and Tuning of Fuzzy Controller without NCS
@—' simout

To Workspaced

3 ” 1
R Rt 2 - [
1.85+1 F=+35+2 Scopel

GainZ  ontrol valve  Transfer Fen

Step

Fuzzy Logic
Contreller

Derivative Gainl

Lpe{ simoutZ

| simouti

To Workspace1

To Worspaced

Fig: 4.6:Simulink Model for Fuzzy controller witholNCS

The tuning ofFuzzy PI controller has been done for unit step in|The figure
shows the structure ¢fuzzy Controller without Networke®€ontrol Syster. There is no
delay in control loop. The level of tank systencantrolled byFuzzy controller. Fuzzy
Controller has two inputs ERROR and CHANGEOFERRG# Wains GE and GCE.
has an output U with Gain GU. CHANGEOFERROR is deeivative  the ERROR
signal. Each inputs and outputs have t membership functions narr PS, PM, and PB.

The shapes of membership functions are choseriangular. There have been 19 rules
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in the rule viewer of the FIS editor. FIS EditorsHaeen presented in Figs. 4.6, 4.7, 4.8,
4.9 and 4.10.

—_—re

Membership Function Editor: dewv

File Edit Wiew

FIS Wariables

inputl  outputi

fMembership function plots  RIOt points:

" ps P )

input wariable “input1™

Currert wariakle Currernt Membership Function (click on MF to select)

Mame inpLtl Blate Ps

Type inpLt xR trimf =
e i Params [0 0.250.5]

Display Range 11 | Help Close |

| Ready

Fig. 4.7: FIS Editor showing membership functiohghput variable (ERROR)

Membership Function Editor: dew

— |-[=

File Edit “iew
FIS Variables Membership function plots  PIot poirts: 181
Ps PR PB
X
5 2:2; output1
inputZ
input variable "input2”
Current Wariable Current Membership Function tclick on MF to =elect)
Mame input2 Mame. PS
Type input 1iRe trimf =
Paraths
Pl pro [00.250.5]
Display Ranoe o1 ‘ Help Close |
Selected variable “input2" |

Fig.4.8: FIS Editor showing membership functionsnpiut variable

(CHANGEOFERROR)
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Membership Function Editor: dev ==

File Edit Wiew

FIS Variables Membership function plots R0t points: 151
LT o

/X
in i ut1 output1

PS P PB

input2
DLIT;IJ-; va ri:; b;e "o u;p;m"
Current ariable Current Membership Function (click on MF to zelect)
Marme autput! HMatme Ps
Type output Type trimf -
i o Params [00.2505]
Display Range o 1] ‘ Help Close ‘

Selected variable "output! ™ ‘

Fig. 4.9: FIS Editor showing membership functiohguatput variable (U)

Rule Viewer: dev PR I = [y )
L e L 1 AN
2 ] ] [T~ 1] [ ]
: ] ] [ 7] [~ 1
S = L 1 L ]
s [ ] [T~ 1] [l |
s [ ] [ — ] [ ]
A I PN L] 1] [~ 1]
s [ [—~] [T~ 1] [/~ 1
s [~ ] [ — ] L ]
w [ 7] I S [
’ ! ’ ! ;!
Input | o 5 0.5 HP'U‘ points: 1404 Move: et | right | down| up |‘
|Opened system dewv, 10 rules H s | Close | ‘

Fig. 4.10: Rule Viewer for Fuzzy PI Controller
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Surface Viewer: dev

File Edit View Options

X (input: inputt - linput): input2 - Z(output): outputt -
¥ grids: 15 Y gricds: 15 Ev =

Fef. Input: ‘ ‘ Help Close | ‘
Ready

Fig. 4.11: Surface Viewer for Fuzzy Pl Controller

4.9 Simulation of Fuzzy controller with Networked Control System

Clackt To Workspacet

3

1.05+1

1
243542

control valve

Transfer Fcn

I P output

¥ commandin

controlinput| P in1 Outt

[« ]

Scopes
controller

command H

Communication Network

Fig 4.12: Simulink Model for Fuzzy controller withCS

In this figure process is controlled by Fuzzy colér using Data Communication

Network. Communication Network is used to transamd receive the controller and

plant outputs.
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4.10 Simulation of Communication networ k

output controlinput =3 Conn1 ConnZ p3—3 plant_output

output controller input

command in command f3—¥ Conn3 Conn’ p3=—3¥ command_in command
command in command

transmitter receiver

Connd Conng
noise
Channel

Noise

IN @

Entity Sink4
Other Nodes Receiver

Fig. 4.13: Simulink Model for Communication Network
Transmitter is used to transmit the command sgy@ald process output over
channel. Receiver is used to receive these sighhis.is a real time based application so

some noise will be present in Communication Netwdakkartificial Noise is used to

produce some Noise in Channel.

