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ABSTRACT

Recently, energy consumption is getting increased rapidly. However, the
sources of energy nowadays are limited and the demand is getting increased in the
course of time, Heat recovery steam generator or HRSG is one of the big equipment
that is productively being used these days to recover the heat and to produce it into
steam that can be used in many applications. However, it is known that HRSG is a
complex system and using conventional controller to control the system has brought
a lot of drawbacks. Providentially, the requirements for fast and flexible responses
along with the increasing complexities of modern plant process control applications
has motivated new enhancements and works in the invention of various control
techniques in many process plant and Fuzzy logic is known as one of the technique
available. This project aims to develop a control strategy using a fuzzy logic
controller to be used as a pressure controller to control the input of the Heat recovery
steam generator (HRSG) model which is the exhaust gas from a connected gas
turbine as per the steam demand and also as an alternative to the existing
conventional PI controller. The modei of the heat recovery steam generator and the
designed Fuzzy logic controller is entirely developed by using the
MATLAB/Simulink software. The PID and Fuzzy Logic toolbox available in the
MATLAB Product Family is used to its full advantage in order to perform the
necessary simulations for the designed controllers. Mamdani approach is chosen in
order to develop the Fuzzy Inference System (FIS). The effectiveness, feasibility and
the performance of the designed fuzzy logic controller is studied through simulation
and the results are compared with the existing conventional PI controller. The
simulation results shows that a fuzzy logic controlier developed.in this study yields a
better perfomiance compared to a PI controller in terms of settling time, overshoot,

final value, rising time and integral of absolute error.
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CHAPTER 1

INTRODUCTION

1.1 Background of Study

Recently, energy consumption is getting increased rapidly. Basic human needs
can only be met through industrial growth, which depends on the capability of energy
supply. However, the sources of energy nowadays are limited and the demand is getting
increased in the course of time. The increase in number of population during the last few
decades have placed great burden on the electrical utility industry and process plants
resulting in the need for additional capacity in the areas of power and steam generation

throughout the world {2].

Steam is used in nearly every industry, and it is well known that steam generators
and heat recovery boilers are of prime importance to power and process plants [2].
Waste heat recovery has become very important to the efficient use of energy in the

industrial process as the need for energy recovery from low to medium sources is vital,

Heat recovery steam generator or HRSG is one of the big equipment that is
productively being used these days to recover the large amount of heat that is produced
from the exhaust of a gas turbine and turning the heat into saturated steam that can be
used in many applications. Consequently, a HRSG must be designed to operate
efficiently and safely while respo_ﬁdin_g rapidly to demand changes particularly in the

demand of steam.



More on, having seen that the complexities of HRSG system increasing day by
days and the need for fast and aééurate- résponses has risen up a question on whether is
it still possibie to use the conventional control methods to controf this complex system.
Thus, in order to solve the question an implementation of intelligent control techniques
that is capable of reducing operating costs while providing greater flexibility in plant
management and control is needed so that engineers can observed the differences that it
can give compared to the conventional 6ne. Here, Fuzzy Logic technigue is dﬁe such
intelligent technique that is believed can be eastly implemented to control a complex
system.

1.2 Problem Statement

| Heat Tecovery sicam generator (HRSG) system is a complex industrial process
with hlghly nonlinear charactenstxcs and has to operate under many uncertamtles i2]. In
order to fully utilize the functioning of a Heat Recovery Stecam Generator (HRSG)
system, a reliable control of super-heated steam pressure is necessary to ensure high
efficiency and quick load meeting capability. Previously, the use of conventional
Proportional Integral (PT) controller does not provide adequate control performance with
the consideration of nonlinearities [1} thus making it ofien difficult to achieve the
req_uired target. - o . | |

More on, the increasing complexities of modern industrial processes and the
requirement of fast and flexible responses have limited the capability of the conventional
PI controller. In these days with the advancement m technology and industrial processes,
based on {3] it is believed that Fuzzy lo_gic as one of such advanced control technique, in
which knowledge based design rules can easily be implemented to control a complex
system can be used to overcome the inconsistency produced by the conventional

controlier.



1.3  Objectives

There are several objectives that have been listed to be achieved throughout this

project which are as follows:

e To investigate the process variable that effect on controlling of the
Heat Recovery Steam Generator (HRSG) model.

¢ To design and implement a fuzzy logic controller (FLC) as a pressure
controller for the simplified HRSG model.

