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Abstract: Nuclear Power Plants are responsible for producing around 11% of the world’s electricity and thus, are an essential
part of electricity generation worldwide. Despite such importance, large number of severe accidents have been recorded in
such reactors in past highlighting our inability to attain precise control over the processes involved in nuclear power
harnessing. When the hydrogen concentration in the reactor vessel of the nuclear power plant increases above 4% in
atmospheric pressure, it might set course for a hydrogen explosion in such reactors. Hence, it is highly essential to maintain
the hydrogen concentration below the 4% limit inside the nuclear reactors. This paper, presents an intelligent approach for
prediction, control and maintenance of hydrogen concentration inside the nuclear power generating stations by employing
fuzzy inference systems (FIS) trained through ANFIS for such purpose. The developed fuzzy inference system was framed into
a Fuzzy Logic Controller which is able to control and maintain the hydrogen concentration in nuclear reactors under severe
accident scenarios.

Index Terms: Nuclear Holocaust, Hydrogen explosion, Fuzzy Inference System, Loss of Coolant Accident, Fuzzy Logic
Controller

I. INTRODUCTION

Although, nuclear power plants are the most imminent sources of clean and safe electricity but still we are unable to secure such
power generating sources against severe accidents which result in nuclear holocausts. This weakness has been time and again
brought forth by several accidental incidents that have occurred in the past in such generating stations. The occurrence of some
unfortunate incidents such as Three Mile Island Accident (1979), Chernobyl accident (1986) and Fukushima (2011) have
developed fear among the public towards the nuclear power generating stations. Besides, these accidents not only, have affected
the minds of common public but also, have to the development of a sense of insatiability among the investors. Hence, ensuring the
safety of nuclear power plants has been an important prospective worldwide [1]. In nuclear power plants, chained nuclear fission
reactions are carried out in a controlled manner to order to generate heat and then this heat energy is used to produce steam which
is finally employed to rotate the turbine of the alternator and thus, generating electricity. The control over the chained fission
reactions is achieved with the help of control rod made up of neutron absorbing material. The radioactive fuel for the nuclear
reactor is present in the fuel rods in the form of small pellets. In such reactors, water or graphite is used as a moderator which
slows down the neutrons which are used to trigger the chain reaction [2] [3]. Besides, one of the most important parts of the
nuclear reactors is the cooling system associated with such reactors. In general, water is used as a coolant. This cooling system is
responsible for the heat transfer from the reactor vessel to the steam generator section of the nuclear power plant [3]. So, if this
system fails, the heat energy generated in the reactor vessel of the nuclear power plant keeps on increasing, finally, leading to
severe accidents in such power plants. The failure of the cooling system may occur because of the Loss of Coolant Accident
(LOCA). The loss of coolant in such an incident provides a route for the temperature inside the reactor to rise beyond bearable
limits resulting in generation of hydrogen gas inside the reaction vessel. When the concentration of hydrogen gas inside the
reactor crosses the 4% bearable limit, it triggers hydrogen explosions in such reactors causing a vast destruction. So, the Loss of
Coolant has come forth as one of the major issue to tackle in order to improve the safety and security of the nuclear power
generating stations. The reason behind the occurrence of LOCA is a break or fracture in any part of the cooling system carrying
the coolant to the reactor. The main parts of the primary cooling system for the reactor include: (i) Hot Leg, (ii) Cold Leg and (iii)
Steam Generator Tube. A break in any of the aforementioned parts of the cooling system results in LOCA. Although, numerous
new techniques and approaches have been utilized to tackle such problems but still we are unable to achieve the desired results [4].
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This paper suggests the development of a system which is capable of predicting, controlling and maintaining proper concentration
of hydrogen gas in the nuclear reactors and hence reducing the risk of hydrogen explosions in such highly expensive enterprise.
The development of such a system involves establishment of a Sugeno type fuzzy inference system trained in ANFIS which is able
to predict hydrogen concentration inside the nuclear reactors with precision. Such fuzzy inference systems are then utilized as
fuzzy logic controllers in order to achieve control over the concentration of hydrogen gas inside the nuclear reactors.

