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1. Introduction minimize human errors during the mitigation process
and ultimately enhance the overall safety of NPPs.

During transient conditions in nuclear power plants
(NPPs), operators follow a series of procedures to 2. Conceptual Framework
restore the plant to a safe and stable state. These
procedures consist of situation awareness, diagnosi This paper presents a framework designed to
and mitigation actions. When properly executedythe Minimize human errors occurring during operator
contribute to maintaining the safety of the NPP. Mitigation actions in abnormal conditions of NPPseTh
However, if human errors occur during the executibn ~ framework consists of three main functions: mogy
these procedures' the situation may worsen. past'mpact evaluation, and feedback, as iIIustrateEi(m 1.
incidents, such as the Three Mile Island accideate This framework continuously provides feedback to
demonstrated that operator errors can exacerbaté@perators, assisting them in making real-time, rimfed
accidents. Therefore, preventing operator errors isdecisions. The provided information offers opersian
essential for ensuring the safety of NPPs. opportunity to reconsider their mitigation actiofr
Although human error can have various causes, ondnstance, it allows them to gain confidence in ectly
of the most significant is operator workload. Iceat ~ €xecuted actions while prompting a reassessment and
years, research on artificial intelligence (Al)-bds adjustment of erroneous actions.
operator support systems has been actively corditte

reduce such workload [1, 2]. Most Al-based support @ Monitoring ¥ @Impeast Evaluation ) SETNEEED
technologies focus on improving operators' situmtio

awareness and diagnostic capabilities. However, the J,’ o 9o
potential for human error during mitigation actions N |@i
should not be underestimated, as inappropriate S=cc =

mitigation actions have been identified as critical

factors contributing to the escalation of past dents. O
This study proposes a framework aimed at reducing g

human errors that may occur during mitigation atgtio

taken by operators under transient conditions in NPPs "5

The proposed framework monitors these mitigation Lo

actions, evaluates their impact, and provides faeklb |

to the operator. This study focuses specificallytiom  Fig. 1. Conceptual framework for a mitigation antio

impact evaluation component. The evaluation is monitoring and support system.

implemented using an artificial intelligence tecjue . ) _

called the temporal fusion transformer (TFT). The TFT 2.1 Mitigation Appropriateness Evaluation

based model quantitatively assesses mitigatiororti . o ) )

based on the plant's critical safety functions (CSFs) The appropriateness of mitigation actions is

The data required for developing the Al model is evalu_ated ba_sed on CSFs. As shown in Table I, CSFs

generated using the compact nuclear simulator (CNS). consist of nine safety functions [3]. Each CSF has
Consequently, the impact evaluation function within SPecific variables for monitoring. For instance, RS

this framework is divided into two components; Pressure control function monitors the pressurizer

mitigation appropriateness evaluation and mitigatio (PRZ) pressure. To evaluate the appropriateness of

golden time estimation. The mitigation appropriasy ~ Mitigation actions, - these variables are pre_dlt_:ted.

evaluation analyzes the impact of executed mitigati However, it is crucial to ensure that the preditsio

actions and provides feedback on whether the action @dequately reflect the characteristics of the i@

were appropriate or inappropriate. The mitigation actions. The prediction results reflecting mitigati

golden time estimation offers feedback on the optim @actions are evaluated using various metrics. For

timing for executing mitigation actions to achietree  instance, in the case of PRZ pressure, multiplerelar

most stable plant state. This information can help & _used for assessment: (1) PRZ press high algrt, (
PRZ press low alert, (3) PRZ high press reactor trip,
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and (4) PRZ low press reactor trip. The evaluation of performing the mitigation action at differents in

metrics for PRZ pressure are illustrated in Fig. 2. the PRZ spray valve opening scenario.
Table I: List of CSFs

Safety function 7
1 Reactivity control 160
2 | Reactor coolant system (RCS) inventory confrol ~ ——
3 RCS pressure control E 1551 ’\—//' //
4 RCS heat removal <
5 Core heat removal ] 150 %4/\/
6 Containment isolation =
7 | Containment pressure and temperature control a —— Mitigation Action at 35 scconds
8 Hydrogen control ol T ignion Acion 0 seont
9 Maintenance of vital auxiliaries — Mitigation Action at 90 seconds

—— Mitigation Action at 120 seconds

Fig. 2 illustrates the PRZ pressure during an 0 100 200 300 400 300 600

Time (sec)

gbnormal scenario in which the PRZ spray valve is Fig. 3. PRZ pressure response to different mitigagction
improperly opened. Due to the improperly opened PRZtimi'ng's

spray valve, the PRZ pressure decreases over time,
eventually leading to a reactor trip caused by RRZ If “PRZ Press Low Alert’

Eresaure. Ir;thls SIUdyﬁ ot?]e of the e\l?aluat.lpmmmn appropriateness criterion for PRZ pressure, the
e chosen to verify whether a specific mitigatietian mitigation action at 35 seconds can be considered

mamfams the p:ressure between the :PRZ Rress H'ghappropriate, whereas the action at 50 seconds reay b
Alert” and the “PRZ Press Low Alert”. Add|t|0'nally, inappropriate. In other words, providing such rests
factors such as the rate of pressure change adiegta operators can emphasize the urgency of perforniiag t
of PRZ pressure are also considered. mitigation action within 50 seconds at the latest.

is adopted as the

3. Temporal Fusion Transformer

160 1 In this study, the TFT method [4] is employed to
— implement the two aforementioned functions. TFT is a
deep learning architecture tailored for time-series
forecasting, effectively modeling both short-termda
long-term dependencies. Unlike conventional recurre
neural network-based models such as long short-term
memory, TFT integrates both gated recurrent units fo
 PRZLIGH PRESS RXTRIP & sequential processing and self-attention mechar{Spns
130 1 PRZ, press high alert & for capturing long-range dependencies. This hybrid

PRZ press low alert ¥ H H H H

R o PRESS R TRIP ¥ ar_chltecture enaples_ TFT to dynammglly h|ghl|ght
: , : . . critical features in time-series data while presav
0 50 100 150 200 . . . .

