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a b s t r a c t

This paper presents a conceptual design for a plant-wide autonomous operation system that uses arti-
ficial intelligence techniques. The autonomous operation system has the power and ability to perform
the control functions needed for the emergency operation of a nuclear power plant (NPP) with reduced
operator intervention. This paper discusses the emergency operation and level of automation in an NPP
and presents the design requirements for an autonomous emergency operation system (A-EOS). Then, an
architecture that consists of several modules is proposed, with descriptions of the functions. Finally, this
paper introduces a prototype of the suggested autonomous system that integrates the authors’ previous
works.
© 2019 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The term “autonomous” means having the power for self-
government. Control systems with high degrees of autonomy
should have the power and ability of self-governance, which allows
them to perform the necessary control functions without external
intervention over extended time periods [1]. Recently, interest in
autonomous systems has increased in a variety of fields from
manufacturing to unmanned space, atmospheric, and ground ve-
hicles, because it is believed that the technology can improve
safety, reliability, and efficiency.

One way to achieve autonomy, in some applications, is to utilize
high-level decision-making techniques, i.e., “intelligent” methods,
in the autonomous system. The field of artificial intelligence (AI)
offers some tools to add these higher-level decision-making abili-
ties [2,3]. Traditionally, AI must fundamentally understand the
world around us, which can be achieved if a learner can identify and
disentangle the underlying explanatory factors hidden in the
observed milieu of low-level sensory data [4]. In the early days of
AI, the field rapidly tackled and solved problems that were intel-
lectually difficult for human beings (but relatively straightforward
for computers), and problems that could be described by a list of
formal, mathematical rules [5]. AI has embraced classical control
theory, neural networks, fuzzy logic, and genetic algorithms.
).
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Recently, the performance of AI has grown explosively as a result of
developments in hardware design, multiprocessor graphics cards,
or graphics processing units (GPUs), along with new AI algorithms
(e.g., deep learning).

Along with this technical progress, there has also been an
increased interest in the autonomous control of nuclear power
plants (NPPs). Upadhyaya et al. designed an autonomous control
system for a space reactor system using a proportional-integral-
derivative (PID) controller [6]. Oak Ridge National Laboratory sug-
gested an autonomous decision-making framework for small
modular reactors [7]. Boroushaki et al. proposed an intelligent
reactor core controller for the load-following operation using AI
techniques, i.e., a recurrent neural network and fuzzy logic systems
[8]. However, those studies only suggested a primitive autonomous
control concept or were focused on (or tested) the controller or
component level, not the plant level. For application to an extended
range of operations in NPPs, autonomous control at a higher level
(i.e., plant or function) needs to be studied.

The authors recently published several papers on the applica-
tion of AI techniques to NPP emergency operations. An algorithm to
autonomously monitor and control the safety systems during an
emergency situation was suggested based on the application of a
long short-term memory (LSTM) network [3,9e11]. In addition, an
algorithm to diagnose the initiating event that caused the emer-
gency operation (e.g., a reactor trip) has been proposed [12e14].
Algorithms have also been suggested for monitoring the satisfac-
tion of safety functions during the emergency operation [12,15], in
addition to compliance with technical specifications [16,17].
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This paper suggests a conceptual design for an autonomous
operating system for emergency situations in NPPs, called auton-
omous emergency operation system (A-EOS), achieving a high level
of autonomy during an emergency operation which is currently
implemented with a low level of automation. First, this paper dis-
cusses the emergency operation and level of automation in NPPs,
and then presents the design requirements for the A-EOS. Second,
the architecture and functions of an A-EOS are proposed. This paper
develops a functional architecture of A-EOS that consists of several
modules. Then, it defines the function of each module and the
interaction between modules. Finally, this paper introduces a pro-
totype of the suggested autonomous system. The prototype im-
plements the functions of modules and the interactions between
modules. While some modules are implemented by adapting the
authors’ previous works mentioned above, the implementation of
the others (e.g., strategy selection and operator interactions) and
the integration of modules are carried out in this study.

2. Design requirements for autonomous emergency
operation system

This section suggests design requirements for the A-EOS. The
objective of the A-EOS is to manage emergency operation situa-
tions, and to maintain the NPP in a safe state with a minimum of
human intervention. The A-EOS is designed to satisfy the perfor-
mance demands during an emergency operation and compensate
for system failure without external intervention. To develop the
design requirements, this section discusses the level of automation,
architecture of the A-EOS, monitoring and control requirements for
NPP safety, and human factors issues in the automation.

2.1. Level of automation

Because an autonomous system is considered to have a high
level of automation, it is necessary to determine the level of auto-
mation for the A-EOS. The level of automation can define the design
requirements for the roles of humans and the system, in addition to
the interactions between them.

