
2017 International Nuclear Atlantic Conference - INAC 2017 

Belo Horizonte, MG, Brazil, October 22-27, 2017 
ASSOCIAÇÃO BRASILEIRA DE ENERGIA NUCLEAR – ABEN 

  
 

EXPERT SYSTEM APPLIED AT THE ANGRA 2 NUCLEAR POWER 

PLANT TO ASSIST IN THE RESOLUTION OF LIMITING 

CONDITIONS FOR OPERATION 

 

André D. Schechter¹, Andressa S. Nicolau2 and Roberto Schirru3 

 
1 Nuclear Engineering Program - COPPE 

Federal University of Rio de Janeiro 

Ilha do Fundão, s/n 

21.945-970 Rio de Janeiro, RJ 

schechterandre@poli.ufrj.br 

 

²Nuclear Engineering Program - COPPE 

Federal University of Rio de Janeiro 

Ilha do Fundão, s/n 

21.945-970 Rio de Janeiro, RJ 

andressa@lmp.ufrj.br 

 

³Nuclear Engineering Program - COPPE 

Federal University of Rio de Janeiro 

Ilha do Fundão, s/n 

21.945-970 Rio de Janeiro, RJ 

schirru@lmp.ufrj.br 

 

 

 

ABSTRACT 

 
Expert Systems (ES) are widely used to help a common user act as an expert on a particular subject, the 

information is saved in the program database and the user introduces facts to be interpreted in real time. The 

inference engine will take these facts and return the answer of the expert. This tool is widely used, for example, 

in medicine to diagnose patients, game development, the mining industry, and the operation of nuclear power 

plants. In this article, a model of ES, of the real time, is development in order to treat the Limiting Conditions for 

Operation (LCO) of the Angra 2 Nuclear Power Plant. In this PWR plant, all information from the LCO comes 

from failure trees and the ES was adapted to be able to handle the facts with the values True, False, None and Null 

of the tree. The simulations results of this article and experiments with ES applied in LCOs show that it is an 

efficient computational tool to deal with this type of problem. The use of this type of technology in the operation 

of nuclear power plants can reduce the risk of an accident caused by human error, which is one of the most 

common causes in the history of the nuclear industry. 
 

1. INTRODUCTION 

 

One of the major problems of the nuclear industry in the world is public acceptance and this is 

because the accidents that have already occurred, such as Chernobyl [1] and Fukushima[2], 

which have generated a great environmental impact. Nowadays, the big companies of the sector 

make considerable financial investments to try to contain the impact on the population with 

this source of energy. Investments to avoid accidents are also very high, over time new security 

systems, such as passive ones, have been developed that work in an intrinsic way when some 

failure occurs. In addition, it is necessary to avoid human error as much as possible, since in 

some accidents, such as Chernobyl and Three Mile Island[1], this has been one of the main 

causes of the problems. 
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To reduce the probability of a human error occurring, computer programs have been 

increasingly introduced in the Nuclear Power Plants (NPP) control room, in order to assisting 

the plant operation in normal situations, but especially in emergency situations, minimizing the 

risk of wrong actions be taken. These software make real-time analysis of the plant's situation 

in order to prevent the operator from having to interpret an infinity of data on its own and to 

make a wrong decision in an emergency situation. 

 

This paper presents the results of the research made by André D. Schechter [3] with the 

objective of creating an expert system (ES) that aims to help the control room operators in the 

diagnostic of limiting conditions of operations (LCOs) of the Angra 2 nuclear power plant. 

 

The model proposed was written in Python programming language and works with the 

representation of the LCOs in fault tree structure obtained from the CAFTA Fault Tree 

Analysis, software created by the Electric Power Research Institute (EPRI) [4]. 

 

Due to the way of representing the knowledge of the Angra 2 LCOs, the Expert System (ES) 

was chosen to development the model. ES is a technique that stands out because it can absorb 

information, real-time or online, specific to each power plant. This feature allows the program 

to be considered a generic computational system to control LCOs. In addition, ES stands out 

for being able to change its knowledge without changing its basic software code. 

