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ABSTRACT

Deaerator is important equipment in feed water system of a power plant. The role of
deaerator system is to remove dissolved gases which are oxygen and carbon dioxide that
comes from the water leaving of condenser and to give the adequate level of water to the
deaerator storage tank. In deaerator system, the flow of steam and water has their own
principles which are the flow of steam before supply to the deaerator storage tank and the
flow of water from condenser flow before supply to the boiler. The principle of deaerator
system must in the correct order to make sure it is in the safe condition to the plant system.
Thus, formal verification of correctness of a property is used as an approach to ensure all
the specification created meets the actual behavior for the system. All the specifications
must always hold during the verification process to ensure that the model designed will not
violate. The verification procedure is also need to eliminate the errors that decrease the
safety of the automation system. Hence, in this project, it will show on how the
computational method such as temporal logic model checking can be used to verify the
correctness of the design of an automation system. The project involves the deaerator
model and the design of the ladder diagram (LD) using Programmable Logic Controller
(PLC). The project used Computational Tree Logic (CTL) as the temporal logic to
determine the specification. By using several logical specifications to the deaerator system,
the designed model of deaerator model and control logic should verify so that it will not
violate the required specification. If none of the behaviors of the system violates the given
specification, the model of the system will correct. Otherwise, the model checker will
automatically execute the counterexample of the model system to show why the
specification is false. The verification of the system will be performed by using Symbolic
Model Verify (SMV) model checker software.
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ABSTRAK

Deaerator ini memberikan peranan penting dalam sistem air suapan loji kuasa. Peranan
sistem deaerator adalah untuk membuang gas-gas terlarut iaitu oksigen dan karbon
dioksida daripada air pemeluwap dan menghantar air yang mencukupi ke tangki simpanan
deaerator . Dalam sistem deaerator , aliran wap dan air mempunyai prinsip-prinsip mereka
sendiri yang merupakan aliran wap sebelum bekalan kepada tangki simpanan deaerator dan
aliran air dari aliran kondenser sebelum disalurkan kepada tangki dandang. Prinsip sistem
deaerator mesti dalam susunan yang betul untuk memastikan ia berada dalam keadaan
yang selamat untuk sistem kilang. Oleh itu , pengesahan rasmi kebenaran ciri-ciri sistem
yang digunakan sebagai pendekatan untuk memastikan semua spesifikasi yang dicipta
memenuhi kelakuan sebenar untuk sistem itu. Semua spesifikasi mesti sentiasa berada pada
tempat yang betul bagi memastikan model yang direka tidak akan melanggar . Prosedur
pengesahan juga perlu untuk menghapuskan kesilapan-kesilapan yang mengurangkan
keselamatan sistem automasi. Oleh itu, dalam projek ini , ia akan menunjukkan bagaimana
kaedah pengiraan seperti duniawi model logik semakan boleh digunakan untuk
mengesahkan kebenaran reka bentuk sistem automasi. Projek ini terdiri daripada model
Deaerator dan reka bentuk gambarajah tangga (LD ) Format menggunakan Programmable
Logic Controller ( PLC) . Projek ini menggunakan pengiraan Tree Logic ( CTL) logik
duniawi untuk terjemahan spesifikasi. Dengan menggunakan beberapa spesifikasi yang
logik untuk model Deaerator itu, tingkah laku model yang disahkan dan hasil pengesahan
digambarkan untuk operasi yang selamat. Jika tiada tingkah laku sistem melanggar
spesifikasi yang diberi, model sistem akan membetulkan. Jika tidak, pemeriksa model
secara automatik akan melaksanakan penyangkal sistem model untuk menunjukkan
mengapa spesifikasi itu adalah palsu.Pengesahan terhadap sistem itu akan dilakukan

dengan menggunakan Model simbolik Sahkan (SMV) perisian model pemeriksa.
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CHAPTER 1

INTRODUCTION

This chapter briefly discussed about the motivation and the problem of this project.

Besides, the objective and the project scope should be achieved at the end of the project.

1.1 Motivation

In power plant industry, steam power is the largest sector of the electrical
generating industry and without it, the world will be in a big trouble. Electricity we use
nowadays comes from the generation of steam from the power plant industry for example

in thermal power plant, coal power plant and others.

In many years, the use of formal method in software development would help the
industry meets the criteria or goals for their system as the software system in much
important to engineering field. In the other disciplined of formal method approaches, such
as object in structured design, it offer a methods to simplify the view of the system
especially for the designer and the customer used. Formal method is a method that
described the view or the behavior of the system immediately. Mathematical approached is
very important to describe the behavior of a system and it will help the engineer to create

the right system and help to create the system to right.

Thus, by all, the main motivation by doing this project is to enable applying the
tools and techniques to check the property of reachability and resettability. It is important
technique to make a checking in order to make sure the system not violate to the

specification.



1.2 Problem Statement

Deaerator of a power plant is one of the important components for feed-water
system. It is a feed-water heater which is widely used for remove entrained air that
contained oxygen and carbon dioxide, CO,. The example of deaerator that usually used in
the power plant is Boilermate deaerator, Spraymaster deaerator and others. The deaerator
system can control the steam pressure and water level of deaerator storage tank. In the
deaerator system, it requires the heat which is comes from the steam at desired operating
value. The water and steam will agitated together and remove the dissolved gases. The
steam has high pressure steam that need to be reduced to maintain the desired pressure of
deaerator operating pressure. Accurate pressure control is very important to get the
saturation temperature of deaerator. The failure to maintain the steam pressure and

temperature will cause too little inlet steam to remove the entrained air.

Besides remove the entrained air, the deaerator also must to keep the deaerator
storage tank roughly half levels full of water to make sure enough supply feed water to the
boiler. Too low water level makes the pump cavitations and the boiler shut down. Hence,
adequate level control is very important in deaerator system. Hence, by all the behavior
and principle flow of the deaerator system, the application of formal verification via model
checking can be checked by using the software system. It is very important to check the
correctness of the mathematical model of the model designed because in the plant system,
the smallest change in the input will result to the different change in the output of the
system. The verification is also required to eliminate design errors that decrease the safety
of the system and to check the system from enters the undesired states. Thus, this proposed
project is to introduce a formal method framework for automated verification of the

deaerator system based on the prescribed logical assumption.