There are a few taxonomies that support the classification of
automation [18]. Among them, Billings’ level of automation pro-
vides a useful classification to define autonomous systems, as
distinguished from automatic ones. As listed in Table 1, Billings
proposed seven levels of automation that range from no automa-
tion to fully autonomous operation [19]. The classification uses the
term “autonomous” for the high levels of automation, i.e.,
Table 1
Billings’ levels of automation.

Level Role of automation

Autonomous
operation

Fully autonomous operation; human is not usually informed; system
be capable of being disabled

Management
by exception

Essentially autonomous operation; automatic reconfiguration; system
and monitors response; human is informed of system intent

Management
by consent

Fully automatic control of operations; intent, diagnostic, and prompti
provided

Management
by
delegation

Automatic control when directed by human to do so

Shared control Enhanced control and guidance; smart advisory systems; potential pr

Assisted
manual
control

Primarily manual control with some automation support

Direct manual
control

Normal warnings and alerts; no automation is used
autonomous operation and management by exception, while the
terms “automatic” and “automation” are used to describe low levels
of automation such as management by consent and management
by delegation. Thus, it defines an autonomous system as one with a
high level of automation.

This study selected the “management by exception” automation
level as the goal of the A-EOS, based on the Billings' taxonomy.
Accordingly, the A-EOS is supposed to manage emergency opera-
tion by monitoring and controlling the safety of an NPP unless the
operator's intervention is required. The system also allows minimal
operator intervention, e.g., critical decisions or manual operation in
the case of an abnormality of the autonomous system, allowing
human operators to work as the final barrier to an accident. The
involvement of operators in the operation can strengthen the
safety, based on the defense-in-depth concept.
2.2. Architecture of autonomous emergency operation system

Antsaklis et al. suggested a functional architecture for an
autonomous controller for space vehicles [1,2], which is also
considered relevant for the A-EOS. Fig. 1 shows a hierarchical ar-
chitecture for the A-EOS modified from that of Antsaklis, which
consists of three levels. At the lowest level, the execution level,
controllers, and sensors are used to control and monitor the plant.
This execution level provides automatic control, surveillance, and
diagnostic functions for the NPP. Its main function is to generate
control actions as dictated by the higher levels of the system. It also
senses the response of the NPP, processes it to identify parameters,
estimate states, or detect failures of the system, then passes this
information to the higher levels.

The coordination level receives commands from the manage-
ment level and generates a sequence of controls (and an identifi-
cation algorithm) for the execution level. It also contains an
accident management capability to deal with certain component or
system failures (i.e., detecting and identifying failures) and
switching to an alternative control method. This includes methods
to maintain the performance or a certain degree of safety during
emergency operations.

The management level oversees and directs all of the activities
at both the coordination and execution levels. It evaluates the
current situation and predicts what can reasonably be expected to
be accomplished in a certain time (i.e., performance monitoring). It
also generates attainable and realistic goals to be accomplished by
the autonomous system. The management level also provides
interaction between the operators and autonomous system. The
Role of humans

may or may not Human generally has no role in operation; monitoring is limited
to fault detection; goals are self-defined; human normally has no
reason to intervene

informs human Human must consent to critical decisions; human may intervene
by reverting to lower level of management

ng functions are Human must consent to state changes, checklist execution, and
anomaly resolution; manual execution of critical actions
Human commands crucial low-level variables; manual or
coupled management of higher level of functions

edictor displays Human in control through enveloped-protected system;may use
advisory systems; system management manual
Direct authority over all systems; manual control, aided by
partial automation

Direct authority over all systems; manual control utilizing raw
data; unaided decision making



Fig. 1. Architecture of A-EOS
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humaneautonomous system interface allows operators to inter-
vene in the operation by monitoring the status of the NPP and the
autonomous system itself, taking over authority and performing
control actions if necessary.

2.3. Ensuring safety in NPPs: safety functions

The ultimate goal of the A-EOS is to ensure the safety of the NPP
by preventing or mitigating the consequences of postulated events.
To achieve this goal, it is necessary to prevent core damage and the
release of radiation outside of the NPP. Generally, pressurized light
water reactors (PWRs) need to satisfy nine safety functions to
achieve the safety goal [20]. These safety functions serve to verify
the high-level safety objectives and are often defined in terms of a
boundary or entity that is important to ensure the plant's integrity
and prevent the release of radioactive materials. Table 2 lists the
nine safety functions of a typical PWR. Therefore, the A-EOS should
be capable of the robust and reliable operation of those safety
functions, as well as the related systems and components.

2.4. Humaneautonomous system interaction

The level of automation selected in the previous section (i.e.,
management by exception) requires an operator's intervention in
some situations, e.g., when a critical decision needs to be made by
an operator or the autonomous system cannot manage the situa-
tion. Therefore, human (operator)eautonomous system interaction
needs to be considered as one of the key design features of the A-
EOS.
Table 2
Nine safety functions.