Tirme (sec) sequential information. Fig. 4 presents the overall

architecture of the TFT model.

@
3
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=
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Fig. 2. Indicators for the appropriateness evatumatif PRZ

pressure. Moreover, TFT incorporates a variable selection
network, allowing the model to automatically idénti
2.2 Mitigation Golden Time Estimation and prioritize the most relevant input features for

prediction. This enhances the interpretability b t

The golden time of mitigation actions is evaluated Model, providing insights into which factors cohtrie
based on the aforementioned assessment metrics. Fotignificantly to the forecasting process. _
example, in the previously mentioned PRZ spray valve In this study, the TFT model is trained using
opening scenario, the mitigation action involvessirig historical data relate_d to PRZ pressure and other CSF
the spray valve. The optimal timing for closing the Parameters. The trained model_ predicts future syste
spray valve is immediately after the abnormal event Statés based on operator actions and evaluates the
occurs. However, if operators are informed of the @ppropriateness of mitigation actions. By analyzing
available time window before the system stabiligy i these predictions, the model provides real-time
compromised, they can make decisions without beingféedback, ensuring that mitigation actions maintain
pressured into hasty actions. Fig. 3 illustratesdiselts ~ System stability within predefined safety thresisold
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Quantile Forecasts

30, 60, and 90 seconds after the malfunction iigect
Additionally, no mitigation actions were applied time

0% opening state (normal condition). Furthermore, fo
opening states above 5%, cases without mitigation
actions were also collected. As a result, a total2®
cases were collected, with 80% used for trainind an
10% each allocated for validation and testing.

Data preprocessing involved feature selection and
normalization. Feature selection was performed using
the Pearson correlation coefficient, while normaioa
was conducted using the min-max normalization
method.
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Fig. 4. Structure of the TFT method.
4. Data Collection and Preprocessing

The data were collected using the CNS, developed by
the Korea Atomic Energy Research Institute. The CNS
can simulate normal, abnormal, and emergency
operations. In this study, we focus on abnormal
operation simulations. Data from an abnormal sdenar
in which the PRZ spray valve failed in the open posi
were collected. Fig. 5 illustrates the RCS, with teé
box indicating the PRZ spray valve.

5. Experiment

In this study, the TFT method is utilized to predict
specific variables for evaluating the appropriassngnd
golden time of mitigation actions. These varialdes
safety-related parameters associated with CSFs, as
listed in Tabldl.

Tablell: List of target variables

Target variable

PRZ water level

RCS subcooling margin

PRZ pressure

Steam generator (SG) water level

SG Pressure

Containment radiation

Containment temperature

(N[OOI |WIN|F-

Containment pressure

Since the PRZ spray valve opening scenario has

Fig. 5. Overview of the RCS in CNS.

The data were collected based on two factors:h@) t
degree of spray valve opening and (2) the timinthef
mitigation action. First, the degree of spray valve
opening was collected in 5% increments, rangingnfro
0% (fully closed) to 100% (fully open). Second, the
timing of the mitigation action was considered a8,

minimal impact on containment-related parametet8 (6

in TableIl), they are not discussed in this study. The
PRZ pressure is associated with RCS pressure control
among the CSFs, while the PRZ water level is relaied t
RCS inventory control. Since the PRZ spray valve
opening scenario significantly affects RCS pressure
control and RCS inventory control, this study focuse
on PRZ water level and pressure.

As PRZ pressure has already been described in Figs 2
and 3, this section focuses on experiments relaed
PRZ water level. Fig. 6 presents the predicted ctmnge
in PRZ water level based on the timing of the mttma
actions. In the cases of 5 seconds (mitigatioroacai
35 seconds) and 20 seconds (mitigation action at 50
seconds) after the abnormal event, the PRZ watet lev
remains relatively stable. In contrast, at 30 (gaition
action at 60 seconds), 60 (mitigation action at 90
seconds), and 90 seconds (mitigation action at 120
seconds) after the abnormal event, unstable vamin
the PRZ water level are observed. These resultsateli
that operators should execute mitigation actiortiwi
20 seconds to ensure system stability. Furtherntioie,
study highlights the necessity of considering npigti
CSFs simultaneously. From the perspective of RCS
inventory control, the mitigation action can be
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performed within 50 seconds. However, from the However, while the effectiveness of the proposed
perspective of RCS pressure control, it must be approach was validated in a simulated environmént,
executed earlier. has not yet been verified under real-world condgim

an actual NPP. Therefore, pilot testing under rgalis
conditions is essential to confirm the experimental
results and assess practical feasibility.
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The proposed framework supports informed
decision-making by providing critical feedback dret
effectiveness and timing of mitigation actions,ired
operators avoid unnecessary urgency. This approach
has the potential to enhance the overall safety and
reliability of nuclear power plants by reducing the
likelihood of inappropriate actions. Future work Iwil
aim to improve the predictive accuracy of the model
and extend its applicability to a broader range of
abnormal scenarios in NPP operations.