1.3 Objective of the Project

1. To determine the behavior of a deaerator system for the purpose of transformation
to logical behavior.

2. To model the mathematical expression of deaerator system based on the prescribed
logical assumption.

3. To verify the logical behavior of deaerator control system through Symbolic Model

Verifier model checker software based on the Boolean model.

1.4 Project Scope

In power plant, there are several different types of design for deaerator which are
steam flow pressurized deaerator and Boilermate deaerator. For this project, the Boilermate
deaerator is used as to describe the behavior of deaerator system. deaerator system control
two functions which are steam pressure and water level of deaerator storage tank before
transfer to the boiler feed water pump. This project is only use logical of deaerator system
based on continuous variable. The logical behavior of deaerator system is described by
using the flowchart for the purpose of transformation to logical behavior. The
transformation to logical behavior is described by using ladder diagram (LD) format of
Programmable Logic Controller (PLC) in order to check whether the controller safe or not.
Next, the designed controller, mathematical model and other temporal properties are
transformed to Boolean equations before performing the verifications. The Computational
Tree Logic (CTL) is used in this project as a type of temporal logic for specification and
verification purposes. For the FALSE verification result, the detail process of
counterexample will not be explained in this project. The verification of the behavior for
deaerator system is carried out through SMV model checker software based on Boolean

model.



CHAPTER 2

LITERATURE REVIEW

This chapter consists of three parts which are theory, research work and summary
of literature review that are related to this project. The theory and information obtained

from the published paper is very useful and as a guide to finish this project.

2.1 Theory

2.1.1 Basic Process of Deaerator System

In power plant industry, the steam and water system is in closed loop which means

the water leaving the condenser will be fed back to the feed pumps and flow to the boiler

[1]. The process will repeat continuously in the power plant system. Figure 2.1 shows the

flowchart of main process in the power plant system.

Boiler

A 4

Y

Condenser

A 4

Deaerator

A 4
Feed water pump

Figure 2.1 : The main process in power plant system



Based on Figure 2.1, the deaerator is one of important system in power plant. The
water leaving from condenser cannot flow directly to the feed water pump without pass
through the deaerator first. It is because the water from the condenser is cold and contained
entrained air that must to be removed before it is transferred to the feed water pump and
the boiler. The entrained of air contain dissolved gases which are Oxygen and Carbon
dioxide. These two dissolved gas will make corrosion in the boiler, condensate line, steam
lines and heat transfer equipments. The basic process of removing the dissolve gases in
deaerator has two stages of operations. The first stage is in the Spraymaster, the water
leaves the condenser and enter the top of deaerator through the self adjusting spray nozzles
into a steam-filled primary heating and vent concentration section. At this stage, the
temperature increase at 2 or 3°F of the steam temperature and most of dissolved gases are
released at this point.[2] The second stage is in the Boilermate, the steam from the exhaust
steam sources flow to the top of deaerator tank. It then flows at the bottom of the deaerator
storage tank and flow upward through exchange packing. At the exchange packing, the hot
water flow downward and meets the hot steam, deaeration occur and the heating water falls
down to the deaerator storage tank and flow to the boiler feed pump.

|
2
N /

3. Spray Nozzle ak

1. Water Inlet |

5. Exchange packing

7. Storage tank 7\ "N |* - .
,.a w| 10. Overflow

Figure 2.2 The Boilermate deaerator



2.1.2 Formal Method

The formal is frequently supported by tools, it uses mathematically rigorous
semantics so that the analysis tool can give high quality of the design and software. The
formal method made the interest to the researchers and engineer. It is because it can detect
error early and hence reduce the cost of it use. Beside the name of formal method, it also
called as mathematically method in determine the specification of the system designed
which then can described the correctness with the actual system. The formal method or
mathematical modeling is importance because it not possible the software system have free
of error, sometimes the data that used in the software possible to become failed, hence the
concept of formal method will be check and led to the correct result [3]. The formal
method can be proven by using model checking and the theorem proving. The model
checking technique can be check through the Symbolic Model Verify (SMV) model
checker software.

2.1.3 Model Checking

Model checking is an automated verification technique which focused on
determines the temporal logic and sees whether specification is same with the system
designed or not. The tools of model checking can be check through SMV model checker
software. Besides, by model checking, it also can detect the errors use in software system
with the actual system and can give counterexample execute of model system on why the

system is violated.

Three main creating the model checking technique are modeling, specification and
verification. Modeling means convert the design into a suitable formal form which is
compatible the model checking software that usually use formalism. Next, specification
means ensure the properties of the design system are stated by using logic expression. The
last one is verifying means determination the model obtained in first state is true with the

next state or not.

Model checking has several of advantages. The first one is this verification

technique has no proofs means it does need to construct the correctness proof. When enter



model description or diagram into the software, the checking will automatically run.
Second is it has counterexample means if the specification is not correct, the model
checking software will show why the specification is not same with the system. Next is
model checking can have many temporal logic properties for concurrent systems. A
concurrent system means several behaviors that occur simultaneously and connected to
each other [4].

2.1.4 Temporal Logic

The first step in formal verification is the representation of formal specification of
the design consisting of a description of the desired behavior. Temporal Logic is a logic
expression the ordering events in time without introducing time explicitly [5]. It is also one
of the formal verification techniques that can be used to verify the correctness of a finite
state concurrent system. There are two types of temporal logic in order to express the
properties for verification which are linear temporal logic (LTL) and Computational Tree
Logic (CTL). In LTL, time s treated as if each moment has a unique possible future. The
Boolean connectives as well as temporal connectives usually uses X (“next”), G

(“always”), F (“eventually”), and U (“until”).

CTL is also called as branching temporal logic. It is refer to the fact that at each
moment there is several different possible futures. This type of temporal logic is described
the tree of states rather than sequences. The tree is possibly representing all possible
computations. CTL explicitly introduces path quantifiers which are “all path” and “Exist a
path”. “All path” represent “A” notation which mean the temporal logic is true in all paths
starting in the current states while “Exist a path” represent “E” notation which mean the
temporal formula is true in some path starting in the current state [6]. These two notation
are combined with other alternative notation are used for temporal operators. The first one
IS “AF p” describes that for all the path starting from a state, eventually in the future,
condition p must be hold. Second, “EF p” describes that there exists some path that
eventually in the future satisfies p. Third, “AG p” describes that condition p is always or
globally, true in all states of all the possible paths. Fourth, “EG p” describes that there is
some path along which condition p is continuously true.



