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Résumé

Le nombre de construction des nouvelles statiddrgergie thermique est relativement
réduit. Cependant, 65% de I'énergie mondiale exdyite par ces stations.
Derniérement, plus d'importance a été donné ate#i®ss vis-a-vis la détérioration de leur
efficacité qui est tres bas ainsi qu’une importgede de I'énergie thermique peut étre réalisé.
Pour générer la quantité nécessaire de I'énergarigue. La turbine a besoin d’une équivalente
guantité de I'énergie thermique pour remplacepksges. Minimisant ces derniers va introduire
une réduction de la pollution ainsi que les coat@duction.

La vapeur constitue un véhicule qui transportedi@re de la chambre de combustion vers
I'arbre de la turbine. La quantité de vapeur njest le seul paramétre a déterminer, la
température et la pression doivent étre aussi pnsmnsidération pour une valeur donnée de
I'énergie.

Les stations d’énergie thermique sont difficilesoatrdler a cause des non linéarités du systeme
variant dans le temps. Les techniques de commdasi&ique ne sont pas trés approprié a cause
du changement de la demande, la difficulté de #oue bon model du system ou de faire des
bons mesures sur leurs dynamiques.

Ce travaille présente une nouvelle méthode de cardendes stations en utilisant la logique
floue, la stratégie de commande est basée sutdanti@ation automatique des points de
fonctionnement optimales nécessaire pour la régalaCe travail aussi présente I'utilisation de
simulateur de stations thermique, en utilisant Matbimulink version 7.

Mots clés Station d’energie thermique, Modilisation, TursjrBoiler, logic floue, commande
PID, commande floue avec gain proportional et irgkg



ABSTRACT

The number of construction of a new thermal powanpis relatively reduced. However,
thermal power plants account for approximately 68f24he world’s power supply. Recently,
there have been concerns regarding the deterioratithe efficiency of existing thermal power
plants. The efficiency of such type of power platvery low and great amount of loss in
thermal energy may be noticed. In order to genesatequired electrical energy, the turbine
needs an equivalent amount of thermal energy iitiaddo the loss. Minimizing the loss leads
to a reduction of pollutant in the environment asllvas production cost. Steam is merely a
vehicle which transports the energy from the bwgrerthe turbine shaft. The flow of steam is
not only the parameter that should be determinetialso the temperature and pressure must be
taken into consideration for a given value of pawer
However, thermal power plant is difficult to be tmtled accurately due to the non-linear time
varying behavior of the system. The conventionahtiad techniques are unsuitable for it,
because load demand changes, process modelinffjaaltiand lack of suitable measurement of
plants’ dynamics.

This work presents a new approach for controllinghbwaoiler and steam turbine of thermal
power plant using Distributed Control System assed with Artificial lintelligence such as

Fuzzy logic. The control strategy is based on super level using Fuzzy logic that is required
to determine automatically the optimal proces9saits of regulations level. Besides, this work

describes thermal power plant simulator developedatiab-Simulink.

Key words: Thermal Power plant, Modeling, Turbine contrqllBoiler, Fuzzy logic, PID
controller, Fuzzy gain proportional and integrahiroller.



Chapter |

INTRODUCTION

[.1- Introduction

In the increasingly competitive modern world, thelustry faces new challenges of
improving productivity and reducing costs. The @mming increase in demand for electric
power, unanticipated delays in new generating dapadditions, and the trend toward larger
generating stations and larger interconnectionsaareng the many factors which gives a great
importance to thermal power plants in order terggth the response capability of the power
system and providing reliable and efficient elecservice.

The world isn’'t steady-state, it's dynamic. Market operating conditions in today’s

thermal power plants are constantly changing wigstaggering number of variables to

juggle. Basic regulatory control systems are desigto keep a plant at established control
setpoints; however, they are not able to deternhireoptimal setpoints necessary for maximum
advantage in today’s highly competitive power gatien environment. The more dynamic and
complex the plant’s operation, the more difficdiist optimization becomes —involving many
simultaneous operating and regulatory constraitdegawith real-time fluctuations in prices,
costs, and equipment degradation. But within tlisglexity are significant profit-enhancing
opportunities, waiting to be unlocked by a systéat ttan take your basic control to a higher
level of performance.

While the competitive advantages that can be redlizith optimal setpoints are considerable,
the secret of true plant optimization goes furtf&mply delivering optimal setpoints to your

operators for manual implementation is impractiday

would need to make multiple setpoint changes etrele to five minutes, while simultaneously

ensuring that power and steam generation meet amto&d and regulatory requirements,
2



irrespective of host load and steam demands.

Thermal power plant is difficult to be controlledcarately due to the non-linear time
varying behavior of the system. Due to load demamahge, process modeling difficulties and
lack of suitable measurement of plants dynamics emalost of the conventional control

techniques unsuitable, objectives are left in theds of a human operator.

In order to overcome these difficulties, enginebave realized new controllers that
incorporate human experience using artificial ildehce such as Fuzzy logic. These controllers

are simples and lead to efficient solutions whiote g human like quality [1],[2].

1.2 -HISTORICAL DEVELOPMENT OF ELECTRIC POWER

Power plants have developed for supplying eletyritd the modern world, since a
century and half ago. Although other types of epdrave been used around the world, however,
electricity is the most versatile form for widespdedistributed energy. The power plants gen-
erate electrical energy after that it will be distited to consumers through a transmission grid
[3].

People first used muscle energy to gather food lanid shelters. Muscle energy was
used to grind grain with stones, chop wood withchares, and propel oar-powered ships. In
many instances in history, conquered people bectewes and provided muscle energy for their
conquerors.

Stones, axes, and oars are examples of tools #rat developed to make muscle energy more
effective. Water wheels and windmills replaced nrigower for grinding grain as long ago as
100 B.C.E. Wind and sails replaced muscle energlycam-powered ships. Early electric power

stations were driven by wind and flowing



water, and were built where wind and flowing watere available.
Furnaces use heat to melt rock that contains mstath as copper, tin, iron, and uranium.

Copper and tin were the first metals melted, aeg ttould be combined to form bronze.

I.3.STEAM-GENERATED POWER

Heating water generates steam, which is used anmstngines for converting thermal
energy into mechanical energy. Early steam enginese a piston that was placed between
condensing steam and air, as illustrated in Fig.When steam condenses, it occupies less
volume and creates a partial vacuum. The air onother side of the piston expands and can
push the piston. By alternately injecting steam ltithg it condense, the piston can be made to
move in an oscillating linear motion.

English inventor Thomas Newcomen invented the stetagme in 1705 and built the first
practical steam engine in 1712. Newcomen'’s steagimerwas used to pump water from flooded
coal mines. Steam condensation was induced in Neeots steam engine by spraying cold
water into the chamber containing steam. The r@guttondensation created the partial vacuum
that allowed air to push the piston. Aweight atextho the rod used gravity to pull the piston
back as steam once again entered the left-handbgraas shown in Fig.l.1.

Scottish engineer James Watt improved the effigieri¢che steam engine by introducing the use
of a separate vessel for collecting and condertsiagexpelled steam. Watt's assistant, William

Murdock, developed a gear system design in 178t éhabled the steam engine to produce
circular motion. The ability to produce circular nom made it possible for steam engines to

provide the power needed to turn wheels. Steamrmesgiould be placed on platforms attached
to wheels to provide power for transportation. Thbhs technology has been needed to develop
steam-driven locomotives, paddle wheel boats, ahgbsswith steam-driven propellers.

Furthermore, steam engines did not have to be Imgittr a particular fuel source.



Steam

Figure 1.1. Schematic of a simple steam engine.

[.L4.ENERGY: TECHNOLOGY AND THE FUTUR TRENDS

Steam-generated power was an environmentally dsdyrce of power that was
developed. Burning biomass, such as wood, or fégsi| such as coal, typically produced the
heat needed to generate steam. Biomass and fesisilere also used in the home. Attempts to
meet energy demand by burning primarily wood inesxrth-century Britain led to deforestation
and the search for a new fuel source . Fossilifutle form of coal became the fuel of choice in
Britain and other industrialized nations. Coal gabjch is primarily methane, was burned in

nineteenth-century homes.