4.11 Simulation of Transmitter

Fig 4.14: Simulink Model of Transmitter

In transmitter there are two sections for transngt the signal. One for the
actuating output of the Controller and another tfoee measured value of the process
output which is feed back to the Controller. Imsmitter first data is sampled and data
packets are prepared. Some data packets may beudtremd remaining packets are feed

to the channel to communicate the remote end.
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4.12 Simulation of Receiver

Receiver for Controller

. 1 I e
stmrve pin g
Reception Buffer o i 2
Semple Signal L'"E:’:n’!':.“ Underflow Event

o wFeoUT Bl LT At {7
<

gL I 4 -
plant_output BuT N+ OUT BN contreller input
i

Gancel FIFC Queus Release Gate DUT [ I G e
Timeout o
Get Attribute? Paget Sine 1
Receiver for Plant

ve
ta v
starve in
5 d >
Underflow Underflow Eventt
Sensort

i Product!
o in
Reception Buffer!
#n |—>u: #a

; 2 A
T omnn F oUT fa—3|IM =, s M7 )
command_in — BuUT 5| IN + ouT 3| IN 11
o
Cancel FIFC Queue 1 Relesse Gatel T our g
Timeout!

Packet Sink 2

Fig 4.15: Simulink Model of Receiver

Receiver is used to receive the transmitted datkgta from the transmitter.
Receiver receives the packets and store in a Q&mme packets gets cancel at receiver
inputs due to timeout. Receiver waits for a padketa particular time. If packet is not

received then it will be cancel and receiver reeginext data packets.

4.13 Simulation of Communication Channel

WV

£
out J_|r|_ rve
in E“ R

Signal Latch1
Random Port
p
@'L #d J@
Conn1 2|IN1, ouT1 Conn2

+ +

+
oMl il 3 3N+ DuT2 B
Conn3 w +
out Ny . Conns
LED, T I i oUT Single Server ouTa e

Conné TO

Path Combiner FIFO Queue 1 Cutput Switch Conn8
\—» IN i #a
timedout T

e

timedout2

Fig 4.16: Simulink Model of the Channel
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In Communication Channel a single server is usddhttsmit the Data from many inputs.
In the Communication Channel first all inputs apenbined with the help of path combiner then it
is feed to a queue. From the queue packets goasstrver to transmit over Communication
Channels. The packets are sent by Server. Sometimepacket does not send properly and
completely then server try to send it again foraatipular no of time. If it does not sent after

trying again then it goes to timeout and that gaekets get lost.

4.14 Simulation of Noise Generator

Other Nodes Transmit =
i [ i1 . N a1 a
W N Q%JT»_\—»IN E!}.DUT’}‘R_J}IN Whar ] Gotet0

Canstanti FIFC Quened
EventBased Aversae  Exponential  Other Traffic prrg e : R
Random Mumber Amival Rale  |nteramival 1 Packet Generator '

Fig 4.17: Simulink Model of Noise

An artificial Noise is introduced to provide sommmise in Communication
Network.

4.15 Conclusion
The networked environment presents many new clgdkerior traditional control

system design. For example, many well-known meth@d® been developed and perfected
to analyze and design control systems subjecta@ttects of discretization. Similarly, much
attention has been devoted to the analysis of anh&top delay and its destabilizing effects
on the stability of feedback control systems. le thetworked environment, however, a
controller must combat the degrading effects ofhbdiscretization and loop delay.
Additionally, the loop delay is often not constamif time-varying and random.

Depending on the plant and desired performanceifgiaions, sometimes well-
known control algorithms can compensate for theimental effects of the network. The
simulation of two popular control algorithms, profonal-integral-derivative (PID) control

and Fuzzy Control, in the networked environmemiregoosed in this chapter.

PERFORMANCE STUDY OF FUZZY BASED NETWORKED CONTROL SYSTEM 58



Thapar University, Patiala

CHAPTER 5

RESULTS & DISCUSSION

5.1 Introduction

In this chaptethe resus of a PID Controller with Fuzzgontrolleris compared to
control thesecond order processdank system) withouletworked Control Syste and
with Networked Control Syste. We are consideringlgnt and controller data losses ¢
delay due to sampling peri. Because in every practical control loop there isme-
delay resulting from sampling, mputations of the control signal and the limitedexb of

the measurement sensors.

