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ABSTRACT

Advancement in power generation has tended to enhance the ability in producing a

more efficient power especially in mass power generation. In producing an efficient

power generation, fuel consumption is one of the major criteria that need to be
enhanced. Recent advance in fuel flow control have thepotential fora significant

impact on the design and performance of modern gas turbine engine. Fuel flow
control has the potential to enhance mixing of fluids, modify wake behavior and
reduce drag. The need ofdesigning a efficient gas turbine fuel and air flow control
has drive the author to make a first step in designing and improving the gas turbine

fuel and air control system. As been mentioned before this requirement in heavy

power generation are much important in agreater living for main kind. From this
study and design author will go in-depth in real application ofcontrol system design.
The definition of fuel and air control system that author adopt here is the used of the

small modification (especially in steps response) to change the decision making or

fuel and air consumption for the existing gas turbine available. The design will be

base onDIDATEC TGT 1,5KW gas turbine (UTP). The design will be done byreal

time data and linear time invariant system, also theoretical formulation that will be

studied by author for the improvement project. The improvement design that been

done by the author will be the implementation ofFuzzy Logic system , where this
implementation have shown atremendous improvement and benefit especially in real
time application with ambiguous decision making system. Author also will analyze
and design others conventional control system such as PID controller and also Lead-

lag compensator design. The design of system will be done with the help of
MATLAB and SIMULINK software for comparison and system implementation.
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CHAPTER 1

INRODUCTION

Modern gas-turbine engines are complex systems that convert chemical potential

energy into useful flow energy safely, reliably, and efficiently, with minimum life

cycle cost and weight. As such, they move large quantities ofair, and their ability to

deliver depends on our ability to control the flow

The existing system in controlling the air flow and fuel are done by conventional

controller such as PID controller and compensator design. In developing and coping

modern industries nowadays, modern controller which is more faster and"smart" are

used in order to give a more promising operation. One of the methods used is by

fuzzy logic implementation.

1.1 Background

Gas turbine works base on continuous thermodynamic process, there is a continuous

flow ofcompressed air from the compressor section, continuous combustion within

thecombustion chamber, andcontinuous power output from theturbine section.

t t

Figure 1 Gas Turbine Layout
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The gas turbine event ofcycle comprise ofthe following four processes:

• Compression : Atmospheric air is compressed.

• Combustion : Fuel is added to the compressed air and ignited

• Expansions: Air and combustion gases expandthrough nozzles

• Exhaust: Airand combustion gases aredischarge gas aredischarged into the

atmosphere.

In order to complete this system the support system are introduce to enhance the

efficiency ofthe turbine operation and power generation the basic support system for

normal gas turbine consists offive support system which is:

Figure 2 Gas Turbine system

The main adjustment and indicator for effectiveness and efficiency ofthe gas turbine
is on the fuel system and air system. The collaboration ofthese two systems in term

of the ratios and the flow rate can give the effective burning in producing the

efficient power. From the development of gas turbine around the world the
manipulated control system that been done is on this fuel and air system.
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1.2 Problem Statement

Gas turbine is one of the major equipment available in heavy industries such as oil

and gas industries. Gas turbine isone ofthe most critical and effective way in power

generation where the gas available is plenty. In gas turbine field the performance

indicator is onthe power generation and the efficiency of turbine. The major partthat

have been developed recently is on fuel control system as well as the air intake

system. Alotofimprovement and redesign project have been done inthis part. This

has shownthat the needs of more effectiveand efficiencyin gas power generation are

taken seriously.

In order to make a more improved design, one of the best way is by using the fuzzy

logic control system which prove to be faster, reliable and easy to design and

implemented, added that the fuzzy system can learn by itself and improve

performance. Recently in mass power generation especially in gas turbine industries

the implementation offuzzy logic system to the gas turbine system especially in fuel

and air ratio has not been done or develop. This is one of the greatopportunity to the

author to really explore and prove that the implementation of fuzzy logic for better

performance can be done.

14



1.3 Objective and Scope Of Study

• To study on the existinggas turbine system.

• To establish the system transfer function by empirical modeling and

system identification

• Todesign the fuel and aircontroller by adapting Fuzzy Logic Control,

conventional PID controller and Lead-Lag Compensator

Although the study of the gas turbine control is very wide, which involved a lot of

part, either mechanical or electrical part. The concentration will be only on the

system ofcontrolling the fuel and air intake. The analysis and design will be divided

into two different parts of analysis. The first part is byassuming system infirst order

system, where the process reaction curve method will be used. In second part where

the system is assumed in second order system, system identification method will be

used. The implementation ofthe fuzzy logic system for both air and fuel system also

been done in this controller design since fuzzy logic implementation is one of the

latest technology that have prove to give a better performance especially in variable

system. The comparison ofthe steps response of the gas turbine with the various

method will be done with the reference to the steps response of the system. In This

project also the research and understanding on the available fuel system will be done.

The concentration of the system will be on turbojet gas turbine type due to its

similarity to the existing UTP gas turbine. This type of gas turbine system is also the

best fundamental system to smdy with itsmajor disadvantage onfuel consumption as

been explained in the problem statement.

15



CHAPTER 2
LITERATURE REVIEW AND THEORY

2.1 The Gas Turbine

The gas turbines are confirmed as the power generators. Nowadays; it is not rare to

used gas turbine for the production of electricity energy for propelling or air

apparatus.

Someadvantages of using the gas turbine are:

• It is mechanically simple and consecutively the reduced dimensions and

weight incomparison with the others equipment ofequal power.

• The possibility to feed with several fuel like liquid gas or kerosene where it is

more less expensive.

The gas turbines are one ofthe internal combustion machines ofnon-alternative type.

When comparing with others alternative engines such as internal combustion engines
or diesel engines where gas transformation occur in an organ (cylinder) only, but the

transformation of the gas turbine occur in different organs where the gas circulates

successively.

16



2.1.1 The Brayton Cycle (The Constant-Pressure Engine)

In gas turbine the event on each stage are continuous, so it can be said that the gas

turbine engine works on what is commonly called an open cycle. In relation to this

the cycle ofgas turbine can berepresented bygraph below:

F
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I

COMPRESS ION
(PRESSURE
EME*M3V AC-DEC*

COMaUSTION
<HEAT ENertCT

•VOLUME

EXPANSION
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AND NOHZLEl

AMBIENT A.IR

Figure 3 The Bryton Cycle Graph

From the graph the actions orreactions are given in five stages where as we can see

from point Ato Bthe compression stage occur where in this stage the pressure will
rise highly as displayed. In this section the air has been compressed in order to

produce an effective burning. This compressed air and gas will experience the second
stage of the cycle (point B to C), In this cycle/stage the burning ofcompressed gas
and air will happen. This will tend torise the temperature ofthe gas turbine. The next

cycles is the expansion cycle where the burning mechanism will expanse to produced
power from this cycle, the power will be used to turn the turbine on. In this condition
the temperature will decrease slowly and also the pressure will decrease due to the
used of the power. The last cycle in gas turbine is on the exhaust cycle where the

depressurize ofthe system happen. This will tend to return the cycle to the starting
cycle where the compression process will occurred back. This process will tend to

repeat in producing the cycle ofpower supply in rotation. This behavior or cycle are

refer to Bryton Cycle.

17



2.1.2 Efficiency of The System

2.1.2.1 Specific Fuel Consumption (SFC)

Engine thermal efficiency can be defined as the engine's energy output divided by

the fuel's energy input. One of the principal measures of jet engine efficiency are

Specific Fuel Consumption, SFC or thrust-specific fuel consumption TSFC. Specific
fuel consumption is the ratio between the fuel flow (in pounds per hours) and the

thrust of the engine

Wf

Fn

2.1.2.2 Equivalence Specific Fuel Consumption (ESFC)

ESFC isused to compare the fuel consumption between turboprop engines

ESFC = —J—
ESHP

where ESHP is the equivalent shaft horsepower. That canbe obtained by

Fn
ESHP = SHP + —

2.5

Many factors that can effect the overall efficiency ofthe gas turbine from the reading

and research. The main factors is :

1. Component efficiency

2. Type of fuel used

3. Engine operating factors. This include the fuel and air system where the ratio

of the fuel can contribute to effective burning.



2.2 Turbojet Gas Turbine System.

The "heart" of a gas turbine-type engine is the gas generator. A schematic diagramof

a gas generator is shown in Figure 4. The compressor, combustor, and turbine are the

major components of the gas generator which is common to the turbojet, turbofan,

turboprop, and turbo shaft engines. The purpose of a gas generator is to supply high

temperature and pressure gas.

Uiis j-Cfierutinr

("oiiijvrnsMir

> in
>

11

h

Ct*mt>nsn>r t

Figure 4 Gas Generator

By adding an inlet and a nozzle to the gas generator, a turbojet engine can be

constructed. A schematic diagram of a simple turbojet is shown in Figure 4 and a

turbojet with afterburner in Figure 5. In the analysis of a turbojet engine, the major

components are treated as sections. Also shown in Figure 5 the station numbers for

each section.