The demand for energy had grown considerably byntheteenth century. Energy for cooking
food and heating and lighting homes was provide8uoying wood, oil, or candles. The oil was
obtained from such sources as surface seepagdsate blubber. Steam-generated power plants
could only serve consumers in the immediate viginit

of the power plant. A source of power was needatidbuld be transmitted to distant consumers.

In 1882, Thomas Edison was operating a first poplant in New York City. Edison’s plant



generated direct current electricity at a voltafyg@® V. Nations around the world soon adopted
the use of electricity. In 1889, a megawatt elecfrower station was operating in London,
England. Industries began to switch from generativegyr own power to buying power from a

power generating company.

But, a fundamental inefficiency was present in Bdis approach to electric power generation.

[.5.GROWTH OF THE ELECTRIC POWER INDUSTRY

The power industry started out as a set of indepmthy owned power companies.
Because of the large amounts of money needed td auiefficient and comprehensive electric
power infrastructure, the growth of the power indpsequired the consolidation of the smaller
power companies into a set of fewer but larger paveenpanies. The larger, regulated power-
generating companies became public utilities tlvatict afford to build regional electric power
transmission grids. The ability to function moréeefively at larger scales is an example of an
economy of scale. Utility companies were able tnegate and distribute more power at lower
cost by building larger power plants and transmisgjrids.

The load on a utility is the demand for electripalwer. Utilities need to have power
plants that can meet three types of loads: bask ioermediate or cycling load, and peak load.
The base load is the minimum base-line demandntinat be met in a 24-hour day. Intermediate
load is the demand that is required for severatieach day and tends to increase or decrease
slowly. Peak load is the maximum demand that masnbt in a 24-hour day.Electric power for
small towns and rural communities was an expensitension of the power transmission grid

that required special support.

I.6. ELECTRIC POWER GENERATION

The first commercial-scale power plants were hyldedc plants. The primary energy
source (the energy that is used to operate anrielaegenerating power plant) for a
hydroelectric plant is water flow. Today, most #letty is generated by one of the following
primary energy sources: coal, natural gas, oil,naclear power. Table 1.1 presents the

consumption of primary energy in the year 1999 psraentage of total primary energy



consumption in the world for a selection of primanergy types. The table is based on statistics
maintained at a website by the Energy Informatiodmiaistration (EIA), United States
Department of Energy. The statistics have beenideresl approximately. They are quoted here
because the EIA is a standard source of energynmafiion that is widely referenced. The
statistics give us an idea of the relative imparéanf different primary energy sources. Fossil
fuels were clearly the dominant primary energy seuat the end of the twentieth century.
Electric energy, however, is the most versatilers®wf energy for running the twenty-first

century world, and much of the primary energy isstoned in the generation of electric energy.

Table 1.1: Primary energy consumption in 1999 bgrgy type [4]

Primary energy type Total world energy consumption
oil 39.9%

Natural gas 22.8%

Coal 22.2%

Hydroelectric 7.2%

Nuclear 6.6%

Geothermal, solar, wind and wood 0.7%




Chapter 11

THERMAL POWER PLANT

Modern thermal power plants can generate power @MW to 1000 MW. Any thermal
power plant consists of a fuel storing system,eboturbine, generator, transformer, water handling
emission control system and other complementassaodes. All these units are managed in such a way
to generate, regulate electricity and ensure a gramtilict to the consumer.

A thermal power plant produces electricity starfimagn an energy source. This source can be ngasal
oils, nuclear or even solar energy. This energycedransforms the fluid, usually water, to a vapbis
vapor enters a turbine at high pressure and ttsnshaft, which, by the way, turns the shaft of an
alternator. The turbine transforms thermal enertgya mechanical one, and the generator transfosm t
mechanical energy into electrical energy.

To turn on the turbine, the pressure of the vapihresoutput has to be lower than that of the infis is
done by condensing the vapor downstream in theé&udsing a cold source like water. The condensed
water is always used as the source of the vaparhwimakes a closed thermodynamic cycle.

There are different types of thermal plants: flarbl@anuclear, solar and geothermal. In this chaibter
thermal power plants will be described such agdoca CAP-DJINET.

I[I.1.POWER PLANT EFFICIENCY

The operational strategy of electric power planas waditionally based upon the concept of
generating electric power with a reliability antdlé regard for fuel economy, since fuel was cheap
and abundant. However, since the sixties, duegevibrld economic crisis which gave rise to the
oil crisis of the seventies, the utility industrgdan to show more interest for a deeper
understanding of their own power plants with thgsotive of improving their economic behavior

In the fossil-fired power plant, high-pressure &igh temperature boilers are used for generation

of electric power large capacity. Also, steam terapuee deviation must be kept

within + - 5% in order to maintain boiler operatiefficiency and equipment life time all as to

8



ensure safety. This control performance is depender flow and fuel flow.

Energy in general, and electricity in particuldays a vital role in improving the standard

of life. A good example for thermal power plant denfrom India, it has abundant proven reserves
of coal of about 95 billion tonnes (Ministry of p2006) and thusaal-based thermagower

plants dominate source-wise mix with 55%

installed capacity of a total of about 1,24,000 MiMenistry of Power, 2006). The power plants

in India are coal-based operating on sub-crititeduis conditions.

The indigenous coal used is of low grade with naheratter content as high as 45%. In order to
address increasing electricity demand and conaerarfvironmental safety it is imperative to
install power plants based on advanced coal teolgred which are (more) energy efficient,
environmentally acceptable, and economically viaBleergy and exergy analysis provides insight
into losses in various components of a power géingraystem. Unlike energy, exergy is not
generally conserved but is destroyed. So, the iitgjoirthe causes of irreversibilities like heat
transfer through a finite temperature differendegmical reactions, friction, and mixing are
accounted by exergy analysis (Cengel and Boles})2&bsen (2001) has compared the
performance of operating coal-fired and nucleaarstpower plant located in Canada of unit size
of approximately 500 MWe using a process-simuladspen Plus. Chew (2003) reviewed the
sensitivity of supercritical steam plant cycle peniance to operating conditions. Recently, Bugge
et al. (2006) have presented the status and penggeetor the AD700 technology which involves
the development of a coal-fired power plant withash temperature of 7000The plant

efficiencies of old poweplants are still around 30% based on lower heatahge (LHV) of fuel

and modern subcritical cycl¢s00 MWe unit size) have attained efficiencies lobat 35 - 38%
(LHV). Further improvement in plamgfficiency can be achieved by using supercrititadm
conditions. Enhanced efficiency results in reduesikssion of CO2 / unit KWh. The first
supercritical coal fired power plant have beingatied at with unit size of capacity 660 MWe
(NTPC annual report, 2006)



[1.2.CAP-DJINET POWER PLANT [5]

CAP-DJINET power plant that belongs to SONALGAZ Caany is located in the front of
the sea in CAP-DJINET, BOUMERDES. It has been mbgethe Austro-German companies:
SIEMENS-KWU-SGP which was in charge of the study the supervision of the plant’s construction.
Another company, Spanish (DRAGARDOS), has instatedpipelines and water pumping unit that
pumps water from the sea. In addition, the Alger@ampanies such as ENCC, ETTERKIB,
BATIMETAL, GENISIDER, INERGA, SNLB, PROSIDER, ENATB), SNIC, GTP, SONATRAM,
and SOGEP were contributed in the constructionARPDOJINET power plant.

CAP-DJINET power plant contains 4 thermal-vapotsumith a capacity of about 176 MW
each, and a total of 706 MW. Generally amount @\B# is transmitted to the network and power of
32MW is consumed internally in the plant. A bottest serves the plant consumes 40,006 s per
hour when operating at full load. This gas is pipg from HASSI R'MEL.