No Safety function

1 Reactivity control
2 Reactor coolant system (RCS) inventory control
3 RCS pressure control
4 RCS heat removal
5 Core heat removal
6 Containment isolation
7 Containment pressure and temperature control
8 Hydrogen control
9 Maintenance of vital auxiliaries
Several human factors-related issues regarding the
humaneautonomous system interaction have been addressed in the
literature. Awidely known issue is the out-of-the-loop unfamiliarity.
A lack of understanding of the automation (or autonomous)
behavior can result in difficulties for human operators when they
take over control of the operation. This problem is also related to a
lack of information on automation activities. Poor system observ-
ability may result in a loss of situation awareness for the plant.

Another issue is the tendency of designers to create systems
with multiple modes (e.g., automatic or manual control modes, or
more modes that are different), causing increased complexity and
longer time constant feedback loops. This issue becomes more
probable as systems become more advanced and are capable of
executing more simultaneous tasks. This increased autonomy may
produce a situation in which mode changes can occur based on
situation and system factors without any direction from operators.

The third issue is the critical decision authority, especially in
relation to safety. This is noteworthy in NPPs. It is desirable that the
authority for critical decisions that may affect safety be assigned to
operators in NPPs. More human factors-related issues in automa-
tion can be found in Refs. [21e23].
2.5. Summary of design requirements for A-EOS

The high level of requirements discussed above for the design of
the A-EOS can be summarized as follows.

1) The system's level of automation should be “management by
exception” based on Billings' taxonomy.
Purpose

Shut reactor down to reduce heat production
Maintain volume or mass of reactor coolant system
Maintain pressure of reactor coolant system
Transfer heat out of coolant system medium
Transfer heat from core to a coolant
Close valves penetrating containment
Prevent the damage of containment
Control hydrogen concentration
Maintain operability of systems needed to support safety systems
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2) The system should have amulti-layer architecture to implement
the required functions.

3) The system should provide adequate control and monitoring
actions to manage safety functions during the emergency
operation.

4) The system should be capable of detecting the failure of systems,
as well as itself.

5) The system should generate relevant goals and strategies in
response to varying conditions and provide an automatic
reconfiguration following these goals and strategies.

6) The system should provide the means for humanesystem
interaction to allow operator intervention.

7) The design of the humanesystem interaction should consider
issues with known human factors issues for the automation,
which were discussed in Section 2.4.
3. Functional description of A-EOS conceptual design

A conceptual design for an A-EOS was developed based on the
previously identified design requirements. Fig. 2 illustrates the
functional architecture of the A-EOS conceptual design. It consists
of three levels: execution, coordination, and management. The
execution level includes the NPP systems and instruments to sense
the plant parameters and system status. This study assumed that
the equipment of the execution level was the same as that for an
existing NPP. Thus, this level was not specifically dealt with in this
study. The management level monitors and controls the execution
level systems and parameters during an emergency situation. This
Fig. 2. Functional architecture o
level includes two functional modules: the safety function moni-
toring and control module, and the event diagnosis module. Finally,
the management level monitors the status of the execution and
coordination levels, selects operational strategies, and provides the
humanesystem interface (HSI). It comprises three modules: per-
formance monitoring, strategy selection, and operator interaction.
Table 3 presents a summary of the function descriptions, inputs,
and outputs of each module. More details on each module are
discussed in the following section.
3.1. Safety function monitoring and control module

The safety functionmonitoring and control module provides the
autonomous monitoring and control of the safety systems to satisfy
the safety functions presented in Table 2. This module is initiated
when an emergency operation starts, i.e., the reactor has been
tripped or the plant status reaches a trip condition, at which the
operators should trip the reactor manually according to the pro-
cedures. This module receives plant information from the NPP as
inputs. This plant information includes plant parameters (e.g.,
temperature, pressure, and flow rate), system status information
(e.g., pump operating state and valve position), and alarms (e.g.,
RCS high-pressure alarm). This information generally comes from
instruments and controllers at the execution level. Based on this
information, this module generates control signals to manage the
safety functions during an emergency situation. These signals are
transmitted to the corresponding systems or components at the
execution level.
f A-EOS conceptual design.



Table 3
Summary of A-EOS modules.