The turbojet was first used as a means of aircraft propulsion by von Ohain (first flight

August 27, 1939) and Whittle (first flight May 15, 1941). As development

proceeded, the turbojet engine became more efficient and replaced some of the piston

engines.
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Figure 5 Turbojet Engine Layout

The thrust of a turbojet is developed by compressing air in the inlet and compressor,

mixing the air with fuel and burning in the combustor, and expanding the gas stream

through the turbine and nozzle. The expansion of gas through the turbine supplies the

power to turn the compressor. The net thrust delivered by the engine is the result of

converting internal energy to kinetic energy.

The turbojet engine is a reaction engine. In a reaction engine, expanding gases push

hard against the front of the engine. The turbojet sucks in air and compresses or

squeezes it. The gases flow through the turbine andmake it spin. These gases bounce

back and shoot our of the rear of the exhaust, pushing the plane forward.

20



2.3 Fuzzy Logic Basic Understanding

The basic idea of multi-valued logic has been explored to some extent by a number

of mathematicians in this century, but the real breakthrough was made by Prof. Lotfi

Zadeh from the University of California in Berkeley. The fuzzy theory was adopted

wholeheartedly by the Japanese, and their advances in the field of fuzzy control have

won the attentionof engineers throughout the world. Fuzzy theory gives a whole new

approach to the mathematics of thinking; it is a change of paradigm for western

world scientists and mathematicians, and like all changes of paradigm has been

initially strenuously resisted, except in the Far East, where two-valued Aristotelian

logic has not been too deeply ingrained'[ ]

2.3.1 What is Fuzzy Logic

Fuzzy logic is a superset of conventional (Boolean) logic that has been extended to

handle the concept of partial truth - truth values between "completely true" and

"completely false"[2]

FL is a problem-solving control system methodology that lends itself to

implementation in systems ranging from simple, small, embedded micro-controllers

to large, networked, multi-channel PC or workstation-based data acquisition and

control systems. It can be implemented in hardware, software, or a combination of

both. FL provides a simple way to arrive at a definite conclusionbased upon vague,

ambiguous, imprecise, noisy, or missing input information. FL's approach to control

problems mimics howa personwould makedecisions, onlymuchfaster.
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2.3.2 How Fuzzy Logic Works

FL requires some numerical parameters in order to operate such as what is

considered significant error and significant rate-of-change-of-error, but exact values

of these numbers are usually not critical unless very responsive performance is

required in which case empirical tuning would determine them. For example, a

simple temperature control system could use a single temperature feedback sensor

whose data is subtracted from the command signal to compute "error" and then time-

differentiated to yield the error slope or rate-of-change-of-error ("error-dot"). Error

might have units of degs F anda small errorconsidered to be 2F while a large error is

5F. The "error-dot" might then have units of degs/min with a small error-dot being

5F/min and a large one being 15F/min. These values don't have to be symmetrical

and can be "tweaked" once the system is operating in order to optimize performance.

Generally, FL is so forgiving that the system will probably work the first time

without any tweaking.

FL incorporates a simple, rule-based IF X AND Y THEN Z approach to a solving

control problem rather than attempting to model a system mathematically. The FL

model is empirically-based, relying on an operator's experience rather than their

technical understanding of the system. For example, rather than dealing with

temperature control in terms such as "SP =500F", "T <1000F", or "210C <TEMP

<220C", terms like "IF (process is too cool) AND (process is getting colder) THEN

(addheat to the process)" or "IF (process is too hot)AND(process is heating rapidly)

THEN (cool the process quickly)" are used. These terms are imprecise and yet very

descriptive of what must actually happen. FL is capable of mimicking this type of

behavior but at very high rate'[4]
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2.3.3 Why Used Fuzzy Logic?

The usage of fuzzy logic has many advantage when comparing to normal

conventional controlled technique. Some of the reasons and advantageous of using

the fuzzy logic system are:

• Fuzzy logic is conceptually easy to understand: Fuzzy reasoning are very

simple due to simplification ofthe mathematics formulations.

• Fuzzy logic is flexible: It is easy to be massage it or layer the system without

starting thedesign from scratch for any given system.

• Fuzzy logic is tolerant of imprecise data: In fuzzy logic the reasoning are build

under the understanding ofthe system isnot truly accurate. Where the design will

look at the decision base on the process not to the endof theconclusion.

• Fuzzy logic can model nonlinear functions of arbitrary complexity: Fuzzy

logics can beused to create any setof input-output data.

• Fuzzy logic can be built on top of the experience of experts: In direct contrast

to neural networks, which take training data and generate opaque, impenetrable

models, fuzzy logic rely on the experience ofpeople who already understand the

system.

• Fuzzy logic can be blended with conventional control techniques.

• Fuzzy logic is based on natural language.

In fuzzy logic system there are basically two type ofFuzzy that can be implemented
which is Manmdani and Sugeno type. With respect to this type of fuzzy logic there

are some similarity, differences and advantages tothe system. Some ofthe properties

of this fuzzy logic type are as tabulatedbelow:
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Table 1 Comparison Of Fuzzy Logic

2.3.4 Limitation of Conventional Controllers

In conventional controllers some of the limitation of the controllers can be

summarized as below:

1. Plant nonlinearity. The efficientlinear models of the process or the object

under control are too restrictive. Nonlinear models are computationally

intensive and have complex stability problems.

2. Plant uncertainty. A plant does not have accurate models due to uncertainty

and lack of perfect knowledge.

3. Multivariates, multiloops and environment constraints. Multivariate and

multiloop systems have complex constraints and dependencies

4. Uncertainties in measurements. Uncertain measurements do not necessarily

have stochastic noise models.
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5. Temporal behavior. Plants, controllers, environments and their constraints

vary with time. Moreover, time delays are difficult to model.

2.4 Fuzzy Logic Implementation on Four Stroke Engine

Implementation of the fiizzy logic system have been done and developed by

Professor S.H Lee of engineering Research center from university of Brighton. The

research of Fuzzy Air Fuel Ratio Control of a small gasoline engine was develop to

achieve and monitoring of the regulation of the fuel ignition system. The control

system of this experiment was done by determination of the amount of fuel required

from the fuzzy algorithmthat used the engine speed andmanifold air pressure as

input valves

The set up of the systemhave been done by adjusting the Electronics Control

of the air and fuel ratio (AFR) that have been used widely in four stroke engine. The

adoption of the fuzzy system in mapping the demand of the fuel in the engine have

been done in this experiment. As the behavior of the fuzzy logic system that it can

interpret the system as closeas humandecision, the efficiency of the fueldemand can

be done more accurately.

In this experiment the setup of the system has been done by using the same

feed forward system as been used in AFR. The block diagram of the system with

fuzzy implementation can be represented as:

Sct-p<}iH4
Throttle

Position
1

Control system •

i
(VU'ia&ureni'ni

. MAP
» Speed

Fuzzy
I controller

& rule base

Fuel

injector .
driver

l Systeai
1 Pawn' 1

I Ijteiiida 1

+
Dislarbiiiice

Engine load

Figure 6 BlockDiagram for FeedForward andFuzzyLogic Scheme
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The set up of the experiment have been done by using the Bosh Suffolk single-

cylinder engine having the capacity of 98cc. by the used of PC-based data acquisition

system utilizing the data and analysis was done by programmable controller (Intel

82C54) by the sensor attach on the system the engine load estimation have been

made in order to get the pattern of the system behavior. The measurement of the air

pressure, Engine speed and throttle position have been done and can be represented

as:

Thratftc ,
Position l'&) S§ engine sueedlRF'ti)

Figure 7 Fuzzy Plotted

2.4.1 Fuzzy Logic Implementation of the system

The fuzzy system have been embedded using the Fuzzy Development Environment

(FDE) that was latter converted to C++ code the execution module on

microcontroller. The fuzzy control loop can be summarize as:

Fuzzy
conirol

loop

Fuel Pulse

\Viiiih p

I ClrUp EngineSpeod

Chap Manifold Pressure

Fuel

Injector
drive

I'lidlnjcclinn

Engine

Figure 8 Fuzzy Control Loop
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The implementation design of the system are as similar to the fuzzy implementation

in MATLAB where the fuzzy set input and rule base are set up for engine speed,

pressure and the output of defuzzyfication is the fuel consumption required.

From the experiment done the experimental result that have been achieve shows that

the system gave s a more high performance to the system with high efficiency of the

fuel consumption for the engine power and torque . The results are as attached in

APPENDIX A

This experiment and system has shows that the implementation of the fuzzy logic

system can be done in combustionengine, since the gas turbine engine are as similar

to the four stroke internal combustion engine the implementation of the fuzzy system

to the air- fuel ration control using fuzzy implementation can be done with almost the

same method done in this proceeding paper.
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2.5 Conventional Control System Design

2.5.1 PID Empirical modeling

A linearized quantitative version of this model can be obtained with an open-loop

experiment, by using the following procedure.

1. With the plant in open loop, take the plant manually to a normal operating

point. Say that the plant output settles at y(t) = y0 for a constant plant input

u{i) —u0.

2. At an initial time t0, apply a step change to theplant input, from u0 to ««, (this

should be in the range of 10 to 20% of full scale).