[1.3. UNIT DESCRIPTION

Fuel (gas) is fed into the boiler where it is bdriveorder to heat water and rise its temperature
to 540°C (1000F) in order to produce steam thaalaessure of about 160 bar in the boiler. When it
enters the turbine, the steam is at a pressureldetvgeen 138 to 140 bar. The steam spreads through
the turbine that consists of rows of blades atthéihe shaft. The steam moves the blades of thér
which in turn rotates the shaft of a generator. fbt@tion of the generator induces alternatingerurr
in the windings of the stator. To ensure that tteereating current is maintained at the constaajufency
(50 Hertz), both turbine and generator rotate abrastant speed (3000 rpm). The produced output
voltage (15.5 kV) will be transformed to 6 kV bggtdown transformer for internal use, and to 220 kV
by a step-up transformer, in order to ensure efiiciransmission over the entire network. A simple
schematic of CAP-DJINET thermal Power Plant is showFig.l.1

10
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Figure 1.1 Simplified schematic diagram of a thairpower plant.

The production of electricity in the power plant@AP-DJINET starts from the thermal energy and
takes different transformations. These transfoonatoccur in different units which are mainly:

* boiler

* steam turbine

* synchronous generator

* transformer

» condenser

[1.3.1. Steam generator (Boiler)

A boiler (usually called a steam generator) ioaed vessel in which water flows in transporting
tubes. This water is heated under high pressuréramsformed into steam that turns the group-tarbin

generator. The type of boiler used in the Cap-Dpoever plant is the

11



drum one, which means a large drum is used as@ogdor fluid (no extracting pumps are usedesied
back the water into furnace chamber). In the haitersteam attains a temperature of 540° andsapes
of 160 bars.

[1.3.2. Steam turbine

The steam turbine is a mechanical device that asntreermal energy from pressurized steam
into useful mechanical energy to rotate the shadt generator.

The turbine makes use of the fact that steam sttaihigh velocity, when passing through a small
opening. The attained velocity during expansioneddp on the initial and final heat content of the
steam. This difference in heat content represeatsdat energy converted into kinetic energy duinag
process. The steam turbine is composed of higbyregHP), medium pressure (MP), and low pressure
(LP) cores. All these units turn at a speed of 3TROMIN.

To start the turbine, the electro-hydraulic mosswitched on in order to have an initial
speed of 150 TPM (2.5s-1) and the safety valveopemed. After that, the speed controller is
selected by the main controller until the set paintspeed of 2820 TPM (47s-1) is reached.
When speed of 2820 TPM is reached; the synchronviaees the speed set point from 2820
TPM to 3180 TPM (53s-1) until the group is synchzed with the network at a speed of 3000
TPM (50Hz) and the alternator is coupled with tle¢work. Hence, the group starts to deliver
power to the network.

At that time, the selector takes the control bysthg the appropriate controller. Since a speed
of 50Hz is reached, the selector selects the paaetroller that controls the generated power
according to the network need (depending on thd)loBhe pressure controller is selected in
case of pressure drop that is not recovered bligdfer in a desirable time.

To stop the turbo-alternator group, the group sydehronized from the network. The valves are
closed by the speed controller until a speed of PBM (3.5s-1) is reached. Hence, the electro-
hydraulic motor starts. When the valves are totelbsed, safety valves close, and the electro-
hydraulic motor keep working until the turbine caolhe complete flow chart of the turbine

operation is shown in Fig.Il.2
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[1.3.3. Synchronous generator

A synchronous generator (alternator) converts nmécdlaenergy to electrical one with an
alternating current (AC). It consists of two ess¢émements: the stator and the rotor. A directert
(DC) is applied to the rotor winding to produce agmetic field. By the rotation of the rotor (théatmn
of the magnetic field), a three-phase voltage dsigad in the stator windings. The parameters of the
generated voltage are: apparent power of 220 M\&ep of 176 MW, voltage of 15500 V+10%,
current of 8165 A, and a frequency of 50 Hz.
Each group in CAP-DJINET contains three alternasrshown in Fig.11.3.

Vaoltage | i
I =
reguliator [ a1kl
Exciting pilot - _ | ) JH 1 3
1 mator) Fring angle F ! i —
(attematy] ol Exciting Current ™ | :
T = L= e ;_;_,— =
_ ."/ —— — L = 7 B
Turbing —r— | ; | __‘;J_ —|-|:'—I-— .[__;i; :,-‘ i |
\ A | o o R L.
hs i e -\.,\._\_\___'__. h L
Thymistor Principle excier  [ipde Bridge Mzin
bridge (ahematory  (bemn with shaft)  Alternator

Figure 11.3: Schematic diagram of the synchronoasayator.

The turbine turns the exciting pilot which contagnesatural magnet’s rotor. This alternator gengrate
current at the stator which is converted to DCenirby the thyristor bridge. The voltage regulator
controls the RMS of the DC current by changinditireg angle. After that, the DC current is trameéel

to the rotor of the principle exciter. The prineipxciter generates an AC current that is condente a
DC current through the use of Diode Bridge. This @@ent is transferred to the rotor of the main
alternator which is called the exciting curréifte main alternator generates a three phase cwitbra

voltage that depends on the exciting current.
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1.3.4. Condenser

A condenser is a heat-exchange system, mountbe atutlet of the low pressure core of the
steam turbine to condense steam. The condenseasesr the efficiency of the turbines. From the
bottom of the condenser, powerful pumps recyclectimelensed steam (water) back to the feed water
heaters for reusing it again. The heat absorbatébgirculation cooling water in the condenser $ube
must also be removed to maintain the ability ofitlager to cool as it circulates. A proper operatibtine
condenser requires access to a large amount of thatefore, the sea water is used.

It has been proved that the efficiency can be ingaowhen feeding back heated water; the gas
consumption is much lower than that for a coldlididtwater.

[1.3.5. Heaters

Heater are the main elements of the Rankin cybleir Tole is to gradually heat up both the water
coming from the condenser and the one extracted figh and intermediate pressure parts of the
turbine.

[1.3.6. Transformer
There are two main transformers, the step dowsfoaner that converts the 15.5 kV to 6 kV for
internal uses, and the step-up transformer thaectsthe voltage from 15.5 kV to 220 kV (see Fig)l

This will decrease the current, which in turn redlanergy loss and hence ensure efficient trangmissi
over the network.

Circult

S 1 itclegistond brezker
r - N.-""’_h"" AT ey 22300 kY
| G ) o i ﬂk; '-‘rlr ) ¢ A e s Hetwork
'] ifr LY | ] ¥ § 1
e Couplor R =
A |bmrnsbor Ch

Step dawn TR,
Transfarmer Bk

6 3IkV

Agwliany unst

Figure 11.4: Alternator connection to the network.
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[1.3.7.Steam Plant (Rankin) cycle

The Rankin cycle is the most widely used cyclediectric power generation as shown in
Fig.Il.5. The steam cycle is based on dry saturstieim being supplied by a boiler to the turbire T
steam from the turbine exhausts to a condenser \Vituch the condensed steam is pumped back into the
boiler passing through heaters.

Higher plant efficiency is obtained if the steanmiially superheated, and this means that le=anst

and less fuel are required for a specific outpaaters are often used in large utility plants beedoey

give additional steam energy to the low-pressuréiquoof the turbine; thus, increasing the overall
plant efficiency.

By adding regenerative feed water heating, the iRarykle is improved significantly. This is done by
extracting steam from different stages of the hebi

(three extractions from high pressure core, twmfneedium pressure core, and one from the condenser)

to heat the fed-back water as it is pumped fronctimelenser to the boiler to complete the cycle.

Suipir-hiEates ‘ J-—""I
-_-'-

- =g

Comdarwer |

Baoller

Ceonamiies

:
2

Hester

Figure 11.5: Schematic diagram of the Rankin cycle
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[.4- OVER ALL PLANT PRESENTATION
Figure 1.6 shows the overall thermal power plamistruction, and the main components with

the auxiliary equipments.
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Figure 11.6: Overall power plant schematic diagram.