Il. HYDROGEN GENERATION INNUCLEAR POWER PLANTS

Due to the imminent dangers of the unexpected rise in the concentration of hydrogen gas inside the reactor of the nuclear power
plants, it has been very important to study the hydrogen generation mechanisms in the nuclear power plants. These hydrogen
generating mechanisms are the main reason behind the hydrogen explosion accidents occurring in the nuclear power plants due to
the loss of cooling system. The main reagent behind the generation of hydrogen gas in the nuclear reactor is the high temperature
developed inside the reactor vessel during severe accident conditions. This high temperature triggers various reactions inside the
reactor which lead to the generation of enormous amount of hydrogen gas inside the reactor [1]. The major processes producing
hydrogen gas inside the reaction chamber of the nuclear reactors are:

A.In vessel Metallic Oxidation

The generation of hydrogen gas in nuclear power plants under severe accident scenarios is supported by the reaction of the
Zircolay (an alloy of zirconium, tin and other metals used as a cladding in nuclear reactors) with steam at high temperatures which
leads to the oxidation of the metal alloy and the subsequent production of hydrogen gas. In addition to this, the oxidation process
of B,C absorber material with steam or water at high temperature can also lead to the production of hydrogen gas in the nuclear
power plants. This process mainly takes place during the early core heat up. This process not only produces hydrogen gas but also
generates more heat which leads to further temperature rise [5].

B. Ex-vessel Metallic Oxidation Due to DCH

Ex- vessel metallic oxidation occurs due to the process known as direct containment heating (DCH). In this process the corium in
the nuclear power plants undergoes a fast oxidation causing the release of hydrogen gas in the nuclear chamber. In fact, the
Zirconium present in the corium at the time of vessel breach gets oxidized during the process of direct containment heating. This
type of vessel breach process is mainly triggered due to a loss of coolant accident. This type of process occurs for a very short time
but releases hydrogen gas at a very fast rate and hence, it becomes necessary to study such a process in order to ensure complete
safety of the nuclear power plants from the hydrogen explosion [5][1].

C.Ex-vessel Metallic Oxidation Due to MCCI

This type of ex- vessel metallic oxidation is another significant process which leads to the release of hydrogen in the reaction
chambers of the nuclear power generating station. This type of oxidation is the result of Metal Core Concrete Interaction (MCCI).
In this case, there occurs a reactor vessel bottom breach due to the failure of the cooling system in maintaining proper temperature
in the reactor core unit and hence, the corium drop occurs and metal core concrete interaction starts. The Zirconium and
Chromium masses present in the corium undergo a fast oxidation with the steam (or hot water) in a CO, environment and result in
the release of hydrogen gas at a very rapid pace. The CO, comes into existence due to the thermal decomposition of the concrete
basement. In some nuclear power plants, instead of the release of CO, from thermal decomposition process, there occurs a release
of CO gas which adds to the instability inside the reaction chamber [5].

Besides, there may take place various other procedures in the reaction chamber of the nuclear reactor which may lead to a less
significant production of hydrogen gas. These activities include radiolysis of water and various other corrosion reactions. However,
the aforementioned activities are the main reason behind the severe accidents taking place in the nuclear power generating
stations.

I1l. FUZZY INFERENCE SYSTEM
Fuzzy inference system is one of the most important units of fuzzy system developed using fuzzy “If Then” rules which possesses

the ability of making decisions. Such systems are able to take in the inputs and process them in accordance to the defined “If
Then” rules and produce corresponding outputs. The primary constituents of a fuzzy inference system are:
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A.Rule Base

The rule base is composed of several “If Then” rules required to define any phenomena for which the fuzzy inference system is
being developed. It is considered as the backbone of the fuzzy inference system as such a system always processes inputs following
these rules in order to generate outputs [1][6]. All the fuzzy “If Then” rules which are used to develop fuzzy inference systems are
mainly composed of three main parts which are as: (i) Antecedent, (ii) Consequent and (iii) Connector. Some simple fuzzy “If
then” rules used to make fuzzy inference systems can be given as:

1) IFxisA, thenyisB.

2) IF xyis Ajand x; is Ay, thenyis B.

3) IFxyisAgor X;is Ay thenyis B.

The first part of the rule following if - (“x is A”) is known as antecedent. It defines the membership function to which an input
variable belongs. The later part of the rule following then - (“y is B) is known as consequent. It defines the membership function to
which the output variable belongs. The words “If ” and “ Then ” relate the input membership function to the output membership
function. The words “and”/ *“or” are connectors which are used only when more than one input variables are employed to develop
a fuzzy inference system [7].

B. Database

It is the part of the fuzzy inference system which describes the membership functions which are associated with such a system.
These membership functions are used to map the inputs to different sections and then process all the inputs belonging to a peculiar
section together while following the “If Then” rules. Different types of membership functions can be utilized to develop the fuzzy
inference system. The most popular membership functions employed are the gaussian membership function and the triangular
membership function. The gaussian membership function is a bell shaped gaussian curve which defines different regions over the
range of the input variable, which is provided as input to the developed fuzzy inference system [1] [4][6].