3. Record the plant output until it settles to thenewoperating point. Assume that

youobtain thecurve shown in Figure 9. This curve is known as the process

reaction curve.

4. Computethe parametermodel as follows:

War"*

The model obtained can be used to derive various tuning methods for PID

controllers. One of these methods was also proposedby Ziegler and Nichols. In their

proposal, the design objective is to achieve a particular damping in the loop response

to a step reference. More specifically, the aim is to obtain a ratio of 4:1 for the first

andsecond peaks in thatresponse. The suggested parameters are shown in Table 2.
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Figure 9 Plant Step Response

The parameter-setting rules proposed in where we have again normalized time in

delay units.

Table 2 Ziegler-Nichols Tuning Byusing The Reaction Curve

KP Tr Td

p
y0

KQT0

PI 3r,

0,5^PID
1.2^

KoT0
2t0
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In this designing one of the method used in determining the system transfer function

and the system behaviors that will be used in the analysis and design is the process

reaction curve method. Although it is simple, it have been proved to provides

adequate models for many applications. There are two different graphical techniques

that can be used in this modeling which is called method I and method II. In this

design the author has use method II as method I has larger errors in the parameter

estimates. In figure 10 the process reaction cure of open loop calculation base on

process can be calculated and determine by the formula given.

Figure 10 Process Reaction Curve
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2.5.2 Controller Tuning Method (PID Tuning).

In this design project one of the way in order to design and efficient control

system of the fuel andaircontroller is by using the PID controller since in thisdesign

project the system will be single input single output (SISO) system thisapproached is

thebestapproachcanbedone. There is other type of approached can be used in

designing a stable and fast response system such as root locus analysis. The

discussion of the PID control implementation can be summarize as below:

Figure 11 Feedback System

The transfer function of the PID controller can be represented as:

Kp+—*KDs=
K s s

• Kp = Proportional gain

• KI = Integral gain

• Kd = Derivative gain

PID controllerworks in a closed-loop system using the schematic shown above. The

variable (e) represents the tracking error, the difference between the desired input

value (R) and the actual output (Y). This error signal (e) will be sent to the PID

controller, and the controllercomputes both the derivative and the integral of this

error signal. The signal (u) just past the controller is now equal to the proportional
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gain (Kp) times the magnitude of the error plus the integral gain (Ki) times the

integral of the error plusthe derivative gain (Kd) times thederivative of the error.

u-IQe+KiJectt +K*
de

dt

This signal (u) will be sent to the plant, and the new output (Y) will beobtained. This

new output (Y) will be sent back to the sensor again to find the new error signal (e).

The controller takes this new error signal and computes its derivative and its integral

again. This process goes on and on.

2.5.3 The characteristics ofP, I, and D controllers

A proportional controller (Kp) will have the effect of reducing the rise time and will

reduce ,butnever eliminate, the steady-state error. An integral control (Ki) will have

the effect of eliminating the steady-state error, but it may makethe transient response

worse. A derivative control (Kd) will have the effect of increasing the stability of the

system, reducing the overshoot, and improving the transient response. Effects ofeach

of controllers Kp, Kd, and Ki on a closed-loop system are summarized in the table

shown below.

Table 3 PID Responses

Note that these correlations may notbe exactly accurate, because Kp, Ki, andKd are

dependent of each other. In fact, changing one of these variables can change the

effect of the other two. For this reason, the table should only be used as a reference

whenyou are determining the values for Ki, Kp and Kd.
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2.5.4 Zeigler-Nichols Open LoopMethod

This open loop tuning method was originally proposed by Ziegler and Nichols
(1942). In this tuning method the process reaction curve established form the system
on the analysis of the plot have been used to fine the Proportional, integral and
differential parameters that can be used in the PID design. In the gas turbine system
author has decided to used proportional and integral only controller infor the design.

The summary ofthe coefficient that has been used are as follows:

2.6 Lead-Lag Compensator

Closely related to PID control is the idea of lead-lag compensation. These ideas are
frequently used in practice, especially when compensators are built with electronic
hardware components. The transfer function ofthese compensators is ofthe form

tig -r

C(s)=r-
fo.S r

(6.6.1)

When r, >t2, this is a lead network, when ti <t2, this is a lag network. The straight-
line approximation to the Bode diagrams for these networks are given in Figure 12
and Figure 12 (where Z\ and t2 differ by a factor of10 : 1).

The lead compensator acts like an approximate derivation. In particular, we see from
Figure 12 that this circuit produces approximately 45° of phase advance at «= 1/t,
without asignificant change in gain. Thus, ifwe have asimple feedback loop which
passes through the -1 point at, say, frequency wi, then inserting a lead compensator
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such that wit! = 1 will give a 45° phase margin. Of course, the disadvantage is an

increase in the high-frequency gain,whichcan amplify high frequency noise.

20[dBl "

:
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,
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13
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Figure 12 Approximate Bode Diagrams for Lead Networks.

An alternative interpretation of a lead network is obtained by considering its pole-

zero structure. From (6.6.1) and the fact that *\ > t2, we see that it introduces a pole-

zero pair, where the zero (at s = -l/Ei) is significantly closer to the imaginary axis

than the pole (locatedat s = -l/r2).

On the other hand, a lag compensator acts like an approximate integrator. In

particular, we see from Figure 13 that the low-frequency gain is 20 [dB] higher than

the gain at a>= 1/t,. Thus, this circuit, when used in a feedback loop, gives better

low-frequency tracking and disturbance rejection. A disadvantage of this circuit is

the additional phase lag experienced between 1/10*2 and 10/ti.

Hence, l/t2 is typically chosen to be smaller than other significant dynamics in the

plant.
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Figure 13 Approximate Bode Diagrams for Lag Networks

From the point ofview ofits pole-zero configuration, the lag network introduces a
pole (located at s =-l/t2) that is significantly closer to the imaginary axis than the

zero (located at 5 = -l/^i).

In summary, the lead network feature used in design is its phase-advance
characteristic. The lag network instead is useful due to its gain characteristics at low

frequency.

2.6.1 Bode Diagram Design (Compensator Design)

One technique for compensator design is to work with Bode diagrams ofthe open-
loop response (loop shaping). Using Bode diagrams, the design of gain and phase
margin specifications, adjust the bandwidth, and add notch filters for disturbance

rejection can be done.

ABode plots measures in the frequency domain much like an oscilloscope measures
in the time domain. A Bode plot has two parts: the gain curve and the phase curve.

The gain curve displays the ratio of the output to the input in decibels or dB. Decibels
are defined by the equation:

Gain = 20 * log10(Output/Input)
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Bode plots for motion systems typically have again of 0dB (input =output) at low
frequencies and decline at higher frequencies. This is expected: at low frequencies
the output will precisely follow the input At high frequencies, the motion system
cannot keep up. This is why gain plots for servo systems usually look like amountain
ridge. They start of 0 dB on the left, stay flat as they move right, and at some
frequency start falling off. Like ascope plot, responsiveness and stability can be read
from a Bode plot. Most of this information is in the gain plot. Responsiveness is
usually measured by bandwidth. Bandwidth is the frequency where the gain falls to -
3dB (i.e., where Output =0.7 *Input) as shown in Figure 14. Higher bandwidth
corresponds to faster settling times. Stability is measured in peaking, the
characteristic where the gain plot first climbs afew dB before starting to fall. Peaking
in the Bode plot corresponds to overshoot in the scope plot. More than 1or 2dB is
usually considered excessive; the system in Figure 14 has less than 1dB of peaking
Bode plots are useful at several levels. First, they provide understanding about
control theory.

Gain

Phase

40 dB

20 dB

odB

-20 dB

. -40 dB

90 dcg
0 dcg

-\H) dcg

-ISOdcs
2 Hz

' IUNDWI DTH

10 Hz HlOHz

Frequency

Figure 14 Bode Plot Design
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2.6.2 Root Locus Design Method (Compensator Design)

A common technique for meeting design criteria is root locus design. This approach

involvesiteratingon a designby manipulating the compensator gain,poles, and zeros

in the root locus diagram. The root locus diagram shows the trajectories of the

closed-loop poles of a feedback system as a single system parameter varies over a

continuous range of values. Typically, the root locus method is used to tune the loop

gain of a SISO control system by specifying a feedback gain the closed-loop pole

locations. Root-locus plots are used to plot the system roots over the range of a

variable to determine if the system will become unstable, or oscillate.

The potential for unstable operation is inherent in all feedback control systems.