» To study the effectiveness of the designed fuzzy logic controller
(FLC) by simulation via MATLAB environment.

s To compare the performance of fuzzy logic controlier (FLC) with the
conventional Proportional Integral (PI) controller.

1.4  Scope of Study

The scope of this project is mainly focus on designing a PI and Fuzzy logic
Controller using the PID and Fuzzy Logic toolbox that are available in the MATLAB
Simulink software. Both of these designs will then be integrated into the reduced order
model of a Heat recovery steam generator system which is also build using the
MATLAB Simulink environment. The integrated HRSG model with both of the
respective controllers will then be simulated and tested. The output of the simulation

will be analyzed in details.

1.5  Significance of the research

As been mentioned before, HRSG system is a complex system with nonlinear
characteristic consists of many uncertainties. Thus, it is hoped that the successfulness of
this finding for the right method to control the HRSG system particularly in controiling
the steam pressure could provide a significant impact in terms of the development of
advanced controllers for plant process applications, especially in terms of the Fuzzy

Logic Control approach.



CHAPTER 2

LITERATURE REVIEW

2.1  Heat Recovery Steam Generator (HRSG) System

A heat recovery steam generator or HRSG is an energy recovery heat exchanger
that recovers heat from a hot gas stream. It produces steam that can be used in a process
or used to drive a steam turbine. Heat recovery steam generators (HRSGs) are widely
used in process and power plants, refineries and in several cogeneration/combined cycle
systems. They are usually designed for a set of gas and steam conditions but often
operate under different parameters due to plant constraints, steam demand, different
ambient conditions (which affect the gas flow and exhaust gas temperature in a gas
turbine plant), etc. [5]. As a result, the gas and steam temperature profiles in the HRSG,
steam production and the steam temperature differ from the design conditions, affecting
the entire plant performance and economics. HRSG performance has a large impact on
the overall performance of a combined-cycle power plant [7].

Figure 1: Modular of a HRSG system
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Figure 2 below shows a schematic diagram of a HRSG system. The HRSG
generates steam utilizing the energy in the exhaust from the gas turbine [6]. Heat
recovery steam generator consists of four fundamental parts which are drum, super
heater, evaporator and economizer. Generally, the input of the heat recovery steam
generator is coupled to a gas turbine exhaust and the output is connected to the steam
turbine which is connected to its electric generator. The large amount of waste heat
energy that is produced from the gas turbine exhaust or the supplementary fuel is used to
generate steam in the evaporator. As the generated steam reaches the point at the top
position of the drum, the generated steam will flow through the super heater and will be
further heated to be converted into saturated steam. Hence, the produced saturated steam
will be used to drive a steam turbine to produce electricity.

e —/ "
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I-lu»l -~/
(S ) conoewss
im0 |
- @1
R — |
| | STACK
— | |
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{ ,.,_'}:.I: % [ e %
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m -
HRSG

Figure 2: Schematic diagram of HRSG system



2.2  Mathematical Model of Heat Recovery Steam Generator (HRSG)

The mathematical model of the HRSG for the purpose of studying the steam
pressure control used throughout the research is fully obtained and referred to [4]. Low
order or reduced order model is used for the HRSG for control system tuning and
analysis. Basically, the steam pressure in any vessel depends on thermodynamics
principle and energy mass balance of rate of flow of steam at the-inlet and outlet like as

shown below:

Steam Steam

inflow —»! Yessel Steam

outflow

Steam
pressure

Figure 3: Steam Vessel

Inflow - Outflow = Rate of change of stored energy mass
d
Wi—Wo=—2(p.V9) Y

The above equation shows the energy mass balance of rate equation. #;and W, is
the mass flow rate of steam in and out respectively and p is the density of steam in
vessel. ¥, is the volume of the steam vessel. Density (p) is a function of steam pressure

(py) assumed uniform in the vessel {4].

Equation 1 can be written in the form of transfer function through Laplace
transformation and referring the variables to their nominal values with subscript ‘u’

whereby Ty, is under the units of seconds like as shown below:

(Wiu— Woy) = [(1/ Tsv. s) pe ] (2)



In the HRSG storage behavior model as shown in figure 4, the drum, super
heater and the connected piping are represented by the above type of transfer function.
T, represents the time constant of the drum and 7, represents the time constant of super
heater. The steam flow through super heater is related to the pressure drop across it as

indicated by the parameter Csh [4].