Chapter 111

FUZZY LOGIC

Nowadays, instead of conventional control techrsgueodern control techniques have
been implemented in many industrial plants. In gtigly, a fuzzy logic-based control technique
to regulate the turbine output of a 176 MW thermalver plant has been carried out. For
comparison purpose, a conventional proportionaggral and derivative (PID), a fuzzy logic
(FL) and a fuzzy gain scheduled proportional artdgral (FGPI) controllers have been applied

to the power plant.

1.1 THEORY
I11.1.1 Fuzzy Sets

This section summarizes the basic concepts andiomteof fuzzy set theory and fuzzy
logic that will be needed in the following sectior&@ince research on the subject has been
underway for over 30 years it is difficult to covat aspects of developments in this area. A
detailed treatment of the subject may be founefarences [6], (Zadeh,1965), (Zadeh,1973) and
(Zimmermann, 1985).The idea of fuzzy sets is intaetl by the way of an example. Débe the
range of temperature values known as the univdrdsoourse (or more simply universe) and its
elements be denotedasLet A be a set of high temperature values that areast [@0°C and

f,(X) be the function called the characteristic functbr.

f.(9): X - 0,1 (11.2)
Where
f,(x)=1if xOA
f,(x)=01if xOA
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This set maps univers¥ to a set of two elements. For any element x ofvense X, the

characteristic functiorf ,(x)is equal to 1 ik is (= 30C) belonging to sef, and is equal to 0 ¥

is (< 30°C) not belonging to sAt A is commonly known as a classical or crisp set tvimas a

“clear-cut” boundary. The characteristic functidnR(x) is shown in Fig.lll.1. It describes the

crisp set of all temperature values greater thaagoal to 30°C.

..i'r.,c {x)

14 |—

0 > .
30 x (')

Fig. 11l.1 Characteristic functionf ,(x) of all temperature values greater than or equaB®5C.

In a crisp set, the almost identical elements titeetemperature values of 29.9°C and 30.1°C are
treated as being completely different. On the othend, a fuzzy set is a set with a vague
boundary. Each value of temperature is associatdd avdegree of membership. A degree of
membership may assume values between 0 and 1.isTitae transition from “belonging to a

set” to “not belonging to a set” is gradual. A fyzetA of universeX is defined by, (x) called
the membership function (MF) afin A.

U (X): X - [0,]] (mn.2)
Where

U (X) =1 if xis totally inA,

U,(X) =0if xis not inA at all,

O<u,(x)<1lifxis partly in A.

Figure 111.2 shows the membership functipn(x) of all temperature values, e.g. the temperature

19



25°C with a value of 0.7. This means the tempeeati?5°C corresponds to the property “high
temperature” with a membership degree of 0.7 crabedrom O to 1. The closer the membership

degree is to 1 the more stronglgatisfies the property “high temperature”.

<uA (x)

0.7

25 30 50

Figure 111.2: The membership functiog, (x) of all temperature values.

Obviously the definition of a fuzzy set is a natwegtension of the definition of a classical set in
which the characteristic function is permitted tvé continuous values between 0 and 1. If the

value of the membership functiop,(x)is restricted to either O or 1, thénis reduced to a

classical set, angl,(x) is the characteristic function &f

[11.1.2.Linguistic Variables and Linguistic Values

The following simple example serves as an intradacto the concept of linguistic
variables and linguistic values.
In everyday communication, we often use short see® which give the same information as
longer ones. When we say that "the weather is @b Wwe actually mean that "the weather's
temperature belongs to the too hot (very high)gmte" Even if we knew that the temperature is
exactly 42°C, in everyday communication we
prefer saying that "the weather is too hot,” as weuld assume that there is a common
understanding what a very high temperature in vegddrms means.

The term temperature may attain two different valuimerical (42°C) and linguistic (too hot).
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Variables, for which values are words or sentencaher than numbers, are called linguistic
variables. In this example, the variable tempeeatnay have linguistic values such as very high
(too hot), high, medium, low, and very low. Thisafy linguistic values are sometimes referred
to as fuzzy sets.

A fuzzy set is uniquely specified by its membershupction. To describe membership functions
more specifically, the nomenclature used in trexditure (Jang, 1997) will be followed.

-Support

The support of a fuzzy sétis the set of all pointsin X such thaty, (x) >0

Support(A) ={ x/ u,(X) > 0} | (®)
-Core

The core of a fuzzy sétis the set of all pointsin X such thatu,(x) =1

Core®) ={ x/ ,(¥ =1 (11.4)
-Normality
A fuzzy setA is normal if its core is non-empty. In other warde can always find a point
x[O X such thatu,(x) =1 (11.5)
-Crossover points

A crossover point of a fuzzy satis a pointxd X at which z,(x) =0.5

crossove( A={ %u,( x=0.5 (111.6)

-Fuzzy singleton

A fuzzy set whose support is a single poinKiwith y,(x) =1is called a fuzzy singleton

Corresponding to the ordinary set operations, umgn, intersection and complement, fuzzy sets
have similar operations, which were initially defthby

Zadeh[1l]. These fuzzy sets operations are contaihr{@ subset), union (or disjunction),
intersection (or conjunction), complement (or neggt Cartesian product and co-product,

As mentioned earlier, a fuzzy set is completelyrabizrized by its MF. A more convenient way

to define a MF is to express it as a mathematarahdla.
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[11.2. Types of Membership Functions

Eight types of membership function (MF) will be deked. They are bell MF, triangular
MF, Gaussian MF, two-sided Gaussian MF, pi-shapdfl product of two sigmoidal MFs,
difference between two sigmoidal MFs, and trapezididi.

[11.2.1.The triangular MF

The triangular MF is expressed as:

0,x<a
s;a,as x<b
uxauq:c_j , (111.7)
—— . b<sx<c
c—-b
0,c<x

where the parameteas bandc describe the shape of the triangular MF.

[11.2.2.Trapezoidal MF
Trapezoidal MF is expressed as:
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where the shape of the trapezoidal MF is decidetthéyparameters, b, candd.

111.2.3.Gaussian MF

For the Gaussian MF, the expression is:
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_(x=¢)?

f(xco)=e 2 ().
where the parametecsand o decide the shape of the Gaussian MF.

[11.2.4.The two-sided Gaussian MF
The two-sided Gaussian MF is expressed as:

f(x¢,c,0,,0,)=11,¢< X< G (11.10)

where the shape is decided by the paramefgrg and o,,c, which correspond to the widths

and centers of the left and right half Gaussiarctions.

I11.2.5.Bell-shaped MF

The bell-shaped MF, is expressed as:

1
X—C

a

f(x,a,b 0=
1+

% (I11.11)

where the parametess b, andc describe the shape of bell-shaped MF.

The product of two sigmoidal MFs is expressed as:

1
(1+ galce )(1+ ga(x9 )

f(x3,6.8,6)= (.12)

where the parametess, ¢, a,, ¢, describe the shapes of two sigmoid MFs

The difference between two sigmoidal MFs is expdsss:
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oo 1
B ‘ (1+e2 ) (1+ga*® )‘

f(xa.G a,6) (I11.13)

where the parametess, ¢, a,, ¢, describe the shapes of two sigmoid MFs

The pi-shaped MF is the productdghape an® shape functions. It is expressed as:

(I1.14)

f(x’a,c):{s(x C-a C), X },

Z(xcct+ a, x

wherec is the centre and a ( > 0) is the spread on ddelo$ the MF.