Consequently, it is desirable to analyze their stability characteristics and their

damping characteristics so that both the absolute stability and the relative stability

(peak overshoot, settling time, etc.) of the system can be determined. Classical

control theoryuses a method commonly known as root locus analysis,
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CHAPTER 3

METHODOLOGY/PROJECT WORK

3.1 Overall Methodology and Project Work

The overallproject work and methodology can be summarized as below:

Tuning and

Redefine

No

No

No
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3.2 Collecting Data From Gas Turbine

In obtaining the data from the gas turbine system the procedure in execution of the

gas turbine have to be done first. In using the DIDATECT gas turbine the steps taken

for starting andstopping the gas turbine areas follows:

Starting process

• Confirm feed presence

o Electrical supply= 400V+ neutral

o LPG (open valveof the bottle)

o Water system network (101/min approximately)

o Compressed air (about 6 bars)

• Put the main switch on

o Reset LPG electro valve through the push-button placed on the small
box

o Adjust the synoptic pressure reducing valve on1bar

o Flow meter valves is open

o Control the indicator verify that the redpilotlamp "default" is off

• Start the hydraulic unit

• Start the Cycle

o Observed

• Pre-aeration time

• The ignition

• The air self-feedannounced by green blinkingpilot lamps

Some ofthe pictures ofthe gas turbine execution are as attached in APPENDIX F
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3.3 Turbojet System Simulation Analysis (Software Data)

Analysis and design simulation have

been done in experimenting the system

and making the proper simulation of

the system. In this design project

author have decided to used the

turbojet engine for simulation and

design purposes since the

unavailability of UTP DIDATEC gas

turbine due to some technical problem

by the mechanical department. In this

design project and simulation there are

mainly two software been used

throughout the designing process

which is Gas Turbine Simulator (GSP

9.1) and MATLAB and SIMULINK.

The reason of choosing the turbojet

system as the design system is due to

the similarity of the system with the

DIDATEC system and it is the

fundamental arrangement of the gas

turbine system that relates directly to

the theory applied. With this system

the basic understanding of gas turbine

stages and operation can be easily

understood despite it will be similar to

the real design process done

The methodology or steps taken in this

design for turboprop system can be

summarize as:
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3.4 Empirical Modeling Design Method.

As beenmention is introduction the system determination and controller design have
been done in two method. The first method used in determining the system and
designingthe controllerare as shownbelow:
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3.5 Conventional Control Design (SISO Model Design)

One of the controls strategy that was used before the modern control technique was
introduce such as FuzzyLogic and NeuralNetwork is the Single InputSingle Output
(SISO) design.In this techniques the Compensator of the system have been adjusted..
The summary of the techniques used are as below for Bode Plot Modeling and Root
Locus Design Method. This design method are mainly with respect to the
performance of the system thenecessary adjustment are only to be done if necessary.

3.5.1 Bode Diagram Modeling

Table 4 Bode Diagram Modelling
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3.5.2 Root Locus Design Modeling.

Step By Step Procedure in Constructing root locus and analyzing the root locus can

be summarized as below. This root locus design are actually related to the bode

diagram design since it is on the same toolbox in MATLAB.

Table 5 Root Locus Modeling.
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3.6 Fuzzy Logic Inference System

Infuzzy logic system the operation of the fuzzy logic system that been done inorder

to make the decision and conclusionare base on the fuzzify and defuzzify process of

the system. The summary of the operation for the fuzzy logic system are as

summarized below:

Table 6 Fuzzy Logic System
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3.6.1 Fuzzy Logic Implementation on Gas Turbine System (By using
Mamdani)

In fuzzy logic control design there are two method that can be used in designing the
controller, one of the method is by using the mamdani approached. In this
approached the system behaviors have to be well understood by the designer since
the determination of the limit rules and function are base on the knowledge of the

system.

Table 7 Fuzzy Logic Implementation
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3.6.2 Fuzzy Logic Implementation on Gas Turbine System (By using
ANFIS Toolbox)

As mentioned in previous methodology another method that can be used in order to

generate the fuzzy logic system is by using Adaptive NeuroFuzzy Inference System

where the design will be based on collecteddata. In this method the fuzzy system has

been trained by learning from the input and output relationship of the system.

Table 8 Fuzzy Logic Implementation By ANFIS Toolbox

Run Data from PID System

' r

Load Data To ANFIS

System For Data Simulation

' '

Setting the Parameters
(Epochs and Method of

Determination)

i '

Training Data for System
Miniickin«

i '

Compare and Test Data
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3.7 System Identification and LTI Analysis.

Another method that been used in determine the system transfer function is by usinj

the System Identification and LTIViewer toolbox, the summary of the steps inusinj

this toolbox are as below:

Table 9 System Identification Analysis
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3.8 System Determination By System Identification Method

Another method that has been used others than using the empirical modeling is by

System Identification method. This method by thehelpof MATLAB Toolbox can be

used in order to generate the transfer function to represent the system. The summary

of the steps taken in determining the transfer function are as summarize below:

Table 10 System Determination
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3.9 Lead-Lag Compensator Design Using SISO Toolbox

Another method that has been used in designing conventional controller of the

system is by using the Lead-Lag Compensator design. In this design author tried to

come outwith another alternative method in designing the controller In designing the

compensator, the SISO Toolbox in MATLAB isused, the summary ofthe steps taken

are as explained below:

Table 11 Lead-Lag Compensator Design
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CHAPTER 4

RESULTS AND DISCUSSIONS

4.1 Establishing Data

The first steps as been mentioned in methodology are in collecting the data in order

to see the behaviors and representing the system. In these design project two

techniques of tabulating data for two separate systems has been done.

4.1.1 Data From GSP 9.1 Software (For Turbojet system)

Analysis and design simulation have been done by author in experimenting the

system and making the proper simulation of the system. In this design project author

has decided to used the turbojet engine for simulation and also UTP DIDATEC gas

turbine. Mainly two software has been used throughout the designing process which

is Gas Turbine Simulator (GSP 9.1) and MATLAB and SIMULINK.

The reason of choosing the turbojet system as the design system is due to the

similarity of the system with the DIDATEC system and it is the fundamental

arrangement ofthe gas turbine system that relates directly to the theory applied. With

this system the basic understanding of gas turbine stages and operation can be easily

understood despite it will be similar to the real design process. The process of

analysisand design are as been attach to APPENDIX C
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4.1.2 Data From DIDATEC Gas Turbine System.

4.1.2.1 Empirical Data

In this experiment the data of the system have been collected base on the steps

response of the system. The data collected is on the load of the gas turbine. By

adjusting the load value at the generating power the behavior of the system can be

observed where increase of the fuel consumption and air intake canbe observe on the

system. In collecting the data for the empirical modeling as been mention in

methodology the data were taken onsteps of 50 of the load gain. This data are taken

base on one second of the reaction. On each data tabulated with the total of 40 second

of data. The data of the system and are as attached in APPENDIX D. This two steps

response are taken since it will be used as the validation and estimation data in the

analysis later on.

4.1.2.2 Overall Data

Author has the opportunity to observe the system operation in starting operating and

shutdown of the gas turbine. The data that have been collected are as follows

• LPG flow rate

• Air volume

• Air admission at intake

• Compressed air

• Combustion chamber temperature and pressure

• Exhaust temperature and pressure

• Turbine speed

• Load attach to the system

The data that have been established are as attached in APPENDIX E
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4.2 Air Control System Determination and Analysis by Empirical
Modeling Method.

One of the methods in determining the transfer function and in designing the

controller is by using the empirical modeling process reaction curve. Although this

method is the simplest way in determining the transfer function of the system, but its

has beenprove that it can givethe exactsystem behavior to the system.

4.2.1 Establishing Transfer Function From Process Reaction Curve

On the first steps taken in designing the empirical modeling of the system is by

analyzing the process reaction curve. The process reaction curve shown below are the

representation ofthe system plotted for one steps response ofthe gas turbine.

Figure 15 Process Reaction Curve of AirIntake System
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From this process reaction curve the open loop transfer function can be obtained.

This transfer function will then been used for analyzing and designing purpose in the

next section. From this process reaction curve the data and time for 28% and 63% of

the system have been tabulated and the calculation base on the formula has been

done, the stepsand calculations of the systemare as below:

Calculation

0.63A =((205-175) X0.63)+175 0.28A =((205-175) X0.28)+175

= 190.75 -182

By process reaction curve:

t63%=77

t28%-5.S

Kp=A/5 =25/50 =0.5

T= 1.5(11-5.8)

7.8

6= 11-7.8

3.2

From the calculation the transfer function of the system will be:

G(s)= 0.5e-3.2

7.8s+l
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4.2.2 PID Design By Open Loop Zingler-Nichols tuning Parameters

The next step taken is on the designing of PID controller, in this designing author has

decided to used the Zigler- Nichols tuning method since it can give the nearest tuning

parameters that will be used in the tuning of the system steps response. From the

formula tabulated above the design for the air system will be as follows:

By process reaction curve the tuning parameters of the system can be find by:

a =9/x

= 3.2/7.8 = 0.4?

Kp =0.9/Ka

= 0.9/0.41(0.5)

= 4.39

Ti =3.33(3.2)

=10.656

By these tuning parameters the system reaction can be observer from the SIMULINK
implementation:

Step

PID

PID Controller!

^
Transport

Delay

0.5

7.8sM

Air System TF

Figure 16 Simulink Representation of Air System
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From the tuning parameters calculated author has found that the system is not

functioning as desired steps response. So the trial and error method has been used in

order to get the best performance for the system:

By PID tuning (trial an error) the best fit P and I parameters are

Kp=3

Ti=0.5

Analysis:

By this simulation, the analysis for close loop system can be done by observing the

graph from the scope:
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From the tuning that has been done the result that been plotted for the system are as

shown above. As we can see that the system react to the step response with much

more faster with a little overshoot to the system. As compare to the original step

response the system are more faster in settling time where it takes about less than 25

second to be stable.