2.1.5 SMV Model Checker

SMV is symbolic model checking tools which is one of the software that can be
verifying the temporal logic properties of finite systems [7]. SMV verifies every possible
behavior of the system’s behavior of the system satisfies the specification. A specification
for SMV is a collection of properties. The properties can be created or can be specified in a

notation using temporal logic.

2.2 Research Work

Through out the research that had done in order to understand this project, there are
several terms meets from the previous paper. The first term is the basic about the formal
method. Formal method is an effective techniques for automation software verifications
which is increasingly been recognized. Software verification of formal method is an
integral part of the software development which is to ensure the software system is satisfies
with all the requirements model system. Researchers have been developed many different
approach, but technique of mathematical modeling of this formal method is focused since
the formal method can finding the errors of the model system [8]. The application of
formal method by the other research is presents the formal method of Partition-and-Recur
(PAR) method. It is used to design and prove the algorithmic programs. It also is an
effective formal method on solving the Combinatory problems by using PAR method. This
formal method not only simplifies the process of algorithms and correctness the testing but
also improves the atomization, standardization and corrects the algorithm by changing
many creative labors to mechanized labors. It used the C++ language [9]. Next is, formal
method in requirement engineering and its application. The formal method divide into two
forms which are in model checking and the theorem proving. The tool of model checking
is by using NuSMV model checker and SPIN model checker. Model checking is a
verification of finite state system. Finite state mean when all its variable range over
discrete domain hence, number of possible state is finite. Next is by theorem proving. It is
another approach to proving a specification is correct. The tool of theorem that usually
used is Z “Zed” [10].



The second term covered in this research work is the automated verification. The
automated verification is by verifying the properties of model system. It has several steps
by doing verification in this paper. The first one is state the initial conditions that must be
followed by input of model system. Next are the verifiable of the properties needed to be
described as formula of MCDL in VMTS and finally the proofs of the properties of the
model system detailed [11].

The third term is model checking technique. The paper presents the application of
model checking technique in two system design of two nuclear power plant. Model
checking technique is one of the methods for verifying whether the model of system is
fulfills the specification by determine all the possible behaviors that have in the system. By
the given a model and the specification, the model checker which is NuSMV can
determine whether the software system used is behave with the model system or not. If the
system is violates, the model checker do the counterexample which it will execute the
model system and determine why it’s false or not behave as the model system. The model
used in this paper use the flow chart to describe the emergency cooling system. It used the
state variable with the different possible states. “high”, “low” and “medium”. The model of
the system use the principle of when no water flow into reactor container, the water will
remain same or decrease and if water is flowing in, the water level will remain same [12].
The example of model checking on the other research.The paper discussed the verifying
the design of satellite software control system which is called attitude and orbit control
system (AOCS) by using model checking technique. The system behavior is to maintain
the attitude of the satellite and for performing fault at detection, isolation and recovery
decision of satellite. The verifying is use by symbolic model checker NuUSMV 2. The
diagram is transform to temporal logic properties by using BDD-based LTL model

checking to prove the model system [13].

Besides, the other terms on the research work is Boolean expression. The use of
Boolean Expression Manipulator from the research by using BDDs.The paper presents the
LSI design system using Binary Decision Diagram (BDDs) which is use the Boolean
expression. It uses Arithmetic Boolean Expression Manipulator (BEM-I11) which is also on
BDD technique. It calculates the Boolean expression that contains mathematic expression
which is subtraction, addition, multiplication and comparison and then transform to the

other various format [14].
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The last terms from the research work is mathematical model of deaerator model.
From the previous work, the paper introduced a mathematical model of deaerator based on
the physical law of mass and energy conservation. It also described the basic operation of
deaerator model. It was used the differential equation in order to analyze the parameter
variation over the time. The dynamic simulation model that used in the paper shows the
dynamic behavior of the model. The method make the behavior of the deaerator is easier to

study and different malfunction can be avoided [15]

2.3 Summary of Literature Review

Based on the knowledge gained from the literature, a formal method is widely used
by the engineer and the research since a decade ago. Formal method is use in software and
hardware system which is to specify the system and to ensure that the specification is
meeting with the actual system or not. Formal method is an effective automated

verification in a software system and use the mathematical model approached.

The formal method can be done by two concepts which are through the model
checking technique and the theorem proving technique. Model checking is used to see the
specification that created using temporal properties is same with the model or not. There
have one of the research work that use model checking technique which is the emergency
cooling system of nuclear power plant. That project uses principle that need to satisfy for a

purpose of safety function.
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CHAPTER 3

METHODOLOGY

This chapter is about the explanation on how the project is done. The details consist
of the logical behavior of the deaerator system, mathematical model, and control logic for
deaerator system.. This project will use SMV model checker software in order to verify the

deaerator control system. Figure 3.1 show the procedure of this project.

Describe operational of deaerator system

Procedure 1:

v

Procedure 2 :

Model the mathematical expression for deaerator
svstem

Procedure 3 :

Design the control logic for deaerator system

v

Procedure 4 :

Verification through SMV model checker software

\ 4

END

Figure 3.1 : Flowchart of project procedure
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3.1 Procedure 1: Describe Operational Of Deaerator System

In this task, the behavior of deaerator system is described by using the flowchart for
the purpose of transformation to logical behavior. The flow of behavior for deaerator

system is described from the operation of Boilermate deaerator design [16].

From the Figure 3.2, there are two control functions required by the deaerator
which are water level of deaerator storage tank and steam pressure. The condensate water
enters the exchange packing and it then flows down to the deaerator storage tank. At the
same time, steam is enters the system at the top of the deaerator storage tank. It then enters
at the bottom of the deaerator and flows upward to the exchange packing. Steam and water
sweeps and completing the deaeration process. After being deaerated, the fully heated

water falls to the deaerator storage tank for the flow to the boiler feed pumps.