The block diagram showing the HRSG model is shown as below.

Steam Boiler
generation storage
W,
1 Drum
pX T To s P
{Tu) s pressure
+ y
+
Csh
Wsh « > 3
4
Pressure
drop
7 3
+ i 1
z
) (Tv)s turbine
Wi Ps  steam
. .k Pressure
Turbine Pipe line
flow storage

Figure 4: HRSG Storage behavior model



2.2.1 Firing system and Thermal Inertia

The steam generation in the HRSG is subjected to a time constant which
depends upon the firing system tie lag and the ‘thermal inertia’. Thermal inertia may
be defined as the time constant associated with the virtual steam production (W,) in the
boiler when the firing intensity (F) is changed by the firing system. The firing system
time constant and the thermal inertia time can be represented by the transfer functions
as shown in Figure 5. The firing system has a transport lag term (¢ ™ ° ) which

represents the dead time associated with coal mills [4].

-Tds
F I W,
Cr A N S
fiing  ——» > (1+Ty.s) [~
command (1+Tm. s)
Firing Thermal
System Inertia

Figure 5: Firing system and thermal inertial model

The firing command is given by the pressure controller or combustion controller
which is of proportional — integral- derivative (PID) type. Combining the above blocks
completes the mathematical model of the HRSG for the simulation of pressure control

loop like as shown in Figure 6.



The model of HRSG developed is as shown below:

exhaust flow xme drum
: { 1 !
Bl :
P Y (1 +Tms )3 F'y Tvs
Steam generah on zpl
Pressure drop
ECsh l‘ -
Steam xm1 4
demand
: o - xmdf— Tus xp
i pressure controller super heater

Figure 6: HRSG mathematical model

In Figure 6, Blspm is the set point for steam generation (or power output) and pr
is the pressure set point. All the variables are in non-dimensional form. Steam
demanded by the turbine is shown as xmd. The unit delay term (e “Tds ) has been
replaced by cascaded first order block [ 1/ (1 + Tm s)*] for convenience in simulation
process. The description of parameters for the asbove HRSG model can be referred in

the appendices section in table I.1.



23  Conventional Approach

Conventional Proportional, Integral and Derivative feedback control is a simple,
design based on the deviation, or error, between a set point and the value of a process
variable. The output variable is usually a final element such as a control valve or
variable speed drive. The corrective action will be taken based from the signal of which
is calculated from the magnitude of the error (proportional mode), the persistence of the
error {(integral mode) and the rate-of-change of the error (derivative mode) [8].

The PID controller calculation (algorithm) involves three separate parameters;
the proportional, the integral and derivative mode. The proportional mode determines
the reaction to the current error, the integral value determines the reaction based on the
sum of recent errors, and the derivative value determines the reaction based on the rate
at which the error has been changing. The weighted sum of these three actions is used to
adjust the process via a control element such as the position of a control valve or the
input supply of a heating clement. By tuning the three constants in the PID controller
algorithm, the controller can provide control action designed for specific process

requirements.

The response of the controller can be described in terms of the responsiveness of
the controller to an error, the degree to which the controller overshoots the set point and
the degree of system oscillation. PI controllers are particularly common, since derivative
action is very sensitive to measurement noise, and the absence of an integral value may

prevent the system from reaching its target value due to the control action.
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2.4  Fuzzy Logic Control

2.4.1 Fuzzy Logic concept

A fuzzy system consists of fuzzification module, fuzzy rule base, fuzzy inference
engine and defuzzification module. Generally, the fuzzification module converts real
world value or variable into the fuzzy expert system or fuzzy sets. The inference engine
uses the results of the fuzzification module and accesses the fuzzy rules in the fuzzy rule
base to determine directly the outputs from the knowledge base and online data by
minimum and maximum operation. The final output of the fuzzy expert system is
provided by the defuzzification modute. With defuzification module, the aggregated
fuzzy set can be converted into a crisp value which is known as defuzzification. A
typical fuzzy logic system is shown in figure 7.

Fuzzy Logt Contrdlier

.............................................................