Level Module Main Functions Input Output

Coordination Safety function
monitoring and
control

Autonomous control of safety systems
to satisfy the safety function and
technical specification

� Plant parameters (from the NPP)
� Operation strategy (from the strategy selection

module)

� Control actions (to the NPP)

Event diagnosis Diagnosis of initiating event that caused
reactor trip

� Plant parameters (from the NPP) � Initiating event (to the strategy selection
module)

Management Performance
monitoring

Monitoring of the safety functions and
the operating conditions in the
technical specification

� Plant parameters (from the NPP) � Satisfaction of safety functions and
technical specification-related informa-
tion (to the strategy selection module)

Strategy
selection

Determination of strategy to be applied � Initiating event (from the event diagnosis
module)

� Satisfaction of safety functions and technical
specification-related information (from the per-
formance monitoring module)

� Operation strategy (to the safety
function monitoring and control
module)

� Status of autonomous operation (to the
operator interaction module)

Operator
interaction

Provision of interface between
operators and autonomous system

� Plant parameters (from the NPP)
� Status of autonomous operation (from the

strategy selection module)
� Manual operation (from operators)

� Plant and operation information (to
operators)

� Manual operation (to the NPP)
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This module also carries out technical specification-related ac-
tions that are provided by the strategy selectionmodule. If the plant
condition violates a limited condition for operation required by the
technical specification, the strategy selection module requests that
the safety function monitoring and control module perform the
actions suggested in the technical specification. These actions
include evaluating the safety status, achieving plant parameters,
controlling systems or components, and entering a specific oper-
ating mode. Subsequently, the safety function monitoring and
control module performs those actions within the required time
interval.

This module can be implemented by applying two or more al-
gorithms for redundancy. For instance, an artificial intelligence (AI)
technique based on a neural network can be applied as a primary
algorithm to implement the autonomous control. In addition, a
rule-based system can be used as a backup in the case of the failure
of the neural network. If multiple algorithms are available, the
safety function monitoring and control module applies an algo-
rithm selected by the strategy selection module.

3.2. Event diagnosis module

The event diagnosis module identifies the initiating event (e.g., a
loss of coolant accident (LOCA) or steam generator tube rupture
(SGTR)) that led to the reactor trip. This module receives the plant
parameters, alarms, and system status information selected for the
diagnosis from the execution level, and generates the diagnosis
result (e.g., the event postulated to have caused the reactor trip),
along with the uncertainty of the result, in real time. This module
may provide a result for the initiating event even before the reactor
trip occurs if it can reach a conclusion about the cause. The output
of this module is transferred to the strategy selection module.

3.3. Performance monitoring module

The purpose of the performance monitoring module is to
monitor whether the critical safety functions in Table 2 are properly
managed during the emergency operation. It identifies the health
state of each critical safety function, meaning whether the criteria
for safety functions are satisfied. The state may be defined using
various categories such as normal, abnormal, and severe. The state
of each safety function is also used as an indicator of the health of
the safety function monitoring and control module. In other words,
if a safety critical function that is not damaged by the identified
initiating event is not well managed, it can indicate that the safety
function monitoring and control module is not working properly.
To determine the state, this module uses the plant parameters and
system status information from the NPP systems as inputs. Then, it
provides the current health states of critical safety functions for the
strategy selection module as an output.

This module also monitors the compliance of the NPP operation
with the technical specification. The technical specification pro-
vides the requirements for the operating conditions of NPPs, such
as safety limits, limiting safety system settings, limiting control
settings, limiting conditions for operation, surveillance re-
quirements, and design features. These operating conditions should
be maintained to ensure that the plant is operated at all times
within the envelope of the conditions analyzed in the safety anal-
ysis report. The performancemonitoringmodulemonitors whether
the plant condition complies with the technical specification. Once
any violation has been detected, this module provides information
about the violation and suggested actions from the technical
specification for the strategy selection module.
3.4. Strategy selection module

The strategy selection module evaluates the effectiveness of the
current operational strategy in the situation. This module de-
termines whether the current strategy applied in the safety func-
tion monitoring and control module is adequate for mitigating the
event, and whether the safety function monitoring and control
module is functioning normally in the situation. In this evaluation,
it considers information about the satisfaction of critical safety
functions from the performance monitoring function, and the
identified event from the diagnosis module. If the current strategy
does not satisfy any safety function that can be managed as satis-
factory in the identified initiating event, it is concluded to be
ineffective in the situation. For instance, a LOCA does not generally
affect the safety function of RCS heat removal because the steam
generators (SGs) are intact. If the current strategy does notmeet the
RCS heat removal function when a LOCA is identified by the event
diagnosis module, the strategy selection module evaluates the
current strategy as ineffective. There may be two reasons for its
ineffectiveness: the wrong strategy may have been selected and
used in the safety function monitoring and control module, or the
safety function monitoring and control module may not be func-
tioning effectively.

The output of this module is an operation strategy to be applied
in the safety functionmonitoring and control module. If the current
strategy is evaluated to be effective, the output will be a signal to
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maintain it. However, if the current strategy is not effective, a new
strategy will be generated as an output. The new strategy can be an
alternative autonomous operationmode (or algorithm) or a request
for operator intervention if there is no applicable autonomous
operation mode. The effectiveness of a strategy can be evaluated
based on the status of safety functions in the emergency situation,
meaning whether a safety function is managed properly within
accepted levels.