5.2 Result 1: Flow control of second order processes (tank system) using PID
controller without Networked Control System

2 T T T T T T T T T 2
Set Point
PID
1 /—\\/ 1
D 1 1 1 1 1 1 1 1 1 D
] 1 2 3 4 5 B 7 8 9 10
Time (Sec}

Fig.5.1: Response PID controlled process without Nt

The Fig. 51 shows the response of the PID Controller withddata
Communication Network. It can be seen that perforweaof PID Controller is better
we are using it to control™ or higher order process. PID conless have less rise tin

but large overshoot and large settling til
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Table 5.1: Performance Indices of Conventional Guiar

Performance | ndex

PID

Rise TimeTr | Max. Overshoot Settling TimeTs | Peak Overshoot for
Controller (Sec) Mp (%) (Sec) Step Input
0.9956 40.3893 5.8858 1.4039

5.3 Result 2: Response of Fuzzy controller without networked control

system

1.4

1.2F

Set Point
Fuzzy

Armplitude
o O
fug! ]

=
T
T

el
ra
T

]

=] =]

10

Tirme [Sec)

20

Fig 5.2: Response of Fuzzy controlled process witiNCS

Fig. 5.2 shows the step performance of Fuzzy Ctetravithout Networked Control

system. There is no time delay in control loop. Tégponse shows small settling time

and no overshoot.
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5.4 Result 3: Response of PID & Fuzzy controller without networ ked
control system

1.4 T
Set Point
Fuzzy
FID
1 b,
i \/
=
=
=]
=
=T
05 -
D 1 1 1 1 1 1 1 1 1
] 2 4 A a 10 12 14 16 18 20

Time (sec)

Fig. 5.3: Response of Fuzzy & PID Controller withdlCS

Fig. 5.3 shows the response of Comparison betwéBn&Fuzzy controller.
From Figure it can be concluded that Fuzzy cordrslare stable and has slightly better
response than PID Controller. Response shows tmatpeak overshoot in Fuzzy
controllers has been drastically reduced than autiaugal controllers.

5.5 Results 4: Response of PID controller with Networ ked Control
System

50

=100

Amplitude

=150 -

=200 -

-250

_BDD 1 1 1 1 1 1 1 1 1
o 2 A4 5 =] 10 12 14 16 18 20
Tirme (Sec)

Fig. 5.4: Response of PID controlled process wig¢tN
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The Fig. 5.4 shows the response of the PID Costrolith Networked Control
System. The amplitude of response explains thatthewetwork delays can degrade the

system’s performance and cause the instability.

5.6 Result 5: Flow control of second order processes (tank system) using
Fuzzy controller with Networked Control System

1 T T T T T T

09—

08—

07—

06—

05—

04—

03—

02—

01—

0 | | | | | 1 | |

35% plant data losses and 5%controller data losses

Fig 5.5: 35 % plant data losses and 5 % contrdié¢a losses with sampling period 0.01
sec
The response of Fuzzy Controller with Networkedhttal System shows that
there are some data losses due to communicatiamorieand the time delay increases to

get settle the output.

5.7: Result 6

09 —

07 —

06 —

061 —

04 —

03 —

02 —

01 —

0 | | | | | | | | |
0 2 4 6 8 10 12 14 16 18 20
90 % plant data losses and 90 %control signal losses with sampling time 0.5 second

Fig 5.6: 90 % plant data losses and 90 % contrdbgs losses with sampling period 0.5 sec
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As we increase the sampling time the rise timeadees but data losses increases.

5.8: Results 4

1

091

081

07~

06

051

041

03

021

01

0 | | | | | | | | |
0 1 2 3 4 5 6 7 8 9 10
1 % plant data losses and 1% controller signal losses with sampling period 0.001 second

Fig 5.7: 1 % plant data losses and 1 % controb¢a tbsses with sampling period 0.001 sec