Knowledge Base

éoa!abase l
! Fully Puls Base i

< b

: Fuzzy
b Fuzsfieation inferenée | Defuttication
Module Engine htodule
i[ Feedback le
Figure 7: Fuzzy logic system

2.4.2 Fuzzy Sets

Set theory forms the foundations of arithmetic, logic and indeed the major part of
mathematics and formal reasoning. We tend to move naturaily from the elassification of

everyday language to mathematical formulation of a set {9].
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2.4.3 Membership function

The membership function of a fuzzy set is a graphical representation of the
magnitude of participation of each input [10]. It is a generalization of the indicator
function in classical sets. Membership functions represent the degree of truth as an
extension of valuation. Degrees of truth are often confused with probabilities, although
they are conceptually distinct, because fuzzy truth represents membership in vaguely

defined sets, not likelihood of some event or condition {11].

A membership function (MF) is a curve that defines how each point in the input
space is mapped to a membership value (or degree of membership) between 0 and 1.
There are different membership functions that are associated with each input and ouiput
response. Figure 8 shows different types of membership functions that can be used to
create a fuzzy logic controller.

Trapezoidal o Beit

& 4

i A A

5 T * X ) 1 o X
Gaussian Sigmoidat

Figure 8: Types of Membership Functions



2.4.4 Raule Base

The fuzzy rule base consists of a collection of fuzzy rules. Fuzzy rules can be
developed by two different methods. One method is to derive IF-THEN rules based on
the knowledge. Another method is to select a few data as input-output pairs to determine
IF-THEN rules. When fuzzy logic rules are obtained from input/output data, data pairs

can become the canters of appropriate fuzzy regions, which correspond fo appropriate

fuzzy variables.

2.4.5 Defuzzification

Defuzzification is the process of producing a quantifiable result in fuzzy logic. It
is the process in which the fuzzy quantities are defined over the output membership
functions that are mapped into a non-fuzzy value. Typically, a fuzzy system will have a
number of rules that transform a number of variables into a "fuzzy" result, that is, the
result is described in terms of membership in fuzzy sets. There are many different
methods to achieve the defuzzification process such as which Centre of Gravity (COG),
Bisector of Area (BOA) and Mean of Maxima.

13



CHAPTER 3

METHODOLOGY

3.1  Project Workflow

The project workflow is as shown below:

[ Start ]
¥
Preliminary Research

v
Proposed Plant Modeling

|
"

Design and integrate controller in plant model

v
Run simulation via MATLAB

No

Successful

Analyze and compare result based on selected
parameters

v

Conclusion and Recommendation

End

Figure 9: Project Activities Flow Chart
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Determine objective
Identify process and controllers
input and outputs

Study the Model

!

Fuzzification & Inferencing

Derive fuzzy control mules-based
Define inference engine
Introduce memberships function

h

Defuzzification
Select defuzzification method
furiétioh

Parameter Tuning l — -
. Fuzzy Control Operation

e Mapping of

memberships ¢ Fuzzification

> function > e Fuzzy inference

¢ Fuzzy inference ¢ Rule base

engine or rules e Defuzzification
o Scaling factors 7

Simulation and Testing

No

Performance
successful

Figure 10: FLC design methodology
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3.2 Gantt Chart

The Gantt chart is provided together with the report in the Appendices section.
Noted that the Ganit chart as a guideline for the project timeline. There can be any

changes on the project scope based on the circumstances.

3.3 Tools Required

Throughout this project, MATLAB SIMULINK environment is used as the
medium to design and implement the modeling and simuiation of HRSG model. The
designing of Fuzzy logic controller was completed by using the Fuzzy Logic Toolbox
which is available in MATLAB software.

3.4  Fuzzy Logic Controller Design

Fuzzy logic control is based on heuristic knowledge and linguistic description.
FLC uses fuzzy sets and fuzzy inference to derive control laws in which no precise
model of the plant exists and most of the priori information is available only in
qualitative form. Since FLC does not require accurate mathematical models of a system,
the effects from inaccurate parameters and models are reduced. FL.C design approach is
shown in figure 10.

The fuzzy controller design can be performed by defining four things. Firstly, the
fuzzy input and output variables and their membership functions are determine and
selected with respect to the model of the system. Secondly is by establishing the rule
base or sets. Then the inference engine rule linking the input and output variables is
expressed. The final part of designing the FLC is the defuzzification part of the output
parameter. In this project, FLC is used as a steam pressure controller in order to control

the HRSG system with respect to the changes in steam demand.

Figure 11 shows the typical block diagram of a HRSG coupled with FL.C. As
shown in figure 11; the inputs to the fuzzy controller are the error ey, between the
pressure controller set point (pr) and superheater steam pressure (xp) and the change of

16



error ceg). The output of the controller is the pressure. K, K and K, are the scaling
factors that are used to tune the FLC to obtain the desired response.