0.2

•

System edrfbpWtune_2
I/O: InputPetrito OufyutPort

Riserime(sec): 8.9

'stem:eirfbpidtunej
I/O: Input Poirtto OutputPoint
RiseTime (sec)"0

Steps Response OfAirSystem For1%Steps Change

System sirfbpitttune_2
lift InputPointto OutputPoint
Settling Time (sec): 13

System:erftipidtune_2

I/O: Input Pointto OutputPont
Peakampltude: 1.02
Overshoot(%);1.75
Attime(sec): 20J

i/o: mputPont to output Pow
Final Value: 1

Rise Time: 8.9 second

Settling Time; 13second
Overshoot: 1.75% at 20.7 Seconds
Final Value reached: 35 seconds

Figure 18 Steps Response ofAir System (for 1% steps change)

The figure above shows the steps change of the PID controller, in this steps change

the rise time taken is only 8.9 second and settling time required are 13 seconds. In

this PID controller the overshoot of the system are only 1.75% only, by this

simulation data the reaction of the system can be concluded as stable and improving.
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4.2.3 Fuzzy Logic Controller Design.

In improving the system and designing a better control for the system, fuzzy logic

design in anothermethod in doing so.
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Figure 19 Fuzzy Logic System ForAir System

Below are the layout ofthe fuzzy logic and PID system using the transfer function of

the system. For the air transfer function the data that were used for fuzzy logic
controller are taken with respect to the existing PID controller data establish from the

close loop transfer function. In this design the fuzzy logic will be trained to give a

better steps response on the step input that can be clearly see in the output plot ofthe
step input, output from the PID controller design and the output after the fuzzy logic
system implementation that will be explained later.
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Figure 20 ANFIS GUI Training For Air System

On the first run of the system the data of the conventional PID controller are feed

back on the workspace where it will be usedin the fuzzy logic training. In this design

method the ANFIS GUI toolbox has been used. Where the data will be used to train

the fuzzy logic in order for the fuzzy logic to mimic the steps response and further

improve the performance. From the above figure the data from the simulation of PID

controllerhave been plot back in the ANFIS system where the data is train using 300

epochs. In this training the system have been set to used a 2 input and one output.

Another characteristics of the design is that it using 3 membership function for each

input in order for it to mimic and improve the system.

Aftertraining the data by using 300 epochs as been mention earlierthe outputdata of

the system andplotteddata are as shown in figure belowwhere we can see that the X

plot represent the training data and the O plotis the real data established before.

Fromthis plot and training also the error of the mimicking of the system also can be

determined where in this case the error establish is about 0.5067%
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Figure 21 Training Data for Air System
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The output of the system are as shown in Figure 22. From this figure the step input,

PID controllerdesign output and Fuzzy logic controller output have been plotted and

as can be see the output of fuzzy logic has shown that the system is more efficient

and improve in the stepsaction comparing to the conventional PID design. From the

graph the overshoot of fuzzy system is muchless that the PID controller thus proving

that the system is better. From the graph also there is no overshoot to the system as

shown in the three steps response that have been applied (20%,50% and 30%)

Another observation that can be observed in the system is that the action time taken

to reached the steady state and set point is faster compared to the PID system.
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Figure 23 System Reaction For Air System
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4.3 System Identification Method and LTI Viewer.

Another technique that has been used in analyzing the system behavior is by using

the system identification method and analyzing the system using the LTI viewer

toolbox. By using this method usually analyzers can see and analyze the system

performance and comparison in many angle and analysis. In this design of gas

turbine system this method will be used in designing the compensator and Fuzzy

logic controller (Sugeno type).The analysis will first be feed in the LTI viewer and

the system behaviors will be predicted by system identification. The basicsteps taken

for this analysis are:

Table 13 Analysis Of System ID and LTI Viewer

Jahiriutc Data on the gas turbine

- r

Data Obtain* <l hd mi« VMim ID.mil

UastJnuiiin» mil v.ilnl huil1 <IjI t>

i'

(iLiiti.iiL tin li.inski liiiKiiuii umIm'iiU iIk

m*Uiii
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4.3.1 Establishing System Transfer Function Using System
Identification for Gas Turbine System.

In obtaining the gas turbine system for further analysis the data establish form the

DIDATECT gas turbine are used to obtained the required transfer function: since the

data that have been established is a raw data with step response to some desired value

(inthisexperiment the data aretaken with respect to the load increase)

This data from the gasturbine are mainly the spontaneous effect of eachsteps of load

increase. Since the reliable of the data have been done are not so valid (since a lot of

factor canbe arguing in such as environment condition, type of fuel)

In obtaining the transfer function using System Identification, the steps required are

as follows:

Step 1: Obtaining the datafrom DIDATEC gas turbine to the MATLAB workspace.

The raw data from the DIDATEC can be put in the workspace just by creating the
array in the workspace by

MATLAB coding : Air_pressure =[data string]

Fuelconsumption = [data string]

Step2: Using datafor system identification model:

• System Identification GUIcanbe calledby typing ident
• Created data in the workspace can be imported in data views for

verification.

String of data are created in workspace of the MATLAB

MATLAB Plotting:

Plot(timel,airl)

Plot (timel,air2)
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4.3.1.1 TransferFunction Generating and Verification..

The steps taken can be summarize as below:

• Open System ID by typing ident
• Import Data from Workspace

[Bala
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K
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r Tirneplai

["" Dala spectia
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Validation Data

F™ Tramieril resp

r* Frequency resp
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I" Noise speclrum

C:\Dccurrienls aruJ SeHiigiVMaizukiBin Nadb\Desktop\kitanAki<K-«kUijd^s\iijdiadi.sid saved C:\MATtAB6p5Wik\ielpfersma.: saved.

Figure 24 Air System ID Determination
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The next step of the process is on removing the threads and means from the system.

This can be obtainedby doing some preprocess steps. The data that will be establish

is as below:

Data Before Mean Removed

Inputarnjoutputslgnals •/ •' ' '
1 1 i 1 /

_—— —~

^- Estimation Data
^"^Validation Data

Data After Mean

Removed _

-

i I
,

i i

Figure 25 Air System After Removing Means

This diagram shows the data tabulated from the raw data establish from the gas

turbine. Someof the preprocess activityhave been done from the figure as label. The

data have to be separatedinto two parts which is validatedata and estimatedata.
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Measured and simulated mode! output

30

Time

Stability and
prldiction estimation

ruelstabil: 79.2465

uelprid' 79.2465

Uelsimul: 64.7046

Figure 26 Error Estimation Of the system

From the system estimation the error estimation can be done where the plot of error
for the estimation data with respect to the validation data can be observed and
analysed. From this plot for the Air system we can see that the system shows that for
the estimation using the simulation base on simulation 79.2465% of best fit achieve,
this mean that the estimation data with respect to the validation data are 80% similar

to the validation data.
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4.3.1.2 Getting the Transfer Function

After the data have been established. The estimation data can be transferred to the

workspace in order to establish the transfer function of the system:

By using MATLAB command

fuelstabil

Discrete-time IDPOLYmodel: A(q)y(t) = B(q)u(t) + e(t)

A(q) = 1 - 1.591 qA-l + 0.6234 qA-2

B(q) = 0.03136qA-l - 0.03152 qA-2

Estimated using ARXfrom data setfuelestiM

Lossfunction 0.0115343 andFPE 0.013182

Sampling interval: 1

> > fuelstabiltf=tf(fuelstabil)

Transferfunctionfrom input "ul"to output "yl":

0.03136z-0.03152

zA2-1.591 z + 0.6234

Transferfunctionfrom input "v@yl" to output "yl":

0.1132 zA2 + 2.683e-017 z + 7.16e-018

zA2~ 1.591 z + 0.6234

I/O groups:

Group name I/O Channel(s)

Measured I 1

Noise I 2
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Sampling time: 1

> > fuelstabC=d2c(fuelstabiltf)

Transferfunctionfrom input "ul"to output "yV

0.03972 s - 0.0032035

sA2 +0.4726 s+ 0.04091

Transferfunction from input "v@yl" to output "yV

0.1132 sA2 + 0.2064 s + 0.1425

sA2 + 0.4726 s + 0.04091

I/O groups:

Group name I/O Channels)

Measured I 1

Noise I 2

» num=[0.03972 -0.0002035]

num =

0.0397 -0.0002

» den=[l 0.4726 0.04091]

den =

1.0000 0.4726 0.0409

> > fueltf=tf(num,den)

Transferfunction:

0.03972 s - 0.0032035

sA2 +0.4726 s+ 0.04091
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4.3.1.3 Verification of Data

After the transfer function has been established the transfer function has to be

validate first in. From the simulation done, the output establish shows that the system

relation between input and output are as the same as the real data used for the

estimation and validation data. This prove that the system transfer functions are

representing the system behaviors.

Fuel System By System ID

0.03972s+0.0032035

32+0.47283*0.04091

I I
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>
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.
Scope

Step
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C :mstan 1

46

44
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I 43

42 -

41 -

40
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Fuel Consumption ofOpen Loop Daia FromTransferFunction

15 •20- 25.