In addition, the strategy selection module may receive technical
specification-related information from the performance moni-
toring module. This information includes items that violate the
technical specification, suggested actions, and the required time
duration to complete these actions. The strategy selection module
provides the suggested action and time duration to the safety
function monitoring and control module as a new strategy. The
strategy selection module also determines whether the currently
applied strategy needs to be suspended or maintained when the
technical specification is violated. If the current strategy needs to be
suspended, the signal for the suspension is transferred to the safety
function monitoring and control module.

3.5. Operator interaction module

The operator interaction module provides an HSI between the
operators and autonomous control system. The HSI includes
alarms, information displays, and control means. Through the HSI,
Fig. 3. CNS display for rea
operators can monitor both the status of the NPP and the autono-
mous operation. If operator intervention is required, manual con-
trol actions can be provided through the HSI. In addition, this
module addresses the issues related to humaneautomation inter-
action discussed in Section 2.4. For better humanesystem interac-
tion, the operator interaction module of the A-EOS has the
following functional features, which are based on a previous study
by one of the authors [24].

C The HSI is designed to give a human operator easy and
supported access to both the raw information and processed
information.

C The HSI provides the autonomous system's diagnosis results
to the operator.

C The HSI shows the operator the technical basis for each of the
autonomous activities whenever requested.

C The HSI allows the human operator to input a request for
additional information to the autonomous system.

C The HSI receives a response selection or change in response
selection by the operator and sends the selection to the
system.

C The HSI displays the progress and status of the autonomous
activity.

C The HSI displays the stability parameters for the autonomous
system's failure detection and the possible need for manual
control notification.
ctor coolant system.
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C The HSI provides the means for changing from autonomous
control to manual control.

C The HSI presents the current control mode and the transition
between autonomous control and manual control.

4. A-EOS prototype

This section presents a prototype of the A-EOS that implements
the conceptual design discussed in the previous section. The
prototype also implements the functions of modules and in-
tegrates the A-EOS modules. Some of modules have been pre-
sented in the authors’ previous publications. Sections 4.1 and 4.2
were adapted from Refs. [3,13], respectively. The prototype was
implemented in a compact nuclear simulator (CNS) that played
the role of an NPP, including its systems, controllers, and in-
struments. This CNS was originally developed by the Korea Atomic
Energy Research Institute (KAERI) [25] based on a Westinghouse
930 MWe, three-loop pressurized water reactor (PWR). Fig. 3
shows the display for the reactor coolant system in the CNS. For
the software development, Python 3.5.3 was used for the coding
language. The software libraries used for modeling the algorithm
for the machine and deep learnings were Tensorflow and scikit-
learn.

4.1. Safety function monitoring and control module

The safety function monitoring and control module controls the
safety systems and components to mitigate accidents. The proto-
type applied two algorithms for the autonomous operation of the
safety systems: a rule-based algorithm and long short-term
memory (LSTM) network with a function-based hierarchical
framework. The rule-based algorithm transformed the emergency
operating procedures (EOPs) into if-then rules. The algorithm
produced actions based on these rules by receiving the plant pa-
rameters and system status from the CNS as inputs.

In the second algorithm, the safety goal, functions, systems, and
components of the NPP were hierarchically modeled using the
function-based hierarchical framework (FHF). Then, the hierarchi-
cal structure was transformed into an LSTM network, which was an
evolutionary version of a recurrent neural network (RNN). The FHF
Fig. 4. FHF model of reference p
was designed to analyze the safety systems of NPPs. One way to
analyze a complex system is through the construction of hierar-
chical structures, in which the system is decomposed into sub-
systems through some “authority relationship,” and these
subsystems are further decomposed until the lowest, arbitrarily
chosen level is reached [26]. In general, a hierarchical framework
provides amethod to describe complex systems in terms of abstract
entities, which can be used to represent functions and multiple
components in systems. A hierarchical control structure is also
desirable to achieve an increasingly sophisticated autonomous
controller [27]. The hierarchical structure helps to systematically
analyze NPP safety systems and understand the interrelationship
between the lower and upper layers.

The FHF consists of three levels, as shown in Fig. 4. The top node
represents the goal of NPP safety, which aims at preventing core
damage and the release of radiation to the public, and mitigating
the consequences of accidents, as previously mentioned. Core
damage has been conservatively assumed to be any state of the core
where the fuel temperature exceeds the design limit, or the core is
uncovered. Core damage can cause radiation to be released outside
the NPP, which can have negative effects on human health, and
produce land contamination around the NPP.