Funy Logic Controller

e e S e Sl S W e e A sy

I ferenc de |;n xp
Wozzifi engine fazzil G

o o o o o m e e e -

Figure 11: Block diagram of Fuzzy logic Controller integrated with
HRSG model

3.4.1 Fuzzification

The first block inside the fuzzy logic controller is fuzzification. The fuzzification
block converts each piece of real world variables or data into fuzzy sets. In order to
select the number of fuzzy sets and their parameters, the universe of discourse has to be

decided. The inputs and output can be described as follows:
E=ep) = yrs— Y
CE =cew = Yay~Ya-i)
KU = ug) —~ugey)

The universe of discourse can be described as the range over which the selected
variable can vary. In this project, the universe of discourse is taken as [-1 1] for both
the inputs and output of the FLC.

17



3.4.2 Defining Fuzzy Membership Functions

Based on the literature review, in order to perform fuzzy computation both inputs
and output must be converted from numerical or “crisp” value into linguistic forms.
Fuzzy membership functions are used as a tool to convert crisp values into linguistic
terms. The number of membership functions used in the fuzzification plays a very vital
part in the final performance of a FLC system and the choice of membership functions
has sturdy impact on the control effect.

Basically, a fuzzy membership function can contain several fuzzy sets depending
on how many linguistic terms that are used. Each fuzzy set represents one linguistic
term. Selecting types of membership functions requires the use of expert knowledge and
experience. In this project, the membership functions used to design the FLC are shown

in the following figures:

- FISVarables Hemsershp fnctongits. PP e
i — Co i e nm ns IR P8 pm R r :
XY AN

: meryrga; Pressure

miput variable “errct™ -

Figure 12: First input (error) of 7 membership function
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Figure 15: First input {error) of 9 membership function
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Figure 16: Second itiput (change of error) of 9 membeérship function
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Figure 17: Output of 9 membership function

In this project, the membership functions NB and PB that is shown in figure 12
and membership function NVB and PVB illustrated in figure 15 was set to be in the
form of trapezoidal functions while the other are triangular functions in order to have a
fast response control on large errors. The range of Z set is made to be small and the

peaks of NS and PS are to be as close to Z set in order to reduce the steady state error.
3.4.3 Defining Fuzzy Rule Base

The linguistic variables are used to derive the number of rules in the rule base.
As shown in table 1 and table 2 below, 49 rules are used for fuzzy with 7 membership
function and 81 rules are used for fuzzy with 9 membership function to control the
HRSG model. The rule is developed using basic engineering sense of knowledge. For
example, IF e is NB and ce is Z THEN u is NB.
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Change of error

Change of error

Table 1: Rule Base with 7 membership function

Error

NM|NS| Z |PS|PM | PB

NB |NB{NS|[PS|PS|PS

NB

NB
NM | NB|NB|NB|[NS|PS|PS|PS
NS {NB | NB |NM|NS|PS|PS | PM

Z [NB|NM|NS}| Z | PS|PM | PB

PS INMINMINS | PS |{PMI PB | PB |

PM|NS NS |NS|PS|PB|PB|PB

(PBINS|NS|NS|PS|PB|PB|PB

Table 2: Rule Base with 9 membership function

Error
NVB| NB |{NM | NS | Z |PS|PM|PB|PVB
NVB |NVB |NVB|NVB |[NVB |[NS| PS{PS | PS | PS
NB [NVB| NB | NB | NB |[NS!PS|PS |PS| PS
NM |[NVB| NB | NB [ NB [NS{PS|PS|PS| PS
NS ([ NB [ NB | NB { NM | NS{PS|PS(PM| PM
Z {NB|INB{NM|NS | Z PSS PM|PB!| PB
PS | NM{NM{NM | NS {[PS/PM|{PB |PB| PB
PM | NS | NS | NS { NS {PS|PB | PB | PB{PVB
PB | NS | NS | NS | NS |PS|PB|PB|PB|PVB

[ pvB

NB | NM | NS | NS |[PS|PB | PB|PB|PVB
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3.4.4 Inference Engine

The basic function of inference engine is to process the overall value of the
output from the fuzzy logic controller or formulating of the mapping from a given input
to an output based on the effects of each rule from the rule base. Basically the process of
inference engine involves all the membership function and /F' — THEN rules. |

3.4.5 Defuzzification

In this project, based on the literature review the method used to perform
defuzzification is the center of gravity (COG). Defuzzification is very important in
designing a fuzzy logic controller as it involves the process of the fuzzy quantities to be
defined over the output membership functions that are mapped into a non-fuzzy value.
Hence, the fuzzy logic control output, Au is determined based on the following equation.