Both steam and water have their own control system. For the water level, when the
condensate water enters the deaerator storage tank, the level control will sense the water.
There are three conditions of water level which are less than 80 percent, equal to 80
percent and more than 80 percent. If the water level of deaerator storage tank is less than
80 percent, the make-up water valve will open and the make-up water will enter to the
deaerator storage tank. If the water level of deaerator storage tank is more than 80 percent,
the overflow control valve will open and vent the water to the overflow drainer. Lastly, if
the water level of deaerator storage tank is equal to 80 percent, the boiler feed water pump

will start and pass through the boiler.

For the steam pressure, steam enters the system at the top of the deaerator storage
tank through the steam pressure reducing valve. As the steam pressure differs from the set
point, the steam pressure reducing valve will modulate to give the constant pressure.
Firstly, if the steam pressure is less than 5 psig, the steam pressure reducing valve will
move downward. Second, if the steam pressure is more than 5 psig, the steam pressure
reducing valve will move upward. Third, the steam pressure reducing valve will be
maintained or on hold if the steam pressure is equal to 5 psig and then it will be passed
through the deaerator storage tank and upward to the exchange packing. Figure 3.2 shows

the operation of deaerator system.
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Figure 3.2: Operation of Deaerator system
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Table 3.1 shows the several of specification that indicates the condition to occur
during the operation of deaerator system.

Table 3.1 : The specification of deaerator used

Data Specification
Type of deaerator Boilermate deaerator
Heating steam pressure 5 psig
Dearator storage tank capacity 230 gallon

3.2 Procedure 2 : Model the Mathematical Model for Deaerator System

In this project, all the behavior involved need to be transformed to the Boolean
expression before proceed to the formal verification using SMV model checker. The
mathematical expression is created based on the Grobner Bases. Grobner Bases is a series
of polynomial equation that can be solved by adding, subtracting and multiplying each

other to eliminate variables and generate solution of the system of algebraic equations [17].

A mathematical model is a model that uses mathematical language to describe the
behavior of a system [18]. It is widely used in engineering discipline such as in electrical
engineering. Mathematical modeling using logical condition using Boolean expression is
easy to specify the real problem. It also is a mixing of mathematical and the logical

expression.

In this section, it has two steps in order to determine the expression of the
mathematical model. [19] First step is by creating the definition of states as shown in
Table 3.2. Definition of states is the list of variables of all actuator input, u and sensor
output, x used in the model system. Second step is by creating the pre-condition and post-
condition. It can be summary that pre-condition, x,, is a statement that must indicates
before the sensor output system called post-condition. Post-condition,dx,, is a statement
that will indicate after the actuator input called. In pre-condition and post-condition have
two basic values in the logic which are 1 and 0, 1 mean by “true” and 0 mean by “false”.

From the Table 3.3 until Table 3.12, in order to get the logic expression in each input
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variable, the minimization of combinational logic expression will be simplified via Galois

field representation before executing the computations as in third step.

Figure 3.3 illustrate the system layout of deaerator system where the actuator input

and sensor ouput are located in deaerator system.

vent M

Condensate water
€
u3, ud, u5 ﬁ Steam ., 4 15
Level control

/
’j Make-u
K]. € p

. water

x0 - valve,ul

0 € water I
Owverflow
valve ul

W

To boiler Overflow

+
 J

Figure 3.3: System layout of Deaerator
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Mathematical models or operational models of the Deaerator system are described

in Table 3.2 — Table 3.12.

3.2.1 Step 1 : Definition of States of Deaerator System

Table 3.2 : Definition of states of Deaerator system

States

Definition of states

Normal water level

High water level

Low water level

Normal steam pressure

High steam pressure

Low steam pressure

Boiler feed water pump

Overflow water valve

Make-up water valve

Steam pressure reducing valve hold

Steam pressure reducing valve upward

Steam pressure reducing valve downward

3.2.2 Step 2: Pre-Condition and Post-Condition

Table 3.3, Table 3.4, Table 3.5 and Table 3.6 below show the operational of

transition states between water level and steam pressure while Table 3.7 show the

combination of all operational model for deaerator system.

Table 3.3: Operational model of High_Normal Water Level and Normal Steam Pressure

Pre-condition Input Post-condition
X0 x1 X2 X3 u0 ul u2 u3 dx0 | dx1 | dx2 | dx3
0 1 0 1 0 1 0 1 0 0 0 1
0 0 0 1 0 1 0 1 1 0 0 1
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Table 3.4: Operational model of Normal_Low Water Level and Normal Steam Pressure

Pre-condition Input Post-condition

x0 x1 X2 x3 uo ul u2 u3 dx0 | dx1 | dx2 | dx3

1 0 0 1 1 0 0 1 0 0 0 1

0 0 0 1 1 0 0 1 0 0 1 1

Table 3.5 : Operational model of Low_Normal Water Level and Normal Steam Pressure

Pre-condition Input Post-condition

x0 x1 X2 x3 uo ul u2 u3 dx0 | dx1 | dx2 | dx3

0 0 1 1 0 0 1 1 0 0 0 1

0 0 0 1 0 0 1 1 1 0 0 1

Table 3.6 : Operational model of Normal _High Water Level and Normal Steam Pressure

Pre-condition Input Post-condition

x0 x1 X2 x3 uo ul u2 u3 dx0 | dx1 | dx2 | dx3

1 0 0 1 L 0 0 1 0 0 0 1

0 0 0 1 0 0 1 1 0 1 0 1

Table 3.7 : Operational model for combination of water level and normal steam

pressure
Pre-condition Input Post-condition
x0 x1 X2 X3 u0 ul u2 ud | dx0 | dx1 | dx2 | dx3
0 1 0 1 0 1 0 1 0 0 0 1
0 0 0 1 0 1 0 1 1 0 0 1
1 0 0 1 1 0 0 1 0 0 0 1
0 0 0 1 1 0 0 1 0 0 1 1
0 0 1 1 0 0 1 1 0 0 0 1
0 0 0 1 0 0 1 1 1 0 0 1
1 0 0 1 1 0 0 1 0 0 0 1
0 0 0 1 0 0 1 1 0 1 0 1
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Table 3.8, Table 3.9, Table 3.10 and Table 3.11 below show the cases of the
operational model for Steam Pressure Reducing Valve. While Table 3.12 show the overall

operational model after combine each of the cases.