The nine safety functions listed in Table 2 for satisfying the
ultimate goal of NPP safety for the reference plant were identified
at the second level. Then, at the system level, safety systems were
identified that satisfied these nine safety functions, as well as the
components that comprise the safety system. For example, the
plant protection system (PPS), digital control rod system (DCRS),
and safety injection system (SIS) were designed to control the
reactivity, which is one of the safety functions. Further, the SIS
included components such as the safety injection (SI) pumps, SI
tanks, and SI valves. For the RCS inventory control, the SIS and
CVCS could be applied in the reference plant. Fig. 4 shows the FHF
model of the reference plant, which includes safety functions and
systems.

This FHFmodel of the safety systemswas transferred to an LSTM
network to develop the autonomous control algorithm. Fig. 5 il-
lustrates an example of the transfer from the FHF to the LSTM
network for the SIS included in the RCS inventory control function.
The physical parameters required for the operation of the
lant (adapted from Ref. [3]).



Fig. 5. Transformation from FHF to LSTM network (adapted from Ref. [3]).
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components and the component states in the FHF were used as the
inputs to the LSTM network. The states of the components to be
controlled were mapped into the output of the LSTM network.
Fig. 6. Autonomous algorithm for safet
Three safety functions (containment isolation, hydrogen control,
and the maintenance of vital auxiliaries) were not implemented,
because of the limited scope of the simulator.
y systems (adapted from Ref. [3]).
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The LSTM network was based on a neural network (NN) archi-
tecture and consisted of input, hidden, and output layers. The input
layer was used to deliver input data to the network and prepare a
normalized database to help train the network. The hidden layer
connected the input layer and output layer and assisted in calcu-
lating complex problems. The output layer showed the results of
the network and included network output processing.

Fig. 6 shows the structure of the autonomous algorithm for
safety systems. A total of 168 input parameters and component
states from the NPP were used as inputs to the LSTM network.
These included 74 physical variables and 94 component states. The
preprocessing normalized the input values to be between 0 and 1.
Based on these inputs, the LSTM network produced 94 output
values representing the component states. Then, output processing
was required to transfer the outputs of the LSTM to the range of the
plant control variables.

To train the LSTM network, data were collected from the CNS.
The data from a total of 206 emergency scenarios were collected
with a sampling period of 1 s. The initiating events included the
representative design basis accidents in the reference plant (e.g.,
LOCA, SGTR, and a main steam line break (MSLB)) as well as an
additional safety system failure during the design basis accidents,
e.g., safety injection failure. The total number of training sets, i.e.,
the observations that are used for training, was 244,982. As
mentioned in the previous section, total 168 of process parame-
ters and component states were collected for the inputs to the
Fig. 7. LSTM network for event diagnos
LSTM network, and 94 component states were collected for the
outputs.

The autonomous control algorithm using the trained LSTM
network was tested with two different scenarios, i.e., LOCA and
SGTR. The validation results indicated that the autonomous control
performed better than the automation and human control in
managing the safety parameters in the test scenarios. More details
about the design and implementation of this module can be found
in Refs. [3,8e11].

4.2. Event diagnosis module

The event diagnosis module identifies the initiating event that
caused an emergency state. The prototype used the LSTM network
for the online diagnosis algorithm. Fig. 7 shows the LSTM network
developed for the event diagnosis module. Similar to the safety
function monitoring and control module, this network receives
plant parameters and system states as inputs. While the safety
function monitoring and control module generates the states of
systems and components, the event diagnosis module outputs the
identified events. A total of 100 parameters and system states were
selected as inputs through an optimization process.

In the post-processing of the output of the LSTM network, the
softmax function layer is used to determine the accident proba-
bility rankings. The softmax function is an activation function
commonly used in the output layer of a deep learning model; it
is module (adapted from Ref. [13]).



Fig. 8. Example of transformation from outputs to probabilities.

Table 4
Scenarios used for network training.

Initiating Events Number

Cold leg loss of coolant accident (LOCA) 29
Hot leg LOCA 29
PZR safety valve failed-to-open 5
Steam generator tube rupture (SGTR) 17
Main steam line break (MSLB) 32
Total 112
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aims to classify more than three classes [28]. Softmax is a function
that exponentially increases the importance through an exponen-
tial function; it also increases the deviation between the values and
then normalizes. It normalizes the input value to an output value
between zero and one using equation (1), where the sum of the
output values is always one. Fig. 8 shows an example of an appli-
cation of the softmax layer to transform output values into prob-
abilities. Even if the output of the LSTM is transformed using
softmax, the magnitude relation of each output value does not
change, and the output from softmax can be analyzed in terms of
the probability [29,30]. Thus, it enables a stochastic analysis for
multi-label classification.