21 )
_Lizbip

Au=
ragl

€)
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CHAPTER 4
RESULT & DISCUSSION

This chapter presents the result of the output response of the proposed model
with respect to the response of controllers which had been taken for analysis, using
simulation process. As discussed in previous chapter the simplified heat recovery steam
generator (HRSG) simulation block diagram model [4] is implemented under MATLAB
SIMULINK environment using two different controller which is PI controller, and
Fuzzy Logic controller respectively. Basically, the result and discussion of the project is
divided into three parts; whereby the first part is the result obtained using the PI
controller and the second part is the resuit obtained using the fuzzy logic controller with
different memberships function. The last part will emphasize on the performance

comparison of both controllers.
4.1  Design of Proportional Integral Controller
In the first part of the project, a PI Controller is developed to act as a pressure
controtler for the HRSG. The PI controlier shown in figure 18 is simulated based on the
equation 4,
MV(t)=KpE() +KifE() ).
Based on the literature review and on trial and error method, the PI controller

parameters were determined. There were five simulations conducted to determine the

best PI controller parameters.
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Table 3: Pl controtier data Simulation

Siml 2.68 0.0045 471.9 0.185
Sim2 2.69 0.0045 4752 22 0.186
Sim3 2.69 0.0048 4768 22428 0.188
“Simd | 2080 | 0.0045 605 | 317.55 0137
Sim5 2.008 0.0045 600 315 0.138

Table 3 show the parameter of the five simulations along with the settling time

and maximum overshoot. These five experiments were conducted based on the case of

sudden increase in steam demand of 0.5 p.u. The settling parameters chosen and used in
this project are as follows, K, = 2.68, 7;= 0.0045s.

[
Eas Tusting Sekgust

Corpoller Sutgas

h 4

Tut?

priLed 8

HRSE Plant

Figure 18: SIMULINK representation of PI controller
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Figare 20: The controiler output response of P1 controlier
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Figure 19 shows the output response of steam generation in HRSG system with
P1 controller with respect to steam demand at its initial value which is at 1.0 p.u. When
the steam demand remains at 1.0 p.u, the steam pressure in the Super heater (refer fo
figure 6) remains the same which in result will not affect or actuates the pressure
controller. It is observed that the PI controller output remain at 0 p.u at the time of 350s
until 1000s which means no actuations of pressure controller occurred as shown in
figure 20. Consequently, the pressure controller will maintain the exhaust input to the

steam generation system to meet the steam demand which is 1.0 p.u.

In order to investigate and compare the performance of the designed PI and
Fuzzy Logic controller, two cases is considered for the simulation study of the
simplified HRSG model which is firstly by applying a sudden increase and decrease in
steam demand by 0.5 p.u. The second case emphasize on the set point tracking

experiment in order to evaluate the robusiness of the controllers.

42.1  Sudden increase in steam demand by 0.5 p.u

o e N H : -—Processvariable{pl} . T
== Change it stesrn démand ] -

oo 7000, 15000 . 02000 - 2600 . 3000 - . 3500 . 4000

Figure 21: The output response of HRSG with PI controller
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Figure 22: The controller output response of PI controlier

Figure 21 shows the effect of sudden increase in steam demand by 0.5 p.u on the
HRSG response. We can observe that the steam demand was initially at 1.0 p.u. After
the sudden increase of 0.5 p.u, the steam demand is increased to 1.5 p.u. When the steam
demand suddenly increases, the steam pressure inside the super heater falls immediately.
This in turn will actuate the PI pressure controller which can be observed in figure 22
whereby the PI controller output response changes from 0 p.u to 0.5 p.u. Thus, the PI
pressure controller will immediately correspond (refer figure 6) by increasing the

amount of exhaust input (gas or fuel) to the steam generation system in order to achieve

the desired steam demand.
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Sudden decrease in steam demand by 0.5 p.u
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Figure 23 displays the output response of the HRSG system with regard to the
effect of sudden decrease in steam demand by 0.5 p.u. Based on figure 23, after the
sudden decrease of 0.5 p.u, it can be observed that the steam demand is decreasing from
1.0 p.u to 0.5 p.u. Based on the literature review, whenever the steam demand suddenly
falls, the steam pressure inside the super heater increases immediately, which as a result
will actuate the pressure controller to respond to the changes occurred. Thus, the
pressure controller (PI controlier) will immediately correspond (refer figure 6) by
decreasing the amount of exhaust input (gas or fuel) going into the steam generation

system in order to achieve the desired steam demand.