.3.FUZZY RULES

[11.3.1. if-then Rules

The goal of fuzzy systems is to mimic a human dpe&saaction or to make humanlike
decisions by using the knowledge about a targeesyéwithout knowing its model).
This is achieved with fuzzy if-then rules (alsmlum as fuzzy rules, fuzzy implications, or fuzzy
conditional statements. For examplex I§ A theny is B
wherex and yare linguistic variablesA and Bare linguistic values determined by fuzzy sets on
(ranges of possible values) universe of discouxsasd Y respectively.
Often theif part of the ruléx is A” is called the antecedent or premise part andnie part of
the rule Y is B” is called the consequence or conclusion part.
Due to their concise form, fuzzy if-then rules afeen employed to capture the imprecise modes
of reasoning that play an important role in the hamability to make decision in an environment
of uncertainty and imprecision.
The following examples describe the difference leetvclassical and fuzzy rules

A classicalif-thenrule uses binary logic, for example,

Rule: 1
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If the temperature iz 30°Cthenthe weather is hot
Rule: 2

if the temperature is < 20%enthe weather is cold

In this example the linguistic variable temperatcae have any numerical value between 0 and

50°C, but the linguistic variable weather can aialje either value hot or cold. In other words,

classical rules are expressed in the true or false.

A fuzzy if-then rule of the above example can bpregsed as:

Rule: 1

if the temperature is highenthe weather is hot

Rule: 2

if the temperature is lothenthe weather is cold

Here the linguistic variable temperature also hasrange (universe of discourse) between 0 and

50°C, but this range includes fuzzy sets, sucloas medium, and high. The linguistic variable

weather may include fuzzy sets as cold, warm andTius fuzzy rules relate to fuzzy sets.
Another form of fuzzy if-then rule, proposed by K&gi, 1983), has fuzzy sets involved

only in the premise part. The consequent part éi@aSugeno (TS for short) fuzzy if-then rule

is a real-valued function of the input variablest@ad of a fuzzy set. A TS fuzzy if-then can be

expressed in the following general form:

if x, isA andx is A ,theny= f(x,%,....% ), (11.14)

where f () is a real-valued function.

[11.3.2.Fuzzy Reasoning

Fuzzy reasoning, also known as approximate reagpisin inference (inferencing is the
process of reasoning about a particular state efuhderlying system, using all available
knowledge to produce a best estimate of the ougaijedure that derives conclusions from a
set of fuzzy if-then rules and known facts. Befakescribing fuzzy reasoning, we need to
understand the concept behind the composition& difl inference, which can be found in
(Zadeh, 1973).
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Several types of fuzzy reasoning have been usddkititerature, a sample of these can

be found in (Lee, 1990). In general, the procedszy reasoning can be divided into four steps:

[11.3.3.Degree of compatibility

Compare the known facts with the antecedents dyfuales to find the degrees of compatibility

with respect to each antecedent MF.

[11.3.4.Firing Strength

Combine degrees of compatibility with respect tteaedent MFs in a rule using fuzzy
AND (intersection) or OR (union) operators to foanfiring strength that indicates the degree to

which the antecedent part of the rule is satisfied.

[11.3.5.Qualified (induced) consequent MFs
Apply the firing strength to the consequent MF ofride to generate a qualified

consequent MF.

[11.3.6.0verall output MF
Aggregate all the qualified consequent MFs to obsei overall output MF.

[11.4.Fuzzy Inference Systems

The fuzzy inference system is a popular computragnéwork based on the concepts of
fuzzy set theory, fuzzy if-then rules, and fuzzgsening (Jang, 1997). It has found successful
applications in a wide variety of fields such asoaatic control, data classification, decision
analysis, expert systems, time series predictiobptics, and pattern recognition (Jamshidi,
1997). Because of its multidisciplinary nature, thezy inference system is known by numerous
other names, such as fuzzy expert system (Kan@8R)1fuzzy model (Sugeno, 1988), fuzzy

associative memory (Kosko, 1991), and simply fuzgstem.
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Figure 111.3: The basic components of a fuzzy iefee system

A fuzzy inference system (FIS) consists of fourdiional blocks as shown in Figure 1l1.3.
Fuzzification:

transforms the crisp inputs into degrees of matith lmguistic values.

Knowledge base:

consists of a rule base and a database. A ruledmdains a number of fuzzftthenrules. A
database defines the MFs of the fuzzy sets ustiebifuzzy rules.

Fuzzy inference engine:

performs the inference operations on the rules.

Defuzzification:

It transforms the fuzzy results of the inferenu® ia crisp output.

As indicated in Fig. 111.3, the FIS can be envigdnas involving a knowledge base and a
processing stage (consisting of fuzzification, fur#erence engine and defuzzication stages).
The knowledge base provides MFs and fuzzy ruleslewdor the process. In the processing

stage, numerical crisp variables are the inpubefdystem. These variables are passed

through a fuzzification stage where they are tramséd to linguistic variables, which become
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the fuzzy input for the fuzzy inference engine.sThizzy input is transformed by the rules of the
fuzzy inference engine to fuzzy output.

The linguistic results are then changed by a défa#ipn stage into numerical values that
become the output of the system.

Depending on the types of fuzzy reasoning and fufz#hyen rules employed, a fuzzy inference
system can be classified into three types: The

Tsukamoto-type FIS (Tsukamoto, 1979), Mamdani-typp8 (Mamdani, 1975) and Takagi-
Sugeno-type FIS (Sugeno, 1988). An in depth amalyseach of these fuzzy inference systems
can be found in (Jang, 1997).
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Chapter 1V

POWER PLANT MODELING

The dynamic behavior of industrial plants heavigpdnds on disturbances and in
particular on changes in operating point. Thisasgtipularly the case for thermal power
plants. Such plants represent from the controlrexeging point of view a time-variant
and nonlinear multivariable process with strongerattions. Therefore, they are very
difficult to control them [7][8].

Power plants have some inputs and outputs. The imgir variables of a thermal power

plant are fuel flow, feed water, injection waterdaar. The outputs of the system are
electrical power, steam pressure, steam temperaance combustion gas as shown in
Fig.IV.1. Some of the inputs and outputs are morpartant than the others since these
are adequate for modeling the power plant. Thesd~ael feed and feed water flow as

the inputs, and the electrical power as the outilugrated in Fig. 1V.1,[9].

Power plant is a multivariable dynamic system. Mafsthe thermal power plants
have been controlled by conventional controllehtegues, especially conventional PID
or PI controllers for many years since these cdletare easy to implement on systems
due to their simple structures. However, changiggpower demands, quality differences
of the Fuel and contamination of the boiler heasngaces are problem for controlling
the system outputs with conventional controllensadidition, although there is a reduced
mathematical model of a power plant, it is usuathpn-linear, time-variant and governed
by strong cross-coupling of the input variabled.tAése problems are removed by using
advanced control techniques [10]. One of the m#&gohniques is fuzzy logic control.
There have been many improvements in the theothisfcontroller design during the
last decades. Consequently, this technique has Wwibsly used in power plants [11],
[12].
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In this work, three different control techniqgues@deen applied to regulate the power
output of the thermal power plant comparatively][1Bhese techniques are a PID
controller, a fuzzy logic controller (FLC) and azhay gain scheduled Pl controller
(FGPI).

V.1. SYSTEM MODELING

The investigated plant represents a 706 MW comieinalt block consisting of a
generator/steam turbine unit providing 672MW eleeatrpower [18] due to a fuel fired
once-through boiler with live steam at 140 bar 888°C.

.The power plant consists of boiler, turbine andegator. The boiler can be modeled by
a strongly coupled multivariable system. This makegery interesting from a control
engineering point of view. In the boiler, the cheatienergy is converted to thermal
energy.

The dynamic behavior of a boiler heavily depends rmany different operating
conditions, as explained below:

- The efficiency of the fuel feeder decreasesnreti

- drying of heating surfaces, burners, feederscgiigse changes in the system dynamics,
- changes in reference variables and load reprebsamiges in the operating point,

- changes of the outlet temperature of the gadnerim a combinational power station
block due to climatic changes may strongly influetize boiler dynamics.