C.Decision Making Unit

It is the unit which performs operations on the input variables in accordance to the defined fuzzy rules and calculates the output
corresponding to the input. This unit of the fuzzy inference system is analogous to the central processing unit (C.P.U) of a
computer.

D.Fuzzification Interface Unit

It is the part of the fuzzy inference system which is responsible for converting crisp inputs into fuzzified inputs. This system is
only utilized when the input variable to the fuzzy inference system is not fuzzy by nature. As the fuzzy inference system cannot
work with the crisp inputs, therefore such inputs need to be fuzzified before being actually fed to the fuzzy inference system. As
most of the input variables are crisp by nature, so such a unit becomes an essential part of the fuzzy inference system [6].

E. Defuzzification Unit

The defuzzification unit is used to convert fuzzy output produced by the fuzzy inference system into crisp output. Since, only fuzzy
systems have the ability to deal with fuzzy variables and no other system understands such variables. Therefore, the output of the
fuzzy inference system should always be crisp by nature so that it can be utilized further. The defuzzification units in fuzzy
inference systems are used to tackle such problems. These units can use various methods to defuzzify the output of the fuzzy
inference system such as centroid method and weighted average method [8].

Knowledge Base

Data

Base Rule
Crisp Crisp
Input OQutput
|::> Fuzzification Defuzzification :>
Inference unit Inference unit

Fuzzy

Fuzzv
Decision-making Unit

Fig . 1. Functional Block Diagram of Fuzzy Inference System
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IV. CLASSIFICATION OF FUZZY INFERENCE SYSTEMS
The fuzzy inference systems are mainly classified into two types mentioned as follows:

A. Mamdani type Fuzzy Inference System

Such type of fuzzy inference systems were brought forth by Ebhasim Mamdani in 1975. This type of system was developed in
order to achieve anticipatory control over the combined process of a steam engine and a boiler. The rules for developing such a
system were framed using the knowledge of the workers working on such steam engines. Development of the Mamdani type fuzzy
inference system was the first initiative towards describing a natural situation with the help of “If then” rules which were framed
in accordance to the knowledge possessed by the human operators working in such situation [8]. The most important characteristic
of the mamdani type fuzzy inference system is that both the antecedent and the consequent part of the “If Then” rules used to
develop such kind of system are articulated linguistic constraints. Hence, the rules of the mamdani type fuzzy inference system are
simple and straightforward and can be easily related to the practical phenomena for which the mamdani system has been
developed. Mamdani type fuzzy inference systems have been highly utilized in the areas of artificial intelligence such as pattern
recognition, computer vision and image processing [8].

B. Takagi Sugeno type Fuzzy Inference System

Such type of fuzzy inference systems were developed by Takagi, Sugeno and Kang in 1985. This type of fuzzy inference system is
highly utilized in industrial control applications. In many aspects, this type of fuzzy inference system is quite similar to the
mamdani type fuzzy inference system. However, there are several attributes associated with this type of system which mark the
demarkcation between the earlier developed mamdani and the later developed takagi type fuzzy inference system. This type of
system has the input side similar to the mamdani type fuzzy inference system however, its output side is quite different from
mamdani system. This is because in mamdani systems, the output membership function can be of various different types however,
in takagi systems, the usage of output membership functions is limited to constant or linear. Due to this difference the takagi type
fuzzy inference system is able to directly generate the crisp outputs while, on the other hand, the mamdani systems necessarily
require a defuzzifier in the output stage in order to defuzzify the fuzzy outputs generated by these systems. Hence, mamdani
systems are much more time consuming and tedious compared to takagi type fuzzy inference systems [9].

V. DATAPREPARATION

Although, developing a fuzzy inference system followed by a fuzzy logic controller proves to be an important task in various
adaptive control applications. However, such kind of systems cannot be build unless we possess the data information in order to
train such type of systems. Hence, data collection and its preparation for utilization in the process of developing a fuzzy inference
system is a very important exercise to be carried out in order to achieve our objectives. As we deal with nuclear power plants under
severe accident scenarios, so the data information regarding the same can be collected from such catastrophes. However, as the
situation we are dealing with is disastrous in nature, hence, the data information cannot be collected directly from such sites which
are under the threat of a nuclear holocaust because none of the metering or measurement devices work properly under such
situation. Therefore we need to find an alternative way to tackle this situation. So, the data required in order to develop the fuzzy
inference inference system is obtained by simulating the nuclear power plant accident scenario with the help of MAAP 4 code
(Modular Accident Analysis Program) [1][4].