Time (seconds)
30 35

Figure 27 Validation Data for Air System
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4.3.2 Ciose Loop System Lead Lag Compensator Design

When the transfer function of the system have been established the close loop system

of the transfer function can be generated by designing the Lead Lag Compensator

design. By the aid of SISO Control system Toolbox the design can be done by the

following steps:

Table 14 SISO Toolbox Design

Transferring Transfer Function to
SISO Toolbox for Close Loon

''

Designing The Compensator Base
On Analysis Of LTI Viewer

''

Established Simulink Block Diagram

T '

Analysis Of Steps Response To The
System.
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Figure 28 SISO Design Toolbox

By using SISO design tools the system compensator can be designed by analyzing

the system behavior byreferring to the system steps response that canbe visualize by

the LTI Viewer in the SISO toolbox. Fromthe figure above the compensator has

been designed by dragging (trail and error) the poles and zeros of the system by

referring to the root Locus plot and open loop Bode Plots. In this design method the

gain K and the poles and zeros of the system canbe adjusted in order to get the best

response to the system.

In Figure 29 the root locus and bode plot response of the system that have been

adjusted (design) can be observed. This representation shows the response of the

system (in term of bode plot and root locus). Fromthe plot also the positionand

placement of poles and zeros of the system can be observed with respect to the

system close loop response. In this design project the analysis of the response have

been done by observing the steps response of the system by viewing the response

using LTI viewer available.
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Figure 29 Root Locus And Bode Plot of Design Compensator

The system can be represented by SIMULINK representation to see the steps

response and behaviors of the system with respect to the steps response given to the

system. As can be observe from Figure 30 the system representation of the design

compensator and the steps response of the systemcan be observeand simulated.

Fuel System Design By Cot pens-tor Des gn

bin •
n

fclr^
F•1

+ +

Compensator fuels
_,

Gain
Suml Compensator Plant

Fuelcomp

T a Wot-pace
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S elisor Dynami 3

Figure 30 Lead Lag Compensator Design
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. Response for Compensator Design
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Figure 31 Close Loop Response for Air System.

The result of the system response withcertain given steps response can be clearly by

the plot in figure 31 and 32. In this plot the system representation of the steps given

(20% of load) has shown the tremendous response with respect to that set point. as

can be observe the response has shown that the overshoot of the system reach only

22%o which is about 1%of overshoot. The settling time of the system also as can be

see is good enough for gas turbine system which is about 35 second of the system

response.

Steps Response Of FuelSystem for 1%Step
Change

' System !uelecmpsm_1
_ _S_ ._._._. IfohputPoiFrttGOi-pjt Point
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." Amplitude: 1.11
I

-*•

. - System (uefcompsimj
\X>. tiput Pointto OutputPoint '
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Compensator Response
>Rise Time= 5.02 sec

>Settling Time =40 sec
>overshoot=1.1% at 12.3 sec

Figure 32 Close Loop Response for Air System.
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4.3.3 Fuzzy Logic ControilerDesign

Fuzzy logic system implementation (using ANFIS)

In designing the more efficient system as been mention before the adaptation of
fuzzy logic system have been done in this stage. The steps taken in this design are as

follows:

Stage One: Creating System Data By referring to Compensator Design

Thesteps taken indesigning the fuzzy 1ogic system forfuel areassimilar to the
empirical modeling design of fuzzy logic system. In using the ANFIS Toolbox the
data from the compensator design can be used to determine the system controller:

Step
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Figure 33 Compensator and Fuzzy Simulink Design
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Stage Two: Creatingfuzzy logic system using theANFIS GUI toolbox

The system input will be train in order to produce the desired system output in this

stage the system data have been train by using Sugeno type of fuzzy system. The data

are taken with the fuel demand and the air supply desired.

This data are train in order to get the most accurate output desired for the system. In

training the system the ANFIS GUI are used in order to achieve this result. The

layout of the ANFIS modeling are as shown below:
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Figure 34 ANFIS GUI Design Tools
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In this design the training for the data have been done for about 5times

ANFIS info:

Number ofnodes: 28

Number oflinearparameters: 12

Number ofnonlinearparameters: 12

Total number ofparameters: 24

Number of training data pairs: 41

Number ofchecking data pairs: 0

Number offuzzy rules: 6

StarttrainingANFIS...

1 4.454874

2 4.454882

Designated epoch number reached -> ANFIS training completed at epoch 2.
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Stage Three :Analysis Ofthe system ofclose loop steps response.

The analysis of the system are again have been done as the same method as the
previousanalysis:
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Figure 37 Steps Response ofFuzzy System

In this simulation that have been done for the 20% ofsteps input, the result that have
been obtained in comparing with the compensator design and fuzzy logic design has
shown that the fuzzy logic system has a better performance comparing to the
compensator design. The response for fuzzy is much faster and also the settling time
ismuch faster comparing to the compensator design.

From this analysis it shows that the system become more stable the reaction and
settling time of the system become more faster when compare to the original system.
This has proved that the system is more reliable and can give amore faster response

to the system.
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4.4 Fuzzy Logic Controller Using Mamdani Design.

The fuzzy logic implementation of the gas turbine using the Mamdani type of fuzzy

have been explained in detailed in APPENDIX B., Briefly the design takes place by

observing the behaviors of gas turbine with reference to the specification of the

system. With this data the fuzzy logic for the system can be designed in such a way

that it can operate as desired to the gas turbine behaviors. In designing with the

MATLAB simulation toolbox the design of the fuzzy logic are been done steps by

steps. Basically there are three main editors that was used in design the fuzzy logics

which is FIS editor, Membership Function Editor and Rule editor. By adjusting and

manipulating the value (as been explained in APPENDIX B) the system behavior

can be cast on the fuzzy in order to "teach" the system on making decision for the

given input to desired an precise output.

This construction of Fuzzy logic using Mamdani system is done only to get the better

understanding of the fuzzy logic technique of the implementation.

4.4.1 Fuzzy Logic Implementation

4.1.1 Effect on the Gas Turbine System

In implementing the fuzzy logic system to the gas turbine air fuel control the

effect that expected to occur is on the accuracy of the system in determining the

desiredoutput. As been explainedin the literature review the effect in using the fuzzy

logic are proven to generate a more accurate decision making especially in

unpredicted system. In comparing with normal conventional system such as PID

controller the fuzzy decision making is more reliable since the decision are made as

similar to the process and can be easily understand by the user or designer. For an

example in the design system of fuzzy logic on the gas turbine the input are cascaded

to a very subjective ways in determine the value of the output desired. When

comparing to others systemthe approachthat were used is base on the discretevalues

where the decision will be in absolute value. Different from fuzzy logic system

where the values are taken from the discrete value base on the rules determine by the

designer.
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Others effect that can bee se on the system is on the speed of the decisions,

where the decision making of the system will be more faster compare to others

conventional controllers. This will help in controlling the system where fast reaction

can help in producing more efficiency system. In the case of gas turbines the more

faster the decision on the amount of fuel needed can help in creating more effective

burning and generating more power with respect to the fuels supply without any

losses and thus can also help in reducing the emission due to the incomplete

combustion.
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4.5 Construction of Gas Turbine prototype

The construction of the prototype of gas turbine have been done in this stage, this
construction done mainly to give a better picture ofthe system to the audience about

the process and the system ofthe gas turbine. By constructing this prototype also
author can give a more better picture about the system implemented in the gas
turbine system.

The construction have been staged into a few part which is the design part,
construction and implementation. Until now the construction stage will be done
recently. In design stage the design of the model have been made so that the real

prototype can be constructed, in design part there is several design have been made

by the author which is the hardware construction, electrical wiring and PIC
implementation.

In hardware construction the equipments used for the body of the prototype is the
Perspex with two CPU fan to represent the blades of the turbine and compressor. The
design of the hardware are as attached in APPENDIX G

This construction has been done as an extra part of the project so that something have
been done in order to shows the author understanding on gas turbine system.
Hopefully this prototype construction can bee used in the EDX for this semester. The
construction Diagram andpicture are as attach in APPENDIX G

In electrical circuit construction for the gas turbine, some ofthe circuit that have been
develop and done are:

• PIC Controller main Circuit =this circuit is used as the main microprocessor
of the sequencing of the system.

• 2 Chasing Light (night rider) = for showing ofthe sequence

• Circular running light = for showing sequence purposes.

• Voltage Regulator = to step down the voltage supply from 12V to9V to 5V

• Relay Circuit= toenergize the system insequence.
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4.6 Problem Faced and Progress Done.

In this designproject there are some problems and obstacles that have been faced by

the author. Some of the problems that has occurred is on the a viability of the gas

turbine system in UTP. Author has to wait for more that one semester in order to

established the real data for the DIDATEC gas turbine system. The problem arised

when the mechanical department have some problems in execution of that gas

turbine, some of the problem that occur such as the space unavailability, the broken

part of the system and also the unavailability of technician to handle the equipment.

This problem arise due to the gas turbine condition that has not been used for a long

period of time.

Another problem arise in this design project in the unavailability of equipments for

the prototype design .The problem occur when theneeded component such as IC and

fan cannot be supplyby UTP and the supplier.