The dynamic and static properties of the systent ipeisvell known to design an
efficient controller. On the other hand, it is cdiogted to handle such a complex system
with several inputs and outputs. Therefore the rmmapbrtant input and output variables
will be used for model buildings. For the investeghpower plant, two inputs (Air flow
and Fuel feed) and one output (Power ) variablessafficient to describe the desired

process behavior as shown in Fig.IV.1.
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Fuel Fee > Electrical Power
Power
Feed water Flow > |, Steam temperatu
Plant
Air flow N ., Steam pressure
Iniection Water Flo\ > ., Combustion Ge

Figure IV.1 Power plants as multivariable dynamystem.

The fuel feed and air flow is chosen as input \@eis. The output variable is electrical

power. The speed of power change depends on amlgtédam generator. That means, by
this operation, the steam generation immediateflyences on the generated electrical
power, which is important for the user.[14] [15].

Control diagram of the power plant model is showiig.IV.2.

v
c
<

4

Power set e \Y; Power

- Power Controller

Figure 1V.2 Power plant model.

In the Fig.IV.2, three controllers having diffetestructures are used to control the
outputs. These controllers were applied to theesysine by one. For this reason, first a
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PID and following a FL controller and finally a FGPontroller were applied to the
power system as power controller. The process msd#lown in Fig IV.3
Simulation have been done using Powerful softwa®TMAB, Parameters that have

been used for simulation have been taken from stéarhine generator (SIEMENS-
KWU-SGP) of 176 MW manufactured by consortium ofs&ia-germane.

The syste model is shown in Fig 1V.4, [16] [17]istwidely used for Thermal power

plant having approximatively the same characte(istput/output) as Cabdjenet pow
plant.

=
B le R |«
Load AP
+ | - 1 ) )
Y T+ sT_ 1+sT K T T Ko
Controller s M 1+sT > sT, 1rsT ST,
Governor Reheater Turbine Power system

Figure IV.3 The structure of power plan Model.

The correspondent constant values are the follawing

Governor time-constant T, =0.08s

Turbine time-constant T.=0.3s

Reheater time-constant T =10s

Power system time-constant T,=20s

Power system gain K, =120hz/p.uMwW
Speed regulation due to governor action R=2.4hz/ p.uMW
Reheat coefficient K, =0.5
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Frequency bias setting B=0.42E
From the closed-loop characteristic equation, takikty conditions for the system with t

using proportional-integral control are found as :

T +T+T)UT,+1/T+1/T)- I+ K,/ + K /F
( g t p)( g t p) ( Kp R)<kp< lﬂ) (IVl)
K,B K,B

And

_, WrK, IR+ K,Bk) (k0 v.2)
KB (T T+ T+ T, T)

Where

a:(T9+Tt +T).Q/T,+1/T+1/T)- I+ K /R K Bk) (V.3)
/T, +1T+1/T))

With the specifications given in above, we have:

1<k, <5.347: (IV.4)

O<k <2.252 (IV.5)

IV.2. PID CONTROLLER

In steady state operation, a PID controller regglahe value of the output so as
to drive the error (e) to zero. A measure of thereis given by the difference between
the set point (SP) (the desired operating point) ttie process variable (PV) (the actual
operating point). The principle of PID control iaded upon the following equation that
expresses the
output, M(t), as a function of a proportional teram integral term, and a differential
term:

Output = Proportional term + integeaim + Differential term
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t
M(t) =K, De+ K K [ edt My, + K K Odé d (IV.6)
0

M (t) : The loop output as a function of time

K : The loop gain

K. : The proportional constant of the integeai
K, :The proportional constant of the differenteam

e : The loop error (difference between sehipand process variable )

M : Initial value of loop output.

initial
In order to implement this control function in aital computer, the continuous function
must be quantized into periodic samples of therefatue with subsequent calculation of

the output.

The corresponding equation that is the basis ®ictmputer solution is:

Output = Proportional term + integeximh +  Differential term

M) =K, Ce+ K K> g+ M, + K K Odéd d (IV.7)
M, :The calculated value of the loop output at s@tiphe n

K, :The loop gain

e, : The value of the loop error at sample time n

e - Thevalue of the loop error at sample time n-1

e, : The value of the loop error at sample time x
K, : Proportional constant of integral term

M, .. - INitial value of the lop output

Kd : Proportional constant of the differential term

From this equation, the integral term is shownedatdunction of all the error terms from
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the first sample to the current sample. The difieat term is a function of the current
sample and the previous sample, while the propmatiterm is only a function of the
current sample. In a digital computer, it is noagtical to store all samples of the error
term, and it is not necessary. Since the digitahmater must calculate the output value
each time the error is sampled beginning with ih& Sample, it is only necessary to
store the previous value of the error and the previvalue of the integral term. As a
result of the repetitive nature of the digital cargy solution, a simplification in the
equation that must be solved at any sample timéeanade. The simplified equation is:

Output = Propotionel term + integrahtet  Differential term
M(t)=K,Oe+ K K Og + MX+ K K, 0(g~- &,) (Iv.8)
MX : The previous value of the integral term (at skentine n-1)

IV.2.1.The Proportional Term of the PID Equation

The proportional term MP is the product of the g@{&), which controls the sensitivity
of the output calculation, and the error (e), whihhe difference between the set point
(SP) and the process variable (PV) at a given satipk.

The equation for the proportional term is
Kp[le:+Kp(SF,’\,— P\() (IV.9)

K : The loop gain

p

SR, : The value of set point at sample time n

PV, : The value of process variable at sample time n

IV.2.2- The Integral Term of the PID Equation
The integral term Ml is proportional to the sumtloé error over time. The equation for

the integral term is:
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KK, Oe, + MX = K, OTg Ti( SR- PY)+ M> (M)

K. : The loop gain
Ts : The loop sample time
Ti : The integration period of the loop (integratione)

IV.2.3.The Differential Term of the PID Equation
The differential term MD is proportional to the dgg in the error. the equation for the

differential term is:

K,K, (e, - &.) = K,OTd Ti{ (SB- PY)-( SR- P\ }
(IV.11)

SR = SP,
To avoid step changes or bumps in the output dudetovative action on set point
changes, this equation is modified to assume tieasét point is a consta®P = SP,.
This results in the calculation of the change i pinocess variable instead of the change

in the error as shown:

K Ky e,~e,,)= KOTd T PY,- PY) } (IV.12)

Td : The differential period of the loop (derivatitrene)
IV.3. Control Strategies

IV.3.1 Existing Control Strategy

The most modern thermal generation plants use tat@cheme that is usually named an
integrated or coordinated control system. This tgpeontroller simultaneously adjusts
firing rate, pumping rate, and turbine throttling order to follow changes in load
demand. Such a coordinated control mode is showfigniV.3 In this type of control,
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both pressure and generated output are fed backhéor control of both boiler and
turbine. In this manner, it is possible to achi#we stable and smooth load changes of the
turbine-following mode and still enjoy the prompsponse of the boiler-following mode.
This is accomplished by making maximum use of thailable thermal storage in the
boiler. Both pumping and firing rates are made prtipnal to the generation error so
that these efforts are stabilized as the load ammes the required value. Pressure
deviation is controlled as a function of the thelrstarage and the generation error.

The turbine controls the frequency and power thatupplied to the electric network. To
control these parameters, the turbine uses thieeeational

controllers for speed, power, and pressure. Moeg,dlie selector makes decision which
of these controllers takes control. The selectedrotler acts on the inlet of the turbine
(inlet of HP and MP cores); by acting on the positsetter that acts on the valves of the
turbine inlets.

Nowadays, the control strategies for the thermahplare organized using different
hierarchical levels. In the supervisor levels, ¢batrol strategies are coordinated and the
process set-points are determined.