Table 3.8: Operational model for High_Normal Steam Pressure

Pre-condition Input Post-condition

x3 x4 x5 u3 ué ub dx3 dx4 dxb
0 1 0 0 1 0 0 0 0
0 0 0 0 1 0 1 0 0

Table 3.9: Operational model for Normal_Low Steam Pressure

Pre-condition Input Post-condition

X3 x4 x5 u3 ud ub dx3 dx4 dx5
1 0 0 1 0 0 0 0 0
0 0 0 1 0 0 0 0 1

Table 3.10 : Operational model for Normal High Steam Pressure

Pre-condition Input Post-condition

X3 x4 x5 u3 ud us dx3 dx4 dxb
1 0 0 0 0 0 0 0
0 0 0 1 0 0 0 1 0

[N

Table 3.11: Operational model for Low_Normal Steam Pressure

Pre-condition Input Post-condition

x3 x4 x5 u3 ud us dx3 dx4 dxb
0 0 1 0 0 1 0 0 0
0 0 0 0 0 1 1 0 0

Table 3.12 : Overall Operational model for Steam Pressure Reducing Valve

Pre-condition Input Post-condition

x3 x4 X5 u3 u4 ub dx3 dx4 dx5
0 1 0 0 1 0 0 0 0
0 0 0 0 1 0 1 0 0
1 0 0 1 0 0 0 0 0
0 0 0 1 0 0 0 0 1
0 0 1 0 0 1 0 0 0
0 0 0 0 0 1 1 0 0
1 0 0 1 0 0 0 0 0
0 0 0 1 0 0 0 1 0
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3.2.3 Step 3 : Mathematical Expression in Boolean Form

Table 3.7 and Table 3.12 are summarization of the operational model for Deaerator
system. Based on the model obtained, the Boolean expressions can be determined as in
(3.1) and (3.2).

1) The Boolean expression for Table 3.7 is shown below:

dx0 = x0 x1 x2 x3u0ul u2u3 v x0 x1x2 x3u0 ul u2 u3

V x1x2 x3ulu3x0ul u2

dx1 = x0 x1x3u0ulu2u3x2 V x0x1x2 x3ulul u2 u3

vV x0 x1 x2x3u0 ulu2u3

dx2 = x0 x1x3u0 ulu2u3du2 vV x0 x1x2x3 uOulu2u3

dx3 = x0x1x2x3ululu2uld v x0x1x2x3ululu2u3 V x0x1x2x3u0ul u2uld Vv
%0 x1 x2x3u0ul u2u3 VvV x0x1 x2 x3u0 ul u2u3 Vv
x0x1x2x3u0 ulu2u3 vV x0x1x2x3u0ul u2u3 Vv

x0 x1 x2x3u0ulu2 u3 (3.1)

ii) The Boolean expression for Table 3.12 is shown below:

dx3 = x3x4x5u3udu5 V x3x4x5u3 u4 us

dx4 = x3x4x5u3udu5 vV x3x5u3udubx4 v

x4x5u3udu5x3 V x3 x4 u3 uduS5x5 V x3x5x4u3udus

dx5 = x3 x4x5u3udu5 vV x3x5u3udubx4 v
x3x4x5u3udus5 vV x4x5u3udus5x3 (3.2
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3.3 Procedure 3 : Design the Control Logic for Deaerator System

The transformation of the logical behavior for deaerator will be design by using
ladder diagram (LD) format. The logic controller that was created is defined as Safety of
Controller. Figure 3.4 — Figure 3.9 show the operational control logic for Deaerator control
system. The control logic is designed based consideration of the safety condition. It was
tested before transform to the Boolean expression for the verification process. Table below

show the variables used for the control logic :

Table 3.13 : Variable of the Deaerator Control Logic

Variable Description
Xo Normal water level sensor
By High water level sensor
X Low water level sensor
X3 Normal steam pressure sensor
Xy High steam pressure sensor
X5 Low steam pressure sensor
U Boiler feed water pump
Uy Overflow water valve
U, Make-up water valve
Us Steam pressure reducing valve hold
Uy Steam pressure reducing valve move upward
Us Steam pressure reducing valve move downward
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Figure 3.4 : Input of normal water level, x0 and normal steam pressure, X3
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Based on Figure 3.4, when the water level in the Deaerator storage tank and the

steam pressure in exchange packing is normal, the normal water level sensor,u0 and

normal steam pressure, x3 will detect Hence, the boiler feed water pump,u0 will on and the

steam pressure reducing valve, u3 will hold. Thus, the water is pumped to the boiler. The

steam pressure will always normal as the water level is normal.
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Figure 3.5 : Input of high water level, x1 and normal steam pressure, x3

Based on Figure 3.5, when the water level in the Deaerator storage tank is high and
the steam pressure in exchange packing is normal, the high water level sensor,x1 and
normal steam pressure, x3 will detect Hence,the overflow water valve,ul will on and the
steam pressure reducing valve, u3 will hold. Thus, the water is vented to the drainer. The

steam pressure will always normal as the water level is high.
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Figure 3.6 : Input of low water level, x2 and normal steam pressure, X3

Based on Figure 3.6, when the water level in the Deaerator storage tank is low and
the steam pressure in exchange packing is normal, the low water level sensor,x2 and
normal steam pressure, x3 will detect Hence,the make-up water valve,u2 will on and steam
pressure reducing valve, u3 will hold. Thus, the water is pumped to the Deaerator storage

tank. The steam pressure will always normal as the water level is low.
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Figure 3.7 : Input of normal steam pressure, X3

Figure 3.7 show the working process of the steam pressure reducing valve, when

the steam pressure is normal, normal steam pressure sensor,x3 will detect and thus, the

steam pressure reducing valve will hold.
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Figure 3.8 : Input of high steam pressure, x4

Based on Figure 3.8, when the steam pressure is high, the high steam pressure
sensor,x4 will detect and thus, the steam pressure reducing valve will move upward, u4 to
modulate or reduce the steam pressure. The boiler feed water pump,u0, overflow water
valve, ul and make-up water valve, u2 will not involve in the process of reducing the

steam pressure. Thus, u0, ul, u2 are automatically off.
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Figure 3.9 : Input of low steam pressure, x5