 

This article is organized as follows: Section 2 presents the explanation of what is a LCOs; 

Section 3 presents the methodology used to achieve the study objective; Section 4 presents an 

introduction to the program structure; Section 5 presents the study results; and Section 6 

presents the conclusions of this work.. 

 

 

 

2. LIMITING CONDITIONS OF OPERATION 

 

LCOs are very important for the safety of the NPP and indicate to the control room operator, 

everything he needs to maintain the plant into a safe condition in case of abnormal conditions. 

They are sorted by plant system and, according to the mode of operation, other parameters 

allow the operator to know if a CLO is applicable or not. If an LCO is open and the operator is 

working on it, the regulatory agency (Comissão Nacional de Energia Nuclear, CNEN, in the 

case of Brazil) needs to be informed. All LCOs are present in the Final Safety Analysis Report 

(FSAR chapter 16) [5].  

 

The LCOs, in general, have a text similar to the one shown in figure 1. Where they are informed 

the applicability, the system, the conditions, the required actions and the completion time of 

each one [6]. 
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Figure 1 - Example of LCO's text 

 

In this example LCO 3.1.1, if the NPP is in modes 3, 4, 5 or mode 2 with keff < 1.0 and with 

Shutdown Margin (SDM) not within limits, the operator will need to initiate boration to restore 

SDM to within limits before 15 minutes. 

 

The LCOS of the NPP Angra 2 are similar to most PWR’s nuclear plants in the world. It has 

the text similar of the figure 1, but also has its actions directly linked to the fault tree taken 

from the CAFTA program. All Angra 2 LCOs are interconnected by logic connectors, as shown 

in figure 2, which is an example of a part of the fault tree of this NPP. By analyzing this failure 

tree it is possible to know what are the required actions that need to be fulfilled if the internal 

containment pressure goes beyond the limit and LCO 16.3.6.4 is opened. 
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3. METHODOLOGY 

 

 

After a complete study of the Angra 2 CLOs and their adaptation to the CAFTA program, it 

was realized that the best way to develop a Real Time System (RTS) for this application using 

an Expert System (ES). The model development has been adapted and his inference engine is 

able to interpret a fault tree written in a text file provided by CAFTA program. The reading of 

this tree is done from the bottom up using recursive functions.  

 

Figure 2 - Example of fault tree of Angra 2 
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The main feature that distinguishes the expert system from other artificial intelligence 

techniques is the independence between its internal modules, which are the knowledge base, 

where all the information given by the expert is stored, and the inference engine, which uses 

the facts given by the user, queries the knowledge base and returns the expertise. This 

independence is an advantage, since it is possible to change the knowledge base without change 

the inference engine.  

 

The inference engine can do two types of chaining. In the case of the prototype system, it will 

use the forward chaining, which uses the facts to find the consequences. The structure of the 

expert system is represented in figure 3. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 - Expert System 

 

 

The inference engine of the prototype system will be fed with an adaptation of the text file 

taken from CAFTA. This adaptation was done automatically by a routine created in Python, 

which is part of the prototype system, to suit the reading of the program. In addition, in this 

same text file, the completion times of the required actions were inserted. They are marked in 

square brackets soon after the description of their branches. The model of how the trees are 
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inserted is shown in figure 4. The LCO selected for this example was 16.3.6.4, which refers to 

the pressure in the containment. 

 

 
Figure 4 – Model of Tree 

 

 

The file (16_6_3_4.txt) that will be read by the inference engine provides the data needed to 

properly interpret the tree, being the name of the branch, its children, its logical operator, and 

the time to complete the action. The following logic on each line was used: 

 

BRANCH FATHER (OPERATOR, SON 1, SON 2) [COMPLETION TIME] 

 

Two child branches were presented, but this is not a rule, since the branch can have as many 

children as necessary and if it is a leaf of the tree, it will have no child. In addition, it is 

important to note that the completion time is in seconds, but can be changed to minutes or hours 

according to the CLO specification. If a branch does not concern a required action, it does not 

need to present the brackets with the time value inside. 