However, in the regulations level, the control Ieayf the dynamic parameters of the

power plant have been implemented.

|‘ S | Lo
| J
™| Btection L_:Re@laﬁm Clontm] Lz
] - 1 Level
i t | I

Aralogue snd digts signal | |

P OCEssing Control of power units ‘

‘ Digtrikution )
it Ingtalistion
D 2
— | [ G =—
|

Fig.IV.4 Block diagram of DCS controlling systenpower plant.
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IV.3.2 A Proposed Control Strategy

The proposed controller is based on supervisorl lévat is required to determine
automatically the optimal process set points ofula&ipns level using an economic
optimizer and considering the process environmesatdl operational constraints. After
that the supervisor level makes correction contirsiyothrough the use of Fuzzy logic to
the existing conventional regulations. In orderingplement such control strategy, a
distributed control system (DCS) is required asash Fig.IV.4. The DCS controlling
system is based on computer associated with PLIIis. computer is supervisor level
that is required to determine automatically therogl process set points of regulations
level. After that the set points values are sentPtdC’'s that act as the existing
conventional regulations. This distributed contsystem employs PLCs as direct
controllers. In our design, four PLC’s of Siemenr2(® CPUs are used, wherein control
loops algorithms are implemented to act in respevidethe supervisory controller; three
of them are used to control boiler turbine and gatoe dynamics separately and the
fourth one is dedicated to safety measures. [19] [1

Fig.IV.5 Power Plant Model using Simulink.
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IV.3.3 Power Plant Modelusing Simulink /Matlab

Simulator has been developed for steam turbinergtareusing the powerful software
program Matlab/Simulink. It includes boiler, steanmbine and generator as shown in
Fig.IV.4. Parameters that have been used for ge#hiis simulator have been taken from
steam turbine generator (SIEMENS-KWU-SGP) of 176 MdAated in Cap-Djinet.

The used conventional controllers which are simplegructure are not suitable for non-
linear, higher order, time delayed and complexesystthat have no precise mathematical
models. Besides, these controllers need frequemdtthat is not easy task and is also
time consuming.

Several methods have recently been developed, ofidsem are based on controllers
with fuzzy system without incorporating any on liredaptive structure and its
applications particularly for combustion controllfiler.

Fuzzy systems, as an artificial intelligence apphoaemerge in power plant as a
complement to mathematical approaches. For a cdrapséve survey of fuzzy set theory
in power plants, the reader is referred to chalpiter

Fuzzy-logic controllers (FLC) can be classified kaowledge based systems (KBS).
There are principally two classes of KBSs; namslypervisory expert control systems
(SECS) and direct expert control system (DECS),[20]. SECS’s use FL to tune the

controller in the main loop.

IV.3.4 Adaptive Error Factor

For simulation, The error resulting from actual Rovand requested one were used,
another option to improve the performance, canhleeatlaptive variable error set point.
When there is dynamic change due to load demamyehthe adaptive error calculation
is proposed by taking into consideration the défere between the actual specific heat
consumption and the required one. An adaptive gwbich is equivalent to the required

(adaptive) at particular load, is calculated akfos:
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Or
B

Ea— stp —( ke )

(IV.13)
where, k is constant (in this case 9.6); Benerated power, andsfCspecific heat

consumption set-point determined from the charestieiof the power plant.

IV.4. TURBINE CONTROLLER

The turbine is another important unit in the poywkant. It controls the frequency
and power that is supplied to the electric netwdr&. control these parameters, the
turbine uses three PID controllers: speed, powat, @essure controller; in our studies
we will be interested to the power only as mairapaeter, the selected controller acts on
the inlet of the turbine (inlet of HP and MP cordsy acting on the position setter that
plays on the valves of the turbine inlets.

When starting the turbine, the speed is controliedil the generated power
frequency reaches the desired one; during this tiraegenerator is not connected to the
electric network. When the desired frequency ished
(50 Hz), the generator is synchronized with thectele network by mean of the

synchronizer, and coupled to the electric network.

At this time, the power controller controls theltine to generate the required
power to the network. The power controller act® as the valves of the turbine’s inlet,
but this time the position of the valves is corlgdlto increase or decrease the torque
exerted by the turbine, to make it equivalent ® power needed by the load connected
to the network
Whenr,

turbine

=14 = The speed/frequency is constant in the network.

The power controller ensures the control of powégrahe alternator synchronization
with the network. It consists of set point sele@nd Pl regulator (see Fig. I1V.5)

At the power controller, the power set point isss&dd at the set point selector depending
on the operating mode (auto/manual). Before thigpeat enters the Pl regulator, it is

combined with the signal that is generated propodi to the influence of the network
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frequency. The combined signal is limited by theveolimit. The difference between the
limited power set point and the measured powerrgritee Pl controller and the output

passes to theelector (select speed, pressure or power cormiyolle

IV.4.1 Selector:

It is a logic circuit that selects the maximum sighetween the signal of speed
controller and power controller. The selected digaaompared with the signal of the
pressure controller. The minimum signal betweendbetwo signals takes control of the
turbine. In case there is an increase of speedtbeenominal value, the speed controller
is selected. The power controller reacts when iterrator is synchronized with the

network.

+
i
A >
frequency

Power s=t ) v Y]
point (M} R Set point | e [ R - »| i »|
adapter o N A reguiator
Sedector
Set point
limit
Measurad
Power
Fig. IV.6 Power set controller
The parameters of the power PI controller are:
h (s 1
f(s)=¥= k , . (1 + ) (IV.14)
e(s) T, S

h(s) : The output of the PI regulator (desired power)
e(9 : input error (power error)
k,=0.1

T.=15sec
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Chapter V

Simulation Results

V.1 Fuel and Air Controller in the Boiler Using FLC

The proposed fuzzy control for fuel and air contsgstem is shown in Fig.IV.4. The
characteristics of thermal power plant (SIEMENS-KV8GP) have been used as given
table V.1 and shown in two response graphs, onesdiwel as function power demand
(Fig.V.1) and the other airflow versus power deméfid.V.2).

The fuel and the airflow set points can be derifrech the graphs in our simulator from
these characteristics (FigsV.1 and V.2).

The difference between the set point and the aetwalr gas flow is computed as error
signal. The proposed DECS implemented for combasficocess using fuzzy logic
control has two inputs and one output for fuel aimflow respectively. The inputs are
error signal and change in error signal. The useeof discourse of the controller
variables are eAe and U respectively. The following are the randedatabase
considered. Error (e) =-50% to +50%e = -25% to +25%, control valve position (U)
=10% to 100%. The number of linguistic terms fockedinguistic variable is 5. (e) for
fuel = {MN, N, Z, P, MP}, @e) for fuel = {VS,S,M,L,VL}, (U) for fuel ={VS,
S,M,L,VL}, (e) for air = {MN, N,Z,P,MP}, (Ae) for air = {VS,S,M,L,VL}, (U) for air =
{VS,S,M,L,VL}.

The triangular membership functions are used teesgmt the linguistic terms. (VS=very
small, S=small, M=medium, L=large, VL=very Ilarge, NMmedium negative,
N=negative, Z=zero, P=positive, MP=medium positive)

The processed signal from the fuzzy controller efudzyfied and applied to the
respective adder circuit. In the proposed FLC b&EGS, the difference between feed-
forward error and the adaptive error. The error trchange of the error are taken as
inputs of the proposed SECS controller. The prambsggnal is defuzzyfied and applied

to the respective adder circuit.
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Table V.1. Cap-Djinet Unit's Fuel and Air Consungptiand Power demand.
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Figure V.1 Fuel consumption set point as functibgenerated power.
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X 10 Air versus Power

Air set points (m3/h)

POWER (MW)

Figure V.2 Air consumption set point versus powepot.

The sum of the DECS and SECS output signal is sagppd the fuel control valve as
well as the air damper.

V.1.2 Simulation Results and Discussion

The simulator based on the previous equations @llners none described here
[22] has been implemented as shown in Fig.lV.4. Sineulation results that have been
carried out on the combustion control of the bdilave been shown in Fig.V.3 and IV.4.
The control objective is to regulate fuel and dowf in proper ratio by including
optimization and environmental criteria. The pemiance of SECS controller is
demonstrated for positive changes in the load ddm&he closed loop response of the
proposed SECS controlling scheme (Fig.V.3 and ¥hhws satisfactory offset in the
steady state output for optimizing the fuel constiompwhen compared to conventional

controller without optimizer. Moreover, there issgeoscillation in controllers outputs.
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Fig.V.3 Fuel flow Controller response for positstep change in Load, (a) Upper
without optimizer, (b) Lower with Optimizer.
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Fig V.4 Air flow Controller response for positivieg change in Load, (a) Upper
without optimizer, (b) medium air flow set poirtt) Lower with Optimizer.