The Modular Accident Analysis Program is a program created by utilizing several different computer models in order to examine
the situation of severe accidents in the nuclear power generating stations. Utilizing such program for simulating the Loss of
Coolant Accident scenarios in the nuclear power plants provides us with data information required to built the mentioned fuzzy
inference system which is able to control and monitor the hydrogen concentration in nuclear power plants under severe accident
scenarios [10]. From this modular accident analysis program we mainly obtain two types of data which are: (i) LOCA break size
and (ii) SCRAM time. LOCA break size is the data regarding area of the fracture in any of the components of the primary heat
transfer circuit while SCRAM time is the time which has elapsed after emergency shutdown of the reactor [11] [12]. Using the
Modular Accident Analysis Program (MAAP 4) code for simulating the situation of severe accident scenario in the nuclear power
plant, we are able to collect data regarding three primary loss of coolant accident break positions, which are three different
locations on the primary heat transfer circuit of the nuclear power plant and are given as: (i) Hot Leg, (ii) Cold Leg and (iii) Steam
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Generator Tube [13] [14]. The data regarding the target concentration of hydrogen gas inside the nuclear reactor under severe
accident scenarios can be approximated from the graph between the scram time and the hydrogen concentration in the reactor
under severe accident scenarios established by the past research in this field [1].

In order to carry out the training of the fuzzy inference system in ANFIS toolbox, the data including 34 LOCA break sizes and the
corresponding scram time and hydrogen concentration for each of the break locations is obtained from [13][14][15][1]. Among
these 34 data points for each of the break locations, some data points were separately chosen from each group and were utilized as
checking data for their particular group. The trained fuzzy inference system with the help of 34 data points was verified against
the checking data.

VI. IMPLEMENTATION

In this study, the Takagi Sugeno type fuzzy inference system was developed to predict the hydrogen concentration in nuclear
power generating stations under severe accident scenarios. This type of fuzzy inference system was developed by using the fuzzy
logic toolbox of the Matlab where in the Loss of coolant accident break size and Scram time were considered as inputs for the
inference system and the predicted hydrogen concentration was given as output by such a system. Five gaussian membership
functions were defined over the range of the inputs and five linear membership functions were defined over the output range of
such system. Then five “If Then” rules were defined as depicted and Fig. 2 which formed the backbone of this inference system.
This fuzzy inference system was then exported to the ANFIS toolbox in order to proceed with the neuronal training of this system.
The neuronal training of the system was carried out by utilizing the available data. As the data is available for three different
LOCA break positions, so neuronal training of the developed fuzzy inference system was carried out separately for all the three
break positions resulting in development of three different fuzzy inference systems for each of the three break locations ( Hot leg,
Cold Leg and Steam generator Tube).

4| Anfis Model Structure - [m] X
input inputmf rule outputmf output
{J L
L Opemations
D‘? and
[ ] o
not

Fig. 2. ANFIS view of the fuzzy inference system with five rules

The training of the developed Takagi Sugeno type fuzzy inference system, itself changed the membership functions of the
developed input/output rules and their weights in such a manner toreduce the error between the targeted output and the
predicted output. Fig. 3 depicts the ANFIS training of the fuzzy inference system carried out for Hot Leg LOCA break position. In
the similar manner, training sessions were carried for Cold Leg and SGTR break positions as well which utilized the training as
well as checking data available for all the three LOCA break positions.

In the similar manner, simulations were carried out for FIS developed with 3 and 7 fuzzy rules for each break position, however,
the results came out to be most desirable while utilizing 5 fuzzy rules. The reason behind this is the less availability of data, as
only 34 data points for each break position available in [15] [16] were utilized. Also, training error of around 0.119%,0.112% and
0.05% where obtained for hot leg, cold leg and SGTR break positions. This training error is very less compared to the RMS error
obtained in [1]. The main reason behind obtaining such low error percentages is the utilization of very less data ( only 34
available data points[15] [16] ) compared to the 200 data points utilized in [1].
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Fig.. 3. Training of the developed F.1.S for Hot Leg LOCA break position

In order to verify the developed fuzzy inference systems, a proper simulation environment was set up in the Simulink separately
for each LOCA break position. Fig.4 depicts the simulation environment set up for Hot Leg LOCA. In the similar manner,
simulation environment was set up for other break positions and a fuzzy logic controller based on the developed FIS was used. The
X-Y plot of the Target Hydrogen Concentration vs Predicted Hydrogen Concentration was obtained for each of the developed FIS
as depicted in Fig.5 and it brought forth an almost linear curve in each case, thus, verifying the developed FIS.
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Fig. 4 Simulink Set up for testing the developed FIS for Hot Leg LOCA