 

Tree branches can receive 4 different values, such as true, false, none, and null. An example of 

how it will be applied is the statement "water temperature greater than 50 ° C". If the 

temperature is greater than this value, it will be assigned the true value, if it is less than or 

equal, it will be assigned false. If the temperature value information does not reach the program, 

the value will be assigned a null value, and if this information has not yet been processed by 

the program, the none value will be assigned. 

 

 

4. STRUCTURE OF THE SYSTEM PROPOSED 

 

The structure of the system proposed was designed to the variables can change their value in 

two ways. The first one is manually by the operator and the second is automatically with the 

information coming from other software after passing the operator validation. 
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The control is also done through a text file, shown in figure 5. In the prototype system, the 

operator changes the values according to the situation of the plant and will be advised if any 

branch has the value null. It is also in the file that the required actions will be answered if they 

were made or not within the completion time. If the field is empty, the value is none. 

 

 
Figure 5 – Text file with the values of the branches 

 

These entered values are the basis of facts base, which, together with the knowledge base, are 

processed by the inference engine, so that the program can return the expertise. The fact base 

is the only part of the program that the operator will have access to and may be modified during 

the operation of the NPP. 

 

The program operates in cycles with time duration predetermined by the operator. With each 

cycle that passes, the entire tree and all branch values will be read again and any changes that 

have occurred from one cycle to another will be reported to the operator. If some completion 

time is counted down, your new remaining time will be reported in each cycle. 

 

 

5. SIMULATIONS RESULTS 

 

The result of the work is the production of a prototype system, which is a specialist system that 

works in real time. It has the function of assisting the decision-making of PWR-type nuclear 

power plant operators, with their limiting conditions of operation written in fault trees in the 

CAFTA language. 

 

After performing the tests, it has been proven that the prototype perfectly meets everything that 

was previously determined for it to perform. The tree is read correctly and all warnings to the 

operator are sent precisely and at the correct time. 

 

The tests were elaborated with an adapted tree, which is part of the general tree of the LCOs of 

Angra 2, to be valid for any other type or size of tree. In this way, it is guaranteed that the 

general tree of the plant can be read and worked on this prototype. 
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There is no graphical interface for the operator’s work because it is a prototype system. In this 

way, the results are presented, in real time, with cycles of 4 seconds, on a screen within Python. 

This screen is shown in figure 6. 

 

In figure 6 it is possible to see that the processing time of each cycle is informed to the operator. 

Additionally, it is possible to verify that the RA16.3.6.4.A.1 branch is with its completion time 

being close to exhausting. After it is exhausted, the operator is informed. 

 

 

 
Figure 6 – Screen within Python 

 

 

 

6. CONCLUSIONS  

 

The objective of this paper is to create a prototype system to diagnose the LCOs of the Angra 

2 NPP. After the tests, it was verified that the software meets all the necessary requirements to 

be used in the control room in the future. 
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The advantage of using the expert system is to be able to change the knowledge base without 

changing the engine of inference and also to be able to store a large amount of information that 

is impossible for a human to learn by completeness. 

 

After performing the tests and proving the effectiveness of the prototype system, it is possible 

to adapt the entire Angra 2 tree to run in the prototype system without changing its good 

performance. In this way, the prototype will meet all the needs of the Angra 2 operation. 

 

In order for the result of this work to enter the day-to-day operation of the plant, it is necessary 

to elaborate a graphical interface for the program, also known as man machine interface (MMI). 

Together with it, the prototype can be very useful for controlling the Angra 2 LCOs. 

 

As a way of continuing the work, after the elaboration of the MMI, a verification and validation 

mode should be carried out through a simulation of the operation of the plant using the 

prototype system and the simulator used by the operators. If this test had a positive result, the 

operators in the Angra 2 nuclear power plant could use the program. 
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