V.2 TURBINE CONTROLLER

The selector takes the control by selecting theagpate controller. Since a speed of
50Hz is reached, the selector selects the powetrallem that controls the generated
power according to the network need (dependingheridad). The pressure controller is
selected in case of pressure drop that is not exed\by the boiler in a desirable time.
Figure (V.5) shows the simulation Result of geretgiower using PID controller in the

power plant.

Power (GW)
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012
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Fig. V.5. Generated power of power plant using edntroller.
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V.2.1 Turbine Controller Using FLC

In the proposed power plant, fuzzy logic controlierused for power output.
Inference mechanisms of the fuzzy logic controbbee realized by seven rules. In
addition, defuzzification has been performed by ¢teater of gravity method in the
studies. The rules which are belong to the memigefshction are formed based on the
error @) and its time derivativedg).

-If the eis highly bigger than the set value ahelis increased rapidly then the output of
the controlleV is also has to be big. Thereforeis increased and output of the system is

goes to the set value. In this work, the approprnialtes are given in Table V.2[23] [24] .

Table V.3. Fuzzy logic rules for power output

e\de |NB NM NS z PS PM PB
NB NB NB NB NB NB NM NM
NM NM NM NM NM NM NS NS
NS NS NS NS NS NS z z

Z Z Z Z z Z PS PS
PS PS PS PS PS PS PM PM
PM PM PM PM PM PM PM PB
PB PB PB PB PB PB PB PB

Names of the abbreviation in Table V.2 are NB (NiwgaBig), NM (Negative Medium),
NS (Negative Small), Z (Zero), PS (Positive Smé&ly] (Positive Medium), PB (Positive
Big) respectively. Fuzzy logic shows experience aneference through membership
functions. These functions have different shapeped@ing on system experts’
experience [25][26].
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The membership function sets for errei),( derivative errorsdei) and decoupling unit

inputs {i) are shown in Figure V.6, V.7 and Figure V.8.

H(e)

T

NB NM NS Z PS PM PB

A

Figure V.6 The membership function sets for ereir (

u(dg)

T

NB NM NS Z PS PM PB

Figure V.7.The membership function sets for erdai)
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NB NM NS Z PS PM PB

A
v

Figure V.8.The membership function sets for thencand V

Using Fuzzy logic controller, the following reshlas been obtained, a further comparison

with the first PID controller has been shown in.Vi§.
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Figure V.9 Turbine Controller using FLC.
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V.2.2 Turbine Controller Using FGPI

In this study, a fuzzy gain scheduling proportioaatl integral (FGPI), controller
is proposed to regulate output of power since & siitable technique for non-linear and
time-variant systems. This technique is used tastdihe gains of the Pl controller
according to disturbances in the system outputso @ifferent FGPI controllers have
been applied for power output. The inference mesharor both controllers has seven
rules and membership functions. Th appropriatesride Ki and Kp are given ifables
V.4 and V.5All rules in the tables are prepared as in FLGe tembership functions of
this controller are given in Figure V.10, V.11 diglre V.12.

Table V.4Rules of KI parameters for power output

50

e\de |NB NM NS z PS PM PB
NB NB NB NB NB NB NM NM
NM NM NM NM NM NM NS NS
NS NS NS NS NS NS z z
Z z z z z z PS PS
PS PS PS PS PS PS PM PM
PM PM PM PM PM PM PM PB
PB PB PB PB PB PB PB PB
Table V.5. Rules of Kp parameters for power output.
e\de |NB NM NS z PS PM PB
NB PB PB PB PB PB PM PM
NM PM PM PM PM PM PS PS
NS PS PS PS PS PS z z
Z z Z z z z NS NS
PS NS NS NS NS NS NM NM
PM NM NM NM NM NM NM NB




PB NB NB NB NB NB NB NB

H(e)
NB  NM NS Z PS PM PB
d d, d, 0 d, d d,

Figure V.10.The membership function sets for efedy.

u(deg)
NB NM NS Z PS PM PB
f, f, f, 0 f, f, f,

Figure V.11.The membership function sets for efde).
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NB NM NS Z PS PM PB

A
v

g, g% O 0 g, o e

Figure V.12. The membership function sets for the K

Kp

T

NB NM NS Z PS PM PB

v

Figure V.13. The membership function sets for Kp

The FGPI simulation result shows better responseinie and convergence to the

reference or power set point as shown in Figude.
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Figure V.14. Turbine Controller using PID, FLC a@PI controllers.

V.2.3 Simulation Results and Discussion

Simulation results of power plant power output ggilifferent controllers such as
PID , FL and FGPI are shown in Figure V.14. It dennoticed that the proposed FGPI
controller has better performance. Generally, , FEb@troller performance is better than
the PID controller. However, in this situation thleC controller has many oscillation, the
proposed FGPI controller has better performancéh®settling times and the overshoots
of the system output again.
The parameters used for Fuzzy logic simulation are
(a,a, &, 8, &, a)=(-0.21,-0.147 ,-0.085, 0.084,0.1467, 0.21)
(b,b,,b, b, 1, k)=(-0.3,-0.2068 , -0.119, 0.119, 0.2068 , 0.3)
(c.c.c. 6, G, G)=(-5.14,-3.598, -2.056 , , 2.056 , 3.598 , 5.14)
(d,d,,d,, d, d,d)=(0.16 ,-01124 , -0.0639 , 0.16 , 01124, 0.0639)
(f,f,, f;f,,f,f)=(-0.02,-0.0124 , -0.0007 , 0.088 , 0.0148 , 0.02)
(9,,9,,9;, 9,. &, g)=(0.0158 , 0.0188 , 0.0218 , 0.0298 , 0.0328 , BP35
(h,h,,h,h,,h,h)=(13.16,13.52,13.86 ,14.46 ,14.80 ,15.16)

this work focuses on comparing the characteristidke conventional PID controller and
the FLC. For this purpose, we suggest an (FGPirabmethos based on tuning the PID
controller. Parameters to obtain an optimal gaian® | during processes.
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Chapter VI

CONCLUSION

The controller is of a variable structure typehe sense that its parameters can be
adaptively adjusted according to only informatidrhe control error.
Thus, it avoids the cumbersome aspect in estimalirtge inaccessible system state
variables when realising other control strategiehsas linear feedback optimal or
sliding mode control. Fuzzy logic has been provebd a prospective tool for dealing
with uncertainties in dynamic systems, includingvposystems.
Generally, the power system state variables aad ttemand are not always accessible
for feedback, optimal control, or conventional ahife structure control. Observers can
be used for estimating the inaccessible state WMasaand load. However, telemetering
the estimation data over long distances involveditiathal cost. The adaptive control
strategies usually require the satisfaction ofgledect model following conditions or an
explicit parameter identification. In view of theseonveniences considerable effort has
been made to design controllers that use only tfaladble information of the plant
output. The proposed model iRigure 1IV.3is widely used for thermal power plants
having the same carecteristic as Cab-Djenat one.

Combustion Control in utility boiler as well as lbime controllers are the most important
control loops in power plant. Conventional Pl cotiir used is simple in structure,
reliable for operation and robust to certain extentperformance; however, it's not
generally suitable for non-linear, higher ordemeidelayed and complex systems. The
Fuzzy logic technique shows better performancesioch complex systems, the step
response applied to 176 MW power plant using cotiweal PID, FLC and FGPI
controllers has been investigated separately. Asudsed above, the proposed FGPI
controller has better performance for the setttinges and the overshoots of the system
output. Therefore, the FGPI controller is recomneghébr controlling outputs of such

power plant.
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