In order to achieve automatic control over proper maintenance of hydrogen concentration in the reactor vessel of the nuclear power
plant, we need to develop another fuzzy inference system which could utilize the data of the predicted hydrogen concentration
given out by the earlier developed FIS and in accordance to the predicted hydrogen concentration, set up a valve into motion. The
motion of the valve would enable the venting of the hydrogen gas from the reactor vessel of the nuclear reactor.
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Fig. 5. XY Plots of FIS developed for: (a) Hot Leg, (b) Cold Leg, (c) SGTR LOCA break positions
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Simulation of control system to be utilized for maintaining proper concentration of hydrogen gas inside the nuclear reactor was
developed separately in simulink for each of the three LOCA break positions. Fig. 6 presents the model developed for Hot Leg
LOCA. In the similar manner, the simulation models were developed for other LOCA break positions and the motion of the valve
and the predicted hydrogen concentration for some periodic inputs (sinusoidal and square wave inputs) was analyzed. This
analysis depicted that as soon the predicted hydrogen concentration increases, the valve open up and as the predicted hydrogen
concentration decreases, the valve closes as presented in Fig. 8. Hence, the proper working of the adaptive control system
separately developed for each of the LOCA break positions is verified by these results.

HOTLEG VALVE CONTROL

| Mae

Vabe Motion
| HOTLEG

@ Comparson

Fig. 6. Control system simulations developed for Hot Leg LOCA

M

Fuzzy Logic Fuzzy Logic:
Controllrt Contoler

Signal
Generaior2

In addition to this, when we ought to deal with a nuclear power plant accidents in real time, any one of the three or any
combination of the three types of break accidents may occur and we may not be able to categorize as which type of LOCA incident
has occured. Therefore, we need to develop an control system which is able to deal with all the three types break accidents
simultaneously. Hence, the simulation of such type of control system was set up in simulink as shown in Fig. 7 and its working
was verified by analysing the combined predicted hydrogen concentration and combined valve motion signals. This analysis
depticted that as soon as the combined predicted hydrogen concentration increases, the combined valve open up and as the
combined perdicted hydrogen concentration decreases, the valve closes as presented in Fig. 8 Hence, the proper working of the
combined control system was verified.

In the results presented in the Fig. 8, the plot (a) depicts the working of the combined valve control system, the plot (b) is
associated to Hot leg valve control system, the plot (c) verifies the working of the Cold Leg valve control system and the plot (d) is
related to SGTR valve control system..

COMBINED VALVE CONTROL

Fuzzy Loge
Cantolles

Signal
Genstarl2

Fig. 7 Combined Control System simulation in simulink
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Fig. 8 Results verifying the working of each of the developed control systems for (2) Combined valve control, (b) Hot Leg valve
control, (c) Cold Leg valve control and (d) SGTR valve control.

In each of the plots in Fig. 8, signal 1 represents the predicted hydrogen concentration and the signal 2 represents the
corresponding valve motion and it is noticed that for every valve control system developed (Combined,Hot Leg, Cold Leg and
SGTR), the valve motion shows an upward trend as soon as the predicted hydrogen concentration increases and a downward trend
as soon as the predicted hydrogen concentration decreases.

VIlI. CONCLUSION

In order to prevent the nuclear power generating stations from being destroyed by severe accidents in future it is necessary to
control and maintain the hydrogen concentration inside the reactor vessels of such reactors within the permissible limits. Usually,
when the hydrogen concentration in these reaction chambers exceeds the 4% limit, a hydrogen explosion is likely to occur in such
a situation giving rise to a nuclear holocaust. The main reason for the generation of hydrogen gas in the nuclear reactors is the
high temperature present inside the reactors which is developed because of the failure to the cooling system which is responsible
for the transfer of heat energy from the reactor vessel to the heat exchanger. This failure of the cooling system may occur because
of the fracture in any of the components of the primary heat transfer circuit which is the part of the cooling system.

In this study, a unique hybrid approach of utilizing the fuzzy logic toolbox of Matlab to develop a fuzzy inference system is
brought forth. This inference system is trained using the ANFIS toolbox present in Matlab and then employed to build a fuzzy
logic controller that can predict, control and maintain the hydrogen concentration in the nuclear power plants under severe
accident scenarios. In future, it is required to develop the reactor vessel of the nuclear reactor with such an architecture which
prevents the escape of heat energy from the nuclear reactor during venting process and hence, improving the efficiency of such
power generating stations [17][18][19]. Also, a mechanism can be developed which would make it possible to utilize the excess
hydrogen gas removed from the nuclear reactor and hence, increasing the profits obtained from such power plants [20] [21].
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