Based on Figure 3.9, when the steam pressure is low, the high steam pressure
sensor,x5 will detect and thus, the steam pressure reducing valve will move downward, u5
to modulate or reduce the steam pressure. Similarly to Figure 3.8, the boiler feed water
pump,u0, overflow water valve, ul and make-up water valve, u2 will not involve in the

process of reducing the steam pressure. Thus, u0, ul, u2 are automatically off.
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Overall operation of the safety control logic is summarized in the table below :

Table 3.14 : Summarization of control logic for deaerator system

Output of Controller

Activation
u0 & u3 ul & u3 u2 & u3
Input u3 ud us
uo u3 ul u3 u2 u3
x0 ON ON | OFF - OFF . . . -
x1 OFF - ON ON OFF . . . -
X2 OFF | - | OFF - ON | oN _ _ -
X3 ON [ON| ON | ON ON | ON | oN | o | OFF
x4 OFF |oFF| OFF | OFF | OFF | OFF | OFF | ON | OFF
X5 OFF |OFF| OFF | OFF | oFfF | oFr | oFr | oFr | ON
uo - JON. | OFF - OFF - - - -
ul OFF | - 3 ON | OFF g g - -
u2 OFF | - | oFF - - ON ) - -
u3 . . . . . . . OFF OFF
u4 - |OFF| - OFF - OFF | OFF - OFF
us ool oFF L - OFF - OFF | oFfF | OFF -

After the control logic has been designed then Boolean form is created before

performing the formal verification in which using SMV model checker. Hence, from the

ladder diagram as in Figure 3.4 — Figure 3.9, below are the following Boolean expressions

for the deaerator control logic.

du0 = x4 x5x0 x3ul u2 x1 x2
dul = x4 x5 x1 x2x0x3 u2 u0
du2 = x4 x5 x2 x0x1x3 u0 ul
du3 = x4 x5 x3 u4 u5 v x4x5x0 u0 x3
V x4x5x1 ul x3 V x4x5 x2 u2 x3
du4 = x4 u5x3u5u3
du5 = x5 u4 x3u4 u3 (3.3)
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3.3 Procedure 4 : Verification through SMV Model Checker

The verification of logical behavior for deaerator system can be determined by the
Boolean rules. In SMV model checker, the transition states are written in terms of the
initial and state variables using next and case variable. Modeling language will create by
using the SMV model of access module control rules. The codes for the verification
process consist of a model expression, controller expression and the specification
expressed in temporal logic using CTL rules. The temporal logic is used express the
ordering of the event of time by the all the operators that specify properties such as
“property p will eventually hold” [20]. The properties used in this project are reachability
and resettability. The model checker wills automatically checking formally whether a
design satisfies some requirements. A coding part of SMV model checker for deaerator

system is attached in Appendix A.
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CHAPTER 4

RESULT AND DISCUSSION

By the model checking through SMV model checker, the modeling language will
be used in order to verify the model of mathematical model for operational of deaerator
system whether it describes the actual behavior of the system or not. Figure 4.1 — Figure
4.6 show the observation is made while verifying the control system and Figure 4.7 show
the counterexample part. The temporal properties used in this project are reachability and
resettability.

4.1 Reachability

(13

Model checking such as “ Property X may never hold”, will go to a reachability
analysis of the state space of the transition system. The reachability analysis will either
find a state which property x hold or conclude that the state does not never exists [21]. The
reachability analysis uses the temporal property of EG p where p is the negation of the
given good property [22]. E represents existential quantification over the traces and G
represent indicates an infinite trace along which the property p holds globally. Figure 4.1 —
Figure 4.4 show the verification execution result applying the several condition of

specification through rechability analysis.
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Figure 4.1 : Verification result 1

Figure 4.1 show the specification as in (4.1) :

SPEC EG (((x0 & u0) | (x1 & ul) | (x2 & u2)) & (X3 & u3)) (4.1)

In the computation through specification in (4.1), it’s state that there exist some path along
(EG), which is only one output will be opened either boiler feed water pump,u0 , overflow
valve, ul or make-up valve, u2. A |’ notation used in this specification is a OR gate.
These three outputs, u0, ul and u2 cannot be opened at the same time. Besides, ‘&’
notation used in this specification is AND gate. In this specification also, it specifies that
the normal steam pressure, x3 will always sweep with every condition of water level by
activation of steam pressure reducing valve hold,u3.  Hence, by the specification
description, the model checker executed the TRUE verification result. This verification
result is same as the operational control logic designed in Figure 3.4 — Figure 3.7 which is
the outputs cannot open at the same time. Thus, it is a safe specification for deaerator

model system.
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Figure 4.2 : Verification result 2

Figure 4.2 show the specification used as in (4.2) :

SPEC EG ((X0 & u0) & (x1 & ul) & (x2 & u2) & (x3 & u3)) (4.2)

In the computation through specification in (4.2), it show that there exists some
path along (EG), which all the inputs and the outputs is detected at the same time during
the computation path by using AND gate notation by ‘&’. The inputs are normal steam
pressure sensor,x3 ,normal water level sensor,x0 , high water level sensor ,x1 and low
water level sensor,x2. While the outputs are boiler feed water pump,u0 , overflow water
sensor,ul, make-up water valve,u2 and hold steam pressure reducing valve,u3. By
comparing to the model system and control logic in methodology part, the condition will
never happen as the specification stated. It is not a safe condition for deaerator system.

Thus, the model checker executed FALSE verification result.
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Figure 4.3 : Verification result 3
Figure 4.3 show the specification used as in (4.3);
SPEC EG ~((X0 & u0) & (x1 & ul) & (X2 & u2) & (x3 & u3)) (4.3)
The computation through specification in (4.3) is the same as in Figure 4.2 but the
specification in (4.3) used the “~” notation in front of the expression. It means that the
specification will never happen in the system. This specification can be proved by the

model system and control logic in methodology part. Thus, the model checker executes

TRUE verification result. Thus, the specification used is safe for the deaerator system.
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Figure 4.4 : Verification result 4
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Figure 4.4 show the specification used as in (4.4):

SPEC EG ((x4 | X5) -> ~ (U0 & ul & u2 & u3)) (4.4)

In the computation through specification in (4.4), it show that there exists some
path along (EG), which either high steam pressure,x4 or low steam pressure,x5 is detected,
the boiler feed water pump,u0, overflow valve, ul, make-up valve, u2 and hold steam
pressure reducing valve,u3 must cannot be opened. A ‘~’ notation used in this specification
state the it cannot happen in the system. Thus, the model checker executed TRUE
verification result. This verification result is same as the operational control logic designed

in Figure 3.8 and Figure 3.9. Hence, it is a safe specification for deaerator system.