SðyiÞ¼ eyi
.X

eyi (1)
Fig. 9. Hierarchy of critical safety
A total of 112 scenarios with 122,609 datasets (i.e., 122,609 s of
data, including 100 plant parameter values in each time step) were
used for training, as listed in Table 4. During the training stage, the
classifier was trained on the basis of training datasets with answer-
labeled data, which had a specific pattern for each accident. After
sufficient training, it was validated with the test dataset. More
details about the event diagnosis module can be found in
Refs. [12e14].
4.3. Performance monitoring module

The performance monitoring module is divided into two func-
tions: safety function monitoring (which determines whether the
safety functions are satisfied), and technical specification moni-
toring (which identifies whether the plant status is within the
limiting conditions for operation (LCOs) provided in the technical
specification). These are intended to monitor both the status of the
plant and the strategy currently applied in the safety function
monitoring and control module.

For safety function monitoring, the prototype monitored six
critical safety functions (CSFs): the reactivity control, core heat
removal, RCS heat removal, RCS pressure control, RCS inventory,
and containment pressure and temperature control. Fig. 9 shows
the hierarchy of these safety functions and the parameters used to
monitor each of them. Due to the limitation of the CNS, only six
safety functions were implemented in the prototype of safety
function monitoring.

The rules to determine the status of each safety function were
developed based on the EOPs of the reference plant. Fig.10 presents
the rule used to determine the status of the RCS heat removal. The
status of a safety function was classified using four levels: the
normal condition (Level 1), abnormal state (Level 2), risk-
significant state (Level 3), and extreme threat (Level 4). In the
prototype, this was implemented using a rule-based system. The
determination rules shown in Fig. 10 were transformed into a rule-
based system.

The functions for the technical specification monitoring were
developed by analyzing the technical specifications for the refer-
ence plant, as shown in Fig. 11 [31]. These included the LCOs,
applicable operation mode, follow-up actions required in the case
functions in reference plants.



Fig. 10. Rule to determine status of RCS heat removal function.
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of a violation, and surveillance requirements. As a result of the
analysis of the structure and contents of the technical specifica-
tions, this study identified the following functional requirements
for the technical specification monitoring.

1) It should monitor the LCOs continuously.
2) It should identify plant operation modes.
3) It should meet the surveillance requirements.
4) It should monitor plant parameters, e.g., pressure, temperature,

and level for the determination of an LCO violation.
5) It should provide the calculation functions required in the

technical specifications, e.g., a shutdown margin.
6) It should identify the current operating region in the graphs

given in the technical specifications, e.g., a P-T curve.
7) It should monitor the operability of the equipment and systems.
8) It should provide a signal when an LCO is violated.
9) It should monitor whether the follow-up action is completed

correctly within the required time.

The functional architecture of the technical specification
monitoring function was developed based on these functional re-
quirements, as shown in Fig. 12. It includes five sub-functions:
operation mode monitoring, parameter monitoring, calculated
parameter monitoring, graph monitoring, system status moni-
toring, and action completion monitoring. In the prototype, the
graph-based monitoring was implemented using a kernelized
support-vector machine, whereas the others applied a rule-based
system [16,17].
Fig. 11. Example of technical specifications for reference plant [31].
4.4. Strategy selection module

The main function of the strategy selection module is to identify
the healthiness or effectiveness of the current strategy and select an
alternate one if necessary. As inputs, this module receives the
initiating events from the event diagnosis module, and the tech-
nical specification compliance and safety function status from the
performance monitoring module. Based on these inputs, it de-
termines the following: 1) whether the current strategy is effective,
and 2) what the alternate strategy should be if it is not effective.

The prototype applied the logic shown in Fig. 13 for the strategy
selection. When the reactor has been tripped (#1 in Fig. 13), the
LSTM-based algorithm in the safety function monitoring and con-
dition module is primarily applied (#2). If any violation of the
technical specification is found, a corresponding follow-up action is
also executed (#3 and #4). Meanwhile, the event diagnosis module
attempts to identify the initiating event and provide the result to
the strategy selection module (#5). In a case where the event



Fig. 12. Functional structure for technical specification monitoring.

Fig. 13. Rules for strategy selection.
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diagnosis module fails to identify the initiating event that caused
the reactor trip, the strategy selection module checks whether all
the safety functions are satisfied (#7). If all the safety functions are
satisfied, the LSTM-based algorithm continues to be applied (#1). If
any safety function is not satisfied, the strategy selection module
requests operator intervention (#8).

If the event diagnosis identifies the initiating event (#5), the
strategy selection module continuously compares the current sta-
tus of the safety functions with the expected behavior (#6). Then,
when the current plant behavior matches the expected one, the
LSTM-based algorithm continues to be applied (#1). If it does not
match, the secondary algorithm, which uses the rule-based system
implementing the EOP relevant to the identified initiating event,
replaces the LSTM-based algorithm (#9). If the secondary algorithm
no longer works well (#10), operator intervention is requested
(#8). This logic was implemented with a rule-based system in the
prototype.



Table 5
Information and control for humaneautonomous system interaction.