In terms of the software design, the problem occur in getting the best result of the

system. Some of the problem that occur in tuning the fuzzy 1ogic system. And in

making the system robust where in this author design certain configuration of steps

response cannot be analyze by the fuzzy system.

The progress of the project throughout one year of the design project are as attached

in APPENDIX H.
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CHAPTER 5

CONCLUSION AND RECOMMENDATION

Control system design is one of the technological advancement in control. There are

many method introduce to generate the better and more effective system in term of

its operation and the responses due to the change and disturbances. In designing the

control system many factors and criteria that need to be award and defined to create

the most effective control system. In this design project author has the opportunity to

go in dept on the control system design for conventional control system such as PID

controller and also the advance control system practice which is the fuzzy logic

system implementation. This is the very good start-up fro the author to understand

the control system especially in industries purposes (Gas Turbine). The control

system is one of the important field and criteria that need to be evaluated from time

to time as the advancement in control strategies involved.

In this design project author has managed to create and analyzed the Gas turbine

system in two different methods which is empirical modeling method and System ID

and LTI viewer method. From both method the system can be more improve in term

of the steps response and the better reaction to the disturbances. In this designproject

student only concentrating on the steps response or linear time invariant system.

As far as the author effort put in the project this project can be further improved and

continued by others researches especially in the realizing the system to the real gas

turbine to see the behaviors of the system. This can be done by adapting

microcontroller to the system where this cannot be done in author project since lack

of time and some technical problem.
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APPENDIX A

ENGINE TORQUE AND POWER FOR FUZZY SYSTEM
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Figure 9: Engine power (TPS=25%;
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Figure 13: Engine torque (TPS=25%)
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Figure 10: Engine power (TPS=50%) Figure 14: Engine torque (TPS=50%)
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Figure 11: Engine power (TPS=75%;
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12: Engine power (TPS=100%)
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Figure 15: Engine torque (TPS-75%)
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APPENDIX B

FUZZY LOGIC IMPLEMENTATION BY MAMDANI TYPE FOR
GAS TURBINE

Mamdani's fuzzy inference method is the most commonly seen fuzzy methodology.

Mamdani's method was among the first control systems built using fuzzy set theory.

It was proposed in 1975 by Ebrahim Mamdani [Mam75] as an attempt to control a

steam engine and boiler combination by synthesizing a set of linguistic control rules

obtained from experienced human operators. Mamdani's effort was based on Lotfi

Zadeh's 1973 paper on fuzzy algorithms for complex systems and decision processes

[Zad73]. Although the inference process we describe in the next few sections differs

somewhat from the methods described in the original paper, the basic idea is much

the same.

Mamdani-type inference, as we have defined it for the Fuzzy Logic Toolbox, expects

the output membership functions to be fuzzy sets. After the aggregation process,

there is a fuzzy set for each output variable that needs defuzzification. It's possible,

and in many cases much more efficient, to use a single spike as the output

membership function rather than a distributed fuzzy set. This is sometimes known as

a singleton output membership function, and it can be thought of as a pre-defuzzified

fuzzy set. It enhances the efficiency of the defuzzification process because it greatly

simplifies the computation required by the more general Mamdani method, which

finds the centroid of a two-dimensional function. Rather than integrating across the

two-dimensional function to find the centroid, we use the weighted average of a few

data points. Sugeno-type systems support this type of model. In general, Sugeno-type

systems can be used to model any inference system in which the output membership

functions are either linear or constant.
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In MATLAB fuzzy logic tools box there are mainly 3main design interface m
designing the system. The design takes place in 3different editor that will be
explained in part, their function and the design that have been made to the
DIDATECT gas turbine system.

A.1 FIS Editor
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Figure Al FIS Editor Example

The FIS Editor displays general information about afuzzy inference system. There's
asimple diagram at the top that shows the names of each input variable on the left,
and those of each output variable on the right. The sample membership functions
shown in the boxes are just icons and do not depict the actual shapes of the
membership functions. This is the main windows of the design from this FIS edrtors
overall picture of the system can be observed and see. The main displays that
important in this windows is the input (colour in yellow) and output (colour m
green). Others setting that can be done is on the method of analyses and the
defuzzification of the system .
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In designing for the gas turbine system the main adjustment done ison the mpnt
variable and also the type of fuzzy need to be used. From the figure given below the
main fuzzy system used is the mamdani type. The input of the system are chosen to
be three input which is the power consume by the turbine (which is the generated
power), the compressed air which is air taken from the compressor (for this system
the air are taken from the internal fan air supply) and the third input is the output
temperature at the turbine. This input is mainly the safety input which rs the
monitoring of the temperature generated at the turbine will be monitor at the system.
Where in this point the temperature is the highest. So the monitonng of the
temperature changes in this stage is needed for safety of the environments as well as
the equipment. The defuzzification of the system is taken to be acentroid type where
the center reading of data (highest) result from the fuzzy operation will be taken as
the output value after defuzzyfication.

Figure A2 FIS Editor For Gas Turbine



A.2 The Membership Function Editor
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FigureA3 Membership Function Editor

The Membership Function Editor is the tool that display and edit all of the

membership functions associated with all of the input and output variables for the

entire fuzzy inference system. This display or GUI will shows the input and the

output of the design system that will be done. The set up of the value of the input

and output also been done in this GUI. With this windows the set up of the desired

input and output to matched the decision that will be done isset atdesigner design.

89



Fte Edit Yisw

FIS Variables

XX lUfJ
'ow»consume(

52
Fue cosumpt on

Compjessed^-

]XX
oulpulfinpsratiire

Nams" '. . ,•"• :- - •".."''•':.: ?• '"yjPSfeiJiffliiiiwi

.Tm1.8 ••='• • "".••:- ••'-""; ' ''<n \ -./TO*'*1 .''---

"Rarigo " [01.5]

[01.51

•ReSiti--;

Membership function plots

Inputvariable "Powtr.onsumed"

Cui^MernbMship;F^bn(c^onyFto(Bfad)'.

.Name- ;.' '

fjipe ,

Pararhj [0.13330.504]

\ .-,••.-•'• Help---- ' -./.-\- :*',!;/'',;:C^."!:1:"SVf;-JjiJ:-; •

Figure A4: Membership Function Editor ForPower Consumed

For the first input which is the Power Consumed by the gas turbine the set-up of the

pattern for signed value are set as shown in figure. From the figure the value of the

power are set to four different membership function which is very low power, low

power, medium power and high power. The function is representing the value of

power for the condition. For this system the Gaussian membership function are

choose due to the asymmetric bell shape of the function which is suitable for this

type ofapplication. As reference form the gas turbine datasheet and behavior the rage

of the power that can be generated by this gas turbine are taken until 1.5 K watt of

power. The set-up of the rage for each membership function are done base on the

behavior andpattern of operating of gas turbine.
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Figure A5: Membership Function Editor ForCompressed Air

The second input that was used in this design is the amount of pressure at the intake

orcompressed air coming inside the combustion chamber. Since the study ofthis

design in onfuel and air system the ratio of this fuel and airare studied and used for

the design.
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Figure A6: Membership FunctionEditorFor Output Temperature

The last input of the system is the output temperature of the gas turbine this input is

actually selected in as the safety precaution where the monitoring of the temperature

at theturbineis important in protecting the environment and also theequipments.

The temperature taken is the highest temperature allowed in the system by

monitoring this values the highest temperature can be monitor. The other reason that

this input are choose is due tobehavior ofgas turbine itself In this temperature point

the heatdissipated in thischamber will determine the power generated in term of the

emission and also heat where the higher the heat dissipated the higher the power

generated. In this membership function the function are divided into four partwhich

is the very low temperature (where the power generated is normally very low) low

temperature (mainly in starting event) medium (where power in idle or stable point)

an a high temperature where this section indicate the hazard of the system and the

action thatneedto be takenis by lowering the fuel intake from the outputdecision.
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Figure A7: Membership Function EditorFor Output Fuel Demand

For the output membership function the division of the range are made as shown

where the output are divided into four part which is low fuel consumption (for the

situation of high temperature at turbine) operating range ( for normal operating)

starting rage (which is the fuel required( range) in starting condition) and high fuel

consumption rage where the fuel in this rage are more that the expected used of fuel

(overused). The rage for the membership function are taken as minimum value is

zero and maximums is 28 gallon/ second.
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A.3 The Rules Editor
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Figure A8 : Rules Editor

Based on the descriptions of the input and output variables defined with the FIS

Editor, the Rule Editor is used to construct the rule statements automatically, by

clicking onand selecting one item ineach input variable box, one item ineach output

box, and one connection item. Choosing none as one of the variable qualities will

exclude that variable from a given rule. Choosing not under any variable name will

negate the associated quality. Rules may be changed, deleted, or added, by clicking

on the appropriate button.
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Figure A9: RulesEditorFor Gas Turbine System

Inauthor gas turbine fuzzy logic design some ofthe rules are as shown inthe figure.

This rules are generated base on the condition of the gas turbine for an example in

the condition of the power consume is low, compressed air is medium or high and

output temperature also low the expected value ofthe fuel consumption will be high

in order to make the combustion ratio of air and fuel are in the most efficient values.