4.2.3  Set point tracking
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Figure 25: PI controller performance for set point tracking

Figure 25 show the performance of the PI controller with respect to set-point
changes. This experiment involves a few step changes in the set point of steam demand
respectively. As shown in figure 25 above, the overall performance of PI controller is

not very encouraging and satisfying. For example, at the time of 1500s to 2500s it can be
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observed that the output response of the steam generation with the use of PI controller
does not precisely manage to settle at the desired set point after changes from another set
point. There is an offset error of approximately 0.02 to 0.03. In addition, the PI
controller is observed to not able to adapt quickly whenever there is a sudden change in

the set point.

4.2.4 Discussion on PI controller performance

Based on figure 21 and figure 23, though the steam demand is achieved, the use
of conventional PI controller still does not yield adequate control performance. As can
be observed, when there is a sudden increase or decrease in steam demand, the output
response of the HRSG system or steam generation (p.u) requires some time to settle
down. In addition, there is also an approximately 12.36% of overshoot. The analysis of
the rise time (Tr) shows that 72.4s of time is needed for the response to reach 90% of the
final value and 471.9s to reach the steady state. Therefore, it is believed that because of
the nonlinearity and complexity of the reaction process the PI controller is unable to

provide satisfactory control performance as required.
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Simulation Result of Fuzzy Logic Controller

4.3.1 Sudden increase in steam demand by 0.5 p.u

=
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Controller output (p.u)

Figure 27: The Fuzzy logic controllers output response
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4.3.2 Set point tracking

5 Set points changes and responses from Fuzzy Logic controllers
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Figure 28: Fuzzy Logic controller performance based on set point changes

4.3.3 Discussion on Fuzzy Logic controller performance

The performance of Fuzzy logic controller with different membership functions
were tested on two different experiments. First, the controllers is tested with sudden
rising in steam demand by 0.5 p.u and followed by the set point tracking experiments to
test the robustness of the fuzzy logic controller. Based on the result from the testing, the
overall performance of the fuzzy logic controller with different membership functions is
very promising. For example, in figure 26 it can be observed that all of the fuzzy logic
controllers managed to settle down to the desired set point of steam demand. Though
there is some slight oscillation and an overshoot of approximately 8.52% response from
fuzzy logic controller with 9 membership function, the settling time is faster which is
189.5s compared to the other two fuzzy logic controllers respectively.
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Figure 28 show the performance of the fuzzy logic controller with 7 and 9
membership functions with respect to set-point changes. This experiment involves a few
step changes in the set point of steam demand respectively. This experiment was
performed to test the robustness of the fuzzy logic controller for a series of random set
point changes. Fuzzy logic controller with 5 membership function is excluded from this
testing as the output response was very unproductive and that 5 membership function are
not sufficient. From figure 28, the result from the testing is very promising. Both of the
fuzzy logic controllers react to the set point changes immediately and the responses for
all the step changes are mostly similar in form though there is an overshoot from the
FLC with 9 membership function. Nonetheless, the result from the simulations
demonstrates that using fuzzy logic controller with 7 membership function as the
pressure controller to regulate the input exhaust to the HRSG or steam generation system
with respect to changes in the steam demand was capable of providing a good control
performance as required.

4.4  Discussion on Performance comparison of Pl and Fuzzy Logic Controllers

The output responses of both the PI and Fuzzy logic controllers were compared.
Table 4 shows the comparison of the overall performances between the output response
using the PI and Fuzzy logic controllers with different membership functions. From the
analysis and comparison of both controllers, it is observed that Fuzzy logic controller
with 9 rules or membership function exhibit relatively much better performances having
smaller overshoot, transient frequency response, and integral of absolute error (IAE)
compared with the other controllers especially with PI controller. It is also shown in
figure 23 that fuzzy logic controller with 9 membership function has faster anticipation

in any changes in the process variable.