4.2 Resettability

The resettability property use AG EF p in CTL that require branching time
semantic [23]. ), “AG p” describes that condition p is always or globally Second, “EF p”
describes that there exists some path that eventually in the future satisfies p. Besides,
resettability state that it will eventually resettable no matter happen in the middle of
operation. Figure 4.5 and Figure 4.6 show the verification execution result applying the

several condition of specification by using resettability analysis.

| [— = =] =
File Prop View Goto History Abstraction Help
Browser | Properties I Results | Cone | Using | Groups |
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* 2]

Figure 4.5 Verification result 5
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Figure 4.5 show the specification used as in (4.5):

SPEC AG ((x1 & x3 & u3) -> EF (ul & x0 & u3)) (4.5)

In the computation through specification (4.5) show that it always happen (AG)
when high water level,x1 detected, THEN it will exist in the future (EF) that overflow
water valve, ul will automatically open in oder to retrive back to the normal water level.
Thus, by the specification, the model checker show TRUE verification result. The
verification result is same to the control logic designed in Figure 3.5 and the model system
in Table 3.7. Thus, it is safe specification for deaerator system.

74 resultesting3.smv = B

File Prop View Goto History Abstraction Help
Browser | Properties I Results | Cone | Using | Groups |

|All results 3

Property | Resurt | Time
(AG ([(*28x3)&u3) -=(EF ({u28x0)&u3)))) true Tue Jun 03 00:08:31 Malay Peninsula Standard Time 2014

Figure 4.6 Verification result 6

Figure 4.6 show the specification used as in (4.6):

SPEC AG ((X2 & x3 & u3) -> EF (u2 & x0 & u3)) (4.6)

In the computation through specification (4.6) show that it always happen (AG)
when low water level,x2 detected, THEN it will exist in the future (EF) that make-up water
valve, u2 will automatically open in order to retrive back to the normal water level. Thus,
by the specification, the model checker show TRUE verification result. The verification
result is same to the control logic designed in Figure 3.6 and the model sytem in Table 3.7.

Thus, it is safe specification for deaerator system.
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| 4 resetability2.smy o | 8] X
File Prop View Goto History Abstraction Help
Browser | Properties | Results | Cone | Using | Groups |
|All results ﬂ
Property | Resurt | Time
(AG ([xd][x5) -=(EF (~(({{ud|u5)8&(x08u0))&(u18¢1))&(u28x2)))))) true Mon May 26 00:08:26 Malay Penins
: |

Figure 4.7 : Verification result 7

Figure 4.7 show the specification used as in (4.7):

SPEC AG ((x4 | x5) -> EF! ((u4 | u5) & (x0 & u0) &
(Ul & x1) & (U2 & X2))) 4.7

In the computation through the specification in (4.6), it specify that in all path when
the high steam pressure or low steam pressure is detected, it will eventually not happen for
the boiler feed water pump,u0 , overflow valve,ul and make-up valve,u2 to open. The
model checker show TRUE verification result. This specification is same as in control

logic designed in Figure 3.8 and Figure 3.9.

4.3 Counterexample of SMV software

SMV model checker produce counterexample for specification that do not hold in
the given model [24]. In counterexample, if none of the behaviors of the system violates
the given specification, the model of the system will correct. Otherwise, the model checker
will automatically execute the counterexample of the model system to show why the
specification is false. Below is a example of FALSE veriffication result and its

counterexample.
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Figure 4.8 : Counterexample

From the specification in Figure 4.8 :

SPECEG ((X0 & u0) & (X1 & ul) & (X2 & u2) & (x3 & u3)) (4.8)

The specification (4.8) state that boiler feed water pump,u0 , overflow valve,ul ,
make-up valve,ul and steam pressure reducing valve,u3 is open simultaneously. The
model checker show FALSE veriffication result because in the model and controller, that
condition will never happen. From counterexample, only ul and u3 are open while u2 and
u0 are close. u2 and u0 do not hold in the model and controller. Hence, this proved that the

specification in Figure 4.2 is FALSE veriffication and violate from the system behavior.
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CHAPTER 5

CONCLUSION AND RECOMMENDATIONS

In this chapter, the conclusion of the project is conclude and some suggestions

recommendation for further development of this project.

5.1 Conclusion

Model checking tools using SMV model checker uses the finite state machine for
the verification of the system.. It is based on the mathematical expression of the variable to
be verified and check that the model system using Boolean form satisfies to the actual
system or not. The model checker will show true if the model system correct while false is
shown if the model system is false. After model of mathematical expression for the system,
it is easy to check with the different condition and absolutely will see the change of

condition with the different input set.

After making the model, it will be easy to check and see the small changes in the
signal and condition of the model will change the behavior of model. The computational
method like model checking is used to verify the correctness of the model of an automation
system through specifying properties of CTL and describe it in temporal logic. The
temporal logic will show either the specification is violates or not. Temporal logic is a
specification language based on the temporal logic for expressing into formal verification.
All the temporal logic used for the verification must to be fully understand before start to
make a checking. Beside, in the model checking, the design of control logic is very
important to make the model functioned properly. The control logic and the model must be
operated together in order to make sure the specification created satisfies both control logic
and the model. For the model design, it is importance to check the equation of

mathematical expression before performing the verification. As a conclusion, the
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reachability and resettability property used in this project are performed well based on the
theoretical result and justification of the verification result.