The rules that been set in this example would be " if power consumed is low and

compressed air is normal and output temperature is high then fuel consumption is

high "
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A.4 The Rule Viewer
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Figure AlO: The Rules Viewer

The RuleViewer displays a roadmap of the whole fuzzy inference process. It's based

on the fuzzy inference diagram described in the previous section. You see a single

figure window with 10small plots nested in it. The three small plots across the top of

the figure represent the antecedent and consequent of the first rule. Eachrule is a row

ofplots, and each column is a variable. The first two columns ofplots (the six yellow

plots) show the membership functions referenced by the antecedent, or the if-part of

each rule. The third column of plots (the three blue plots) shows the membership

functions referenced by the consequent, or the then-partof each rule. Ifyou click

once on a rule number, the corresponding rule will be displayed at the bottom of the

figure. The fourth plot in the third column of plots represents the aggregate weighted

decision for the given inference system. This decision will depend on the input

values for the system.
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Figure All: Rules Viewer For Gas Turbine System

In this gas turbine design the rule viewer of the system are as shown in the figure.

The row of the graph represent the rules that have been set up in rule viewer an the

column represent the input value that been set across the line. In this windows

designer can see the effect of the input to the output by adjusting the value of input

(the red line) and observe the output from the single box at the bottom of the boxes

the thicker red line represent the value of output after defuzzyfication.
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A.5 The Surface Viewer
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Figure A12 : The Surface Viewer

Same as the rule viewer, surface viewer is used to see the design fuzzy on the system.

By this 3D plotted graph of input and output relationship designer can observe the

expected behavior of the system.

For the design gas turbine system the surface viewerof the design fuzzy are as shown

in the figure. From the graph the design fuzzy can be observed from the plotted

graph. As for example for the graph of Power Consumed (input) Vs Compressed air

(input) vs Fuel Consumption (output). The relationship of this three variable can be

observed where in cirtain point of power consumedand compressed air the expected

output can be determine and observed.
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APPENDIX C

DATA COLLECTION FOR GSP 9.1 SOFTWARE

I) Simulation using GSP 9 software

I.I) Specification of Standard Turbojet System.

Diagramof Turbojet SysteminGSP

Inlet

Model Option : MIL-E-5008B (RR(pressure Ratio) according to this standard
assumes RR=1up to flight Mach 1. Above Mach1, RR is reduced
using a function of Mach.)

Design Mass Flow: 19.9Kg/s

Pressure Ratio : 1

Compressor

Model Option : Free State RotorSpeed

Rotational Speed: 16540rpm for 100%

Design PressureRatio : 6.92

Design Efficiency : 0.825

Combustor Unit:
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Combustor Efficency: 0.995

Fuel Flow rate : 0.38 Kg/s

TotalPressure Lost at Design Point: 0.04%

Design Fuel: Jet-A/Al, Avtur

-Fuel Temperature : 288.15K

-H/C ratio: 1.9167j/Kg

-Cpoffuel:2093J/Kg/K

-Temperature for fuel Hv Cp value specification : 298.15K

Manual Fuel Control:

Wf(Fuel Flow) : 0.38Kg/s

TransientFlow rate : 0.5kg/s

Turbine:

Model: Free State Rotor speed

SpoolInertia moment: 0.7578kgm2

Spool mech. Efficency : 0.99

RotationalSpeed: 16540 rpm = 100%

Design Efficency : 0.88

Propelling Exhaust nozzle:

Model :Fixed area nozzle

Velocity Coefficient: 0.975

Simulation Procedure:
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Main Layout of Turbojet system

After the designhave been specifiedthe system will be runn through the simulator as

shown below the setting or the coefficient of the system requirement have been key

in the simulator system. After that the transient and steady state analysis will be

done.

Manual fuel control

{Manual Fuel Control ID string

General Transient j Output | Remarks j

Wf 10.38

Model Options

<* Specify fuel flow

<~ Specify Texit (T4j

<" Specify Fuel-Air ratio

Ikg/sl
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Calc.Nr. 3

Fuel flow input

(*' User specified

C Free state

Cancel Help



Output 1 Design Fuel ] Fuel j Fuel pump ] Water Inj. ] Remarks
General Design j Vol.dynamics j Piessure Loss j Emissions j Heat sink

I• Specify: -

Ikg/s]; <f Fuel flowdesign fuel flow 0.38

design combustion efficiency 10.995

rel. tot. pressure loss at design point J0.04

P Zero Wf in design Calc. (afterburner)

ID string

OK

[]

[ 1

f" Exit temperature

f" Fuel-Air ratio

Output condition
C Area

<• Mach No

Exit flow cross area]

;0 1512900! [m2] j

Exit mach number

fo-i H

Cancel Help

Turbine

Variable Geometry

General I Design

Deterioration | Output j
Map 1 Vol dynamics | Cooling

Calc.Nr. 5

Remarks

I Heat sink

shaft nr./suffix 1

r Model Options

; *• Fiee state rotor speed

P User specified rotor speed

: C Power balance at rotor speed

External load / PTO

spool inertial moment jl!Bila&>i I kgm2 ]

spool mech. efficiency 10.39 [-1

V Free Power Turbine

PTO 0 [ kW ] Torque 0 [Nm]

OK Cancel Help
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Compressor

Compressor ID string Calc.Nr.

Variable Geometry j Deterioration ] Output ] Remarks
General Design I Map ] Vol.dynamics j Bleeds ] Heat sink

design rotational speed 16540 [rpm] = 100 [%]

design pressure ratio 6.92 [ - ]

design efficiency 0.825 [ - ]

OK

Exit flow cross area:

(0 fm2] j

Cancel Help

Simulation Result:

After the simulation have been done the result achieved from this simulation are
tabulatedin data from as shownin the figure and also in graph form:
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APPENDIX D

EMPERICAL MODELLING DATA (STEPS RESPONSE DATA)

Step Data for AIR intake of gas Steps Data For Fuel Intake of the Gas
turbine: Turbine

100-

steps 150

1 175

2 175

3 176

4 178

5 179

6 183

7 184

8 184

9 186

10 188

11 190

12 192

13 194

14 197

15 199

16 200

17 201

18 202

19 200

20 200

150-200

1 40.2 36.2

2 40.2 36.2

155
3 40.4 36.3

154
4 40.5 36.5

155
5 40.5 36.7

156
6 40.6 36.7

158
7 40.7 36.8

159
8 40.9 36.9

161
9 41.1 37

163
10 41.7 37.1

166
11 42.4 37.7

169
12 42.9 38.1

171
13 43.1 38.3

172
14 43.6 38.8

173
15 44 39.1

174
16 44.5 39.8

175
17 44.7 39.9

175
18 45 40

175
19 44.8 40.2

176
20 44.8 40.2

176
21 44.7 40

175
22 44.7 40

23 44.9 40.1

24 44.9 40.1

25 44.9 40.2

26 44.8 40.2

27 44.8 40.2

28 44.8 40.2
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29 44.8 40.2 45 44.8 40.2

30 44.8 40.2 46 44.8 40.2

31 44.8 40.2 47 44.8 40.2

32 44.8 40.2 48 44.8 40.2

33 44.8 40.2 49 44.8 40.2

34 44.8 40.2 50 44.8 40.2

35 44.8 40.2 51 44.8 40.2

36 44.8 40.2 52 44.8 40.2

37 44.8 40.2 53 44.8 40.2

38 44.8 40.2 54 44.8 40.2

39 44.8 40.2 55 44.8 40.2

40 44.8 40.2 56 44.8 40.2

41 44.8 40.2 57 44.8 40.2

42 44.8 40.2 58 44.8 40.2

43 44.8 40.2 59 44.8 40.2

44 44.8 40.2 60 44.8 40.2
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APPENDIX E

OVERALL DATA OF DIDATEC GAS TURBINE

Speed Direct Current Air LPG

Engine Volume Flowrate Air admission

Rpm m3/h L/m T! P1

1 100 230 46.8 24.7 -81

2 150 175 40.2 25.2 -82

3 200 155 36.3 25.4 -82

4 250 158 34.2 25.5 -83

5 300 146 32.1 25.8 -84

Combustion

Compressed Air Chamber Nozzle Exhaust Oil

T2 P2 T3 P3 T4 P4 T5 P5 T6

87 0.57 568.7 0.56 654.7 95 563.8 -1 46.2

84.5 0.53 590.2 0.51 639.3 87 567.6 -1 57.9

81.4 0.48 583.9 0.47 625.1 80 558 -1 66.6

78.9 0.46 568.4 0.44 614.2 75 548.1 -1 12.5

76.3 0.42 549.2 0.41 600.9 70 536.9 18

LPG Turbine Speed

P6 T7 P7 RPM

2.72 23.7 1.51 91.05

2.06 23.9 1.3 87.23

1.73 24.4 1.18 84.79

1.56 25.1 1.09 82.11

1.41 25.6 1.01 79.74
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APPENDIX F

DIDATEC GAS TURBINE
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APPENDIX G

HARDWARE PICTURE AND DESIGN
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