Though Fuzzy logic controller with 7 rules or membership function produce no
overshoot, based on table 4 the analysis of the settling time for the output response of the
HRSG system to settle at the desired set point is 276.6s which is much longer compared
when using fuzzy logic controller with 9 rules which is189.5s.
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Figure 29: The output response of HRSG with PI and FLC

Table 4: Comparison of performance between conventional PI and Fuzzy Logic
Controllers based on the effect of sudden increase in steam demand

| MFs=s MFs =9

72.4s 886.1s 315.4s 69.5s

471.9s 777.7s 267.6s 189.5s

12.36% No No 8.52%

o sigisy Intermediate No No Small
Tl scillation | oscillation | oscillation | oscillation

1.5006 1.5000 1.5000 1.5000
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CHAPTER §
CONCLUSION & RECOMMENDATIONS

5.1 Conclusion

As a conclusion, intelligent control is necessary for future development to fully
utilize the functioning of a Heat Recovery Steam Generator (HRSG) system in order to
fulfill the performance requirements. Using conventional method can still provide the
necessary requirements. However the design of the conventional method requires an
extensive understanding of the system, an accurate mathematical models and precise
numerical values of the respective parameters involved in the system which as a result
requires a lot of time to be analyzed and completed.

In this project, the development of a fuzzy logic controller to act as pressure
controller for the HRSG has been very successful. From the simulations results, it can be
concluded that fuzzy logic controller in which knowledge based design rules can be
implemented to control HRSG which is one of the complex system with highly
nonlinear characteristic compared to the conventional Pl controller. Fuzzy logic
controller with 7 membership functions provide better performance in terms of settling
time, faster response, less oscillation and overshoot compared to PI controller.
Therefore, the objectives of this research have been successfully accomplished.

Fuzzy logic controller can be used to control the heat recovery steam generator
system and it is a better choice to replace the existing conventional controller.
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5.2 Recommendations

To achieve and ensure better results and performance from the controller for
further research, a few recommendations could be made as follows:

i.  Using other types of membership function to design fuzzy logic system
such as the Gaussian or Bell membership function to observed the output
response of the respective controller.

ii. As an alternative of using Mamdani approach, Sugeno approach can be
used.

iii. Implementing a fuzzy gain scheduling proportional and integral
controller by adjusting the gains of the PI controller according to
disturbances in the system outputs.

iv.  Supervisory controller by using fuzzy PI to control pressure can also be

implemented.
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APPENDICES



Csh

APPENDIX 1

Table L.1: HRSG model parameters

2.864

Tm Steam generation system time constant 10.00
Ty HRSG drum time constant 136
Tu Super heater time constant 53
Blspm Gas turbine exhaust input supply 1.0
Pr Pressure controller set point 1.0

Figure L.1: Fuzzy inference system editor for FLC with 5 MFs
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Figure L3: Fuzzy inference system editor for FLC with 9 MFs
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ﬁle Edt View Options

{2 f (error is NB) and (CHANGECERROR s NS) then (Pressure is NB) (1)
13 If {error is NB) and (CHANGEOfERROR is ZE) then (Pressure is NB) (1)
rl If ierrer s NB) and (CHANGECIERROR s PS) then (Pressure i NiS) (1)
. If (error s NB) and (CHANGECIERROR = PB) then (Pressure s NS) (1)
(6. 1f (errer is NS) and (CHANGEOfERROR is NB) then (Pressure s NB) (1) |
|T. If {errer s NS) and (CHANGESfERROR is NS) then (Pressure is NS) (1)

. If {error is NS) and (CHANGECERROR is ZE) then (Pressure is PS) (1)
9. If (error is NS) and (CHANGEOfERROR is PS) then (Pressure is NS) (1)
|10 uqmsmsmqmm-mwm.mm -

m I

Figure L4: Rule base for Fuzzy logic controller with 5 MFs

File Edt View Options

S_If {error is nb) and (CHANGEofERROR is ps) then (Pressure is nm) (1)
6. If (exror is nb) and (CHANGECTERROR is pm) then (Pressure is ns) (1)
|7. If {error is nb) and (CHANGEOfERROR is pb) then (Pressure is ns) (1)

Figure L5: Rule base for Fuzzy logic controller with 7 MFs

43



G Totire et

Figure 1.7: SIMULINK representation of FLC with 5 MFs
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Figure 1.8: SIMULINK representation of FLC with 7 MFs
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Figure L.9: SIMULINK representation of FLC with 9 MFs
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