5.2 Recommendations

The model checking technique is interesting methods that can be make a more
research in the future. There are many things that need to be explored in this formal
verification. In the future, it is more interesting challenge if this project is continue to the
Boiler operation part. The complex specification will be produced by applying the Boiler
operation part in this project. Besides, as a recommendation, it can be recommending that
to use the NuSMV as a model checker tools for the future. NuSMV model checker can
check the LTL properties and can be compared to the CTL temporal logic. In addition, it is
become interesting and full of challenge to research and focus more on the counterexample
part in any automation system. It is because the study of process for counterexample can

gain a new knowledge that need to explore in mathematical and computer science.
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MODULE main

VAR

X0 : boolean; -- normal water level

x1 : boolean; -- high water level

X2 : boolean; -- low water level

u0 : boolean; -- boiler feed water pump
ul : boolean; -- overflow water valve
u2 : boolean; -- make-up waer valve
X3 : boolean; -- normal steam pressure
x4 : boolean; . -- high steam pressure

x5 : boolean; -- low steam pressure

u3 : boolean; -- steam pressure reducing hold
u4 : boolean; -- steam pressure reducing move upward
u5 : boolean;  -- steam pressure reducing move downward
INIT

(x0=0)

INIT

x1=1)

INIT

x2=0)

INIT

(u0=0)

INIT

(ulr=1)

INIT

(u2=0)

INIT

(x3=1)

INIT

(x4 =0)

INIT

(x5=0)

INIT

(u3=1)

INIT

(u4 =0)

INIT

(us=0)

SPEC EG (((x0 & u0) | (X1 & ul) | (x2 & u2)) & (x3 & u3)) -- REACHABILITY
SPEC EG ~((X0 & u0) & (X1 & ul) & (x2 & u2) & (x3 & u3)) -- REACHABILITY
SPEC EG ((x0 & u0) & (x1 & ul) & (x2 & u2) & (x3 & u3)) --REACHABILITY
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SPEC EG ((x4 | x5) -> ~(u0 & ul & u2 & u3)) -- REACHABILITY

SPEC AG ((X1 & X3 & u3) -> EF (ul & X0 & u3)) -- RESETTABILITY

SPEC AG ((x2 & X3 & u3) -> EF (U2 & x0 & u3)) - RESETTABILITY

SPEC AG ((x4 | x5) -> EF! ((u4 | u5) & (X0 & u0) & (ul & X1) & (U2 & x2))) —
RESETTABILITY

MODULE storagetank
ASSIGN
next(x0) :=
case
(~x0& ~x1&~x2&x3&~U0&ul & ~u2 & u3)|(~X0 & ~X1 & ~x2 & X3 & ~u0 & ~ul
& U2 & u3) |
(~x1 & ~Xx2 & x3 & ~ul & u3 & ~x0 & ~u0 & u2) : 1;
1:x0;
esac;
next(x1) :=
case
(~x0& X1 &X3&~U0&~Ul & U2 & U3 & ~X2) | (X0 & ~X1 & ~X2 & X3 & U0 & ~ul &
~U2 & u3) |
(~x0& X1 & ~X2&X3 & ~U0 & ~ul & u2 &u3) :1;
1:x1;
esac;

next(x2) :=
case

(~x0 & ~X1 & X3 & ~u0 & ~ul & U2 & U3 & ~U2) | (~X0 & ~X1 & ~X2 & x3 & u0 & ~ul
& ~u2 & u3): 1;
1:x2;
esac;
next(x3) :=
case

(~x0& X1 & ~x2 & X3 & ~U0 & Ul & ~u2 & U3) | (~X0 & ~x1 & ~X2 & x3 & ~U0 & ul &
~u2 & u3) |

(X0 & ~X1 & ~x2 & X3 & U0 & ~Ul & ~U2 & U3) | (~X0 & ~X1 & ~X2 & X3 & U0 & ~ul &
~U2 & u3) |

(~*X0 & ~X1 & X2 & X3 & ~U0 & ~Ul & U2 & U3) | (~X0 & ~X1 & ~X2 & X3 & ~U0 & ~ul
& U2 & u3) |

X0 & ~XxX1 & ~x2&X3 & U0 & ~Ul & ~U2 & u3) | (~X0 & ~X1 & ~X2 & x3 & ~u0 & ~ul
& u2 & ul) :1;
1:x3;
esac;
MODULE exchangepacking
ASSIGN
next(x3) :=
case

(~x3& ~x4 & ~x5 & ~U3 & u4 & ~U5) | (~X3 & ~x4 & ~X5 & ~u3 & ~u4 & u5) : 1;
1:x3;
esac;

next(x4) :=
case
(~x3 & ~X4 & ~X5 & U3 & ~U4 & ~U5) | (~X3 & ~X5 & ~U3 & U4 & ~U5 & ~x4) |
(~x4 & ~x5 & U3 & ~U4 & ~U5 & ~x3) | (~x3 & ~x4 & ~U3 & ~U4 & u5 & ~x5) | (x3 &
~X5 & ~x4 & u3 & ~u4 & ~ub) : 1,
1: x4,
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esac;
next(xs) :=
case
(~x3 & ~x4 & ~x5 & U3 & ~u4 & ~U5) | (X3 & ~X5 & ~U3 & U4 & ~U5 & ~Xx4) | (X3 &
~X4 & ~x5 & u3 & ~u4 & ~ub) |
(~x3 & ~Xx4 & ~U3 & ~u4 & U5 & ~X5) | (~x4 & ~X5 & U3 & ~u4 & ~u5 & ~x3) : 1;
1:x5;
esac;
MODULE controller
ASSIGN
next (u0) :=
case
(~%4 & ~X5 & X0 & ~X1 & ~X2 & X3 & ~ul & ~u2) :1;
1:u0;
esac;
next(ul) :=
case
(~x4 & ~X5 & X1 & ~X2 & ~X0 & X3 & ~u2 & ~u0) : 1;
1:ul;
esac;
next(u2) :=
case
(~%4 & ~X5& %2 & ~X0 & ~X1 & X3 & ~u0 & ~ul): 1;
1:u2;
esac;
next(u3) :=
case
((~x4 & ~X5 & X3 & ~u4 & ~u5) | (~x4 & ~X5 & X0 & x3 & u0) | (~x4 & ~x5 & x1 & X3
& Uul) | (~x4 & ~X5 & X2 & X3 & U2)): 1;
1:u3;
esac;
next(u4) :=
case
(X4 & x5 & ~x3 & ~u5 & ~u3):1;
1:u4;
esac;
next(us) :=
case
X5 & ~x4 & ~x3 & ~u4 & ~u3):1;
1:u5;
esac;
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