Information on the autonomous operation Transition of control authority

- Control actions and history by the safety function monitoring and control module
- Event diagnosis result by the event diagnosis module
- Safety function status by the performance monitoring module
- Technical specification compliance by the performance monitoring module
- Currently applied strategy and history by the strategy selection module

- Alarm to provide notification of a request for operator intervention
- Selection button for control authority, i.e., autonomous or manual control
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4.5. Operator interaction module

The operation interaction module of the prototype provides an
HSI for operators. The HSI presents information about the plant and
the operation by the A-EOS, along with the control means used by
operators when they intervene in the operation. Because the HSI of
the CNS already includes displays for information and control, the
development of the operation interaction module focused on how
to provide information on the operation from the A-EOS to improve
operator understanding of the autonomous system's behavior.

For the interaction between operators and the A-EOS, the
operator interaction module provides the information listed in
Table 5. This information includes the status of the autonomous
operation by the A-EOS and the means for the transition of the
Fig. 14. HSI of A-E
control authority between operators and the A-EOS. The HSI, in
combinationwith the existing CNS interface, is designed to provide
the functional features discussed in Section 3.5. For the information
and controls of the plant, the prototype used the existing CNS
interface, which allowed operators to control the NPP system
manually.

Fig. 14 shows the HSI of the A-EOS prototype. It consists of two
panels: the plant overview panel and control panel. The plant
overview panel provides alarms (left section), a plant overview
(middle section), and the autonomous operation status (right sec-
tion). The alarm section contains alarms not only for process values,
but also for operator intervention if required. The autonomous
operation status presents the currently applied operational strat-
egy, conditions of critical safety functions, tech-spec compliance,
OS prototype.



Table 6
High-level requirements and their fulfillment by A-EOS design.

No Requirements Fulfillment (section in the article)

1 The level of automation of the system should be management by exception from Billings' taxonomy. Overall functional architecture (Section 3)
2 The system should have a multi-layer architecture to implement the required functions. Overall functional architecture (Section 3)
3 The system should provide adequate control andmonitoring actions to manage safety functions during the emergency

operation.
Safety function monitoring and control
module (Sections 3.1 & 4.1)

4 The system should provide the capability of detecting the failure of safety systems and itself. Performance monitoring module (Sections 3.3
& 4.3)

5 The system should generate relevant goals and strategies in response to varying conditions and provide an automatic
reconfiguration based on these goals and strategies.

Strategy selection module (Sections 3.4 & 4.4)

6 The system should provide the means for humanesystem interaction to allow operator intervention. Operator interaction module (Sections 3.5 &
4.5)

7 The design of the humanesystem interaction should address known human factors issues in the automation. Operator interaction module (Sections 3.5 &
4.5)

Fig. 15. Architecture of autonomous control system for startup, abnormal, and emergency operations.
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and autonomous control logs. The control panel provides the
means for monitoring and controlling the NPP. Operators can
directly manipulate systems and components on the control panel.

5. Discussion

This paper presents the conceptual design of a plant-wide,
autonomous emergency operating system and its prototype. In
order to develop a conceptual design, seven high-level re-
quirements were suggested in Section 2.5. These high-level re-
quirements were reflected in the conceptual design and prototype.
Table 6 shows how the requirements are fulfilled by the design and
prototype. For instance, the second requirement (which is the
multi-layer architecture of the A-EOS) was considered in the overall
functional architecture discussed in Section 3 (particularly Fig. 2).
Then, the requirements of #3 to #7 were addressed by the func-
tions and prototype of the A-EOS.

The presented results were part of a project for developing an
autonomous control system for NPPs. It is now expanding the
system scope to the startup and abnormal operations. Fig. 15 shows
the entire architecture of the autonomous control system, which
includes emergency, startup, and abnormal operations. The startup
and abnormal operation modules will be incorporated into the A-
EOS architecture. The algorithms for the startup and abnormal
operations are under development, and consequently the other
modules, e.g., the performance monitoring and strategy selection
modules, are expected to be updated to reflect additional functions.

In addition, the signal validation module will be added in the
system. The performance of autonomous system largely relies on
the accuracy and reliability of input signal to the system. For
instance, if incorrect data come in, e.g., due to the failure or
degradation of sensors, the autonomous system would produce
wrong operational output. The signal validation module continu-
ously monitors inputs from the instrumentation channel of NPPs
and identifies those that have degraded to an extent that warrants
calibration or maintenance.

6. Conclusion

A conceptual design for a plant-wide autonomous system for
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emergency operation, called the A-EOS, was suggested. This study
considered the functional requirements for an autonomous control
system for NPPs. Then, the architecture of the A-EOS and the
functional descriptions of the modules of the system were dis-
cussed. The modules of the A-EOS were implemented using artifi-
cial intelligence techniques. This study also introduced a prototype
of the system using a nuclear simulator. This study will be extended
to include normal and abnormal operations of the NPP.
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