5.9: Results 8: Dropping Network Packets

[ n MNumber of Dropped Packets I = | [ i
S E (DS 0 dhiaia | @ 8 % =

Fig 5.8: No. of drop out packets due to CommunicaChannel

Network packet drops occasionally happen on an N@®&n there are node
failures or message collisions. Although most nekwprotocols are equipped with
transmission- retry mechanisms, they can only metrat for a limited time. After this

time has expired, the packets are dropped. Furttresnfor real-time feedback control
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data such as sensor measurements and calculatiedl signals, it may be advantageous
to discard the old, untransmitted message and nnars new packet if it becomes

available. In this way, the controller always reesifresh data for control calculation

5.10: Result 9 Reception Buffer

Reception Buffer

. —— — e e R e

- b . e et o

400

gumer size

o A e s e e
R T R e

R A s R e s S s

15 20 25 30 35 40
Time

Fig 5.9: No. of entities received at reception Bufit Receiver

The horizontal axis represents the times at whithies received from the server,
while the vertical axis represents the total nundfezntities that have received from the
server.

5.11: Result 10: Communication Delay

Communication Delay per Frame

005
s s et B S
s
L R S

71| SO S—— I  S— | — NN, S— ——

L e s oo e e

- IR R e s R Eesursmussad

-0.03

Fig 5.10: Communication Delay per frame

Conventional sampled-data systems assume that qugouts and control
inputs are delivered at the same time, which maybeotrue for NCSs with multiple-
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packet transmissions. Due to network access detagscontroller may not be able to

receive all of the plant output updates at the tiinihe control calculation.

Stability Regions

Conventionally, a faster sampling rate is desirableampled-data systems so the
discrete-time control design and performance cgraqimate that of the continuous
system. But in NCSs, a faster sampling rate carease the network load, which in turn
results in longer delay of the signals. Thus itequired to find a sampling rate that can

both tolerate the network-induced delay and achigired system performance.
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CHAPTER 6
CONCLUSIONS AND FUTURE SCOPE

6.1 CONCLUSION
From result it is clear that when 35% plant dasses and 5% controller signal

losses with sampling period of 0.001 sec of bothlely of 1 second is produced in
response .If plant data losses is 90% with a saggeriod 0.5 second then a delay of
approximate of 5.4 second is produced in respdhbeth plant and controller data losses
is 90% with same sampling period of 0.5 second tikelay is same of 5.4 second .It
means controller signal must not losses for witltelayed response with high sampling
rate because in final result no. 5 only 1 % plarmd eontroller data losses with sampling
period 0.001 second of both plant and controllentthere is no delay in response. So
finally we can say that delay increase with comgroldata losses and increased in
sampling period of plant and controller data losses

Experimental results indicate that different sangprates and the environments will
greatly affect the delayed time. Also, results ¢gadle that the distance will not affect the
delay time in wireless communication. However, las sampling rate reduces, the delay
time of the network increases dramatically. In Wieeless network, the delay time may
change suddenly by the environment interferences.

6.2 Futurework

Applications of the Networked Control System improthe efficiency, the
flexibility, and the reliability of large-scale dgens in modern industries. In the same
time, applications of NCS for remote control andniaring reduce the time and cost of
installation, reconfiguration, and maintenance.sThiudy integrates the Ethernet, the
control area network (CAN) network, and the wirel802.11b in the present NCS.

In the past traditional control systems had a sirmgintralized control unit, which
control all other process and devices, sensorsaantors. Nowadays various industrial
plants cover large areas and control large numbdevces. Having a single centralized
processor or controller can induce due to hardveaied software constraints including
single point failure, poor performance and pooiatelity.
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Now a day the modern complex systems includinglligent vehicle system,
advanced aircraft and spacecraft, and industriainaation adopted the distributed system
architecture.

Networked control system is the class of distridusystem. It requires less
complex wiring hence reducing the setup and maamea cost. It also reduces the
possibility of single point system failure i.e. imging the system reliability.
Consequently, at the same time this mechanism asese the response time of data
transmission. These networked induce time delayadiesgthe system performance and
stability dramatically.

Conventional PID (proportional integral derivadveontrol is one of the earlier
control strategies. It has a simple control strreetand easy to tune. Since many control
systems using PID control have proved satisfactarystill has a wide range of
applications in industrial control. Due to its simjty and excellent performance in many
applications, PID controllers are used in more tf% of closed-loop industrial
processes. The conventional PID controllers arecaptble to cope with varying-time
delay systems with higher order process.

Fuzzy logic controllers serve the same functiorthes conventional controllers,
but they manage complex control problems througthematical models provided by
Fuzzy logic, rather than via mathematical modets/joled by differential equations. The
implementations of Fuzzy control are, in some semsgations of the control laws that

humans use.
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