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Simulation-based Anomaly Detection in Nuclear Reactors

YongKyung Oh' - Hanjoo Kim’
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Anomaly Detection in the nuclear reactor is a crucial technology to prevent malfunctions or unplanned shutdowns
and to enhance efficient operations. Despite its importance, it remains at the level of relying on rule-based
diagnostic or expert judgment due to the lack of training data. It is challenging to obtain real data from the nuclear
reactor because of safety and security issues. To overcome those challenges, this paper proposes a new simulation-
based anomaly detection methodology in nuclear reactors. We investigate assignable causes of abnormal behaviors
in the nuclear reactor, generate simulation data using nuclear core analysis code, RAST-K, and apply the
classification models for detecting abnormal behaviors. The proposed method is validated by the control rod
positional anomalies simulation data generated by RAST-K.
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Figure 1. Cause & Effect Diagram for Nuclear Reactor Core Aomalies
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Figure 2. OPR1000 Type Reactor Core Model
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Figure 4. Change of Assembly Power Distribution by Insertion of Rod Bank
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Table 1. Example of Simulation Data

Label HI1P1 H1P2 H5P45 CRI1 CR2 CR73
1 1.03077 1.18632 1.01572 413.334 413.334 413.334
1 1.08042 1.24284 1.04327 413.334 413.334 413.334
0 1.07975 1.24202 1.04375 413.334 413.334 413.334
0 1.06868 1.22978 1.04068 413.334 413.334 413.334
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Figure 5. Overview of Anomaly Detection Approach Using Simulation Data
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Table 2. Model Performance Comparison : Balanced Accuracy Score(%) (noise free)

Burnup [ 74| BOC (0.0) MOC (6.0) EOC (17.0)

Power rate [%] 60 80 100 60 80 100 60 80 100
LR 79.30 80.70 87.60 76.85 82.25 86.15 78.50 82.95 86.25
SVM 60.35 68.85 86.60 71.35 77.55 86.50 74.15 82.00 87.10
NB 56.20 5325 78.75 53.70 52.90 77.80 52.00 55.65 78.25
KNN 74.20 77.65 98.55 7424 78.70 98.85 7570 78.70 99.20
MLP 81.00 80.30 98.25 81.10 83.65 99.65 81.90 82.20 99.65
DT 79.90 81.70 99.95 78.85 8190 | 100.00 | 8025 82.30 99.90
RF 82.15 83.15 99.75 82.40 82.65 | 100.00 | 83.55 82.80 99.95

XGBoost 82.35 8590 | 100.00 | 81.55 8410 | 100.00 | 83.35 8465 | 100.00
LGBM 82.15 85.80 | 100.00 | 82.00 86.50 | 100.00 | 82.80 8575 | 100.00
Ensemble 83.45 86.00 | 100.00 | 83.50 86.65 | 100.00 | 84.15 86.50 | 100.00

Table 3. Model Performance Comparison : F1 Score (noise free)

Burnup 7] BOC (0.0) MOC (6.0) EOC (17.0)

Power rate [%] 60 80 100 60 30 100 60 80 100
LR 0.760 0.785 0.869 0.730 0.802 0.854 0.757 0.814 0.857
SVM 0.624 0.717 0.848 0.694 0.735 0.850 0.701 0.788 0.865
NB 0.518 0.551 0.750 0.525 0.565 0.743 0.417 0.555 0.750
KNN 0.671 0.736 0.986 0.683 0.749 0.989 0.703 0.750 0.992
MLP 0.788 0.801 0.983 0.798 0.824 0.997 0.811 0.803 0.997
DT 0.794 0.818 1.000 0.787 0.816 1.000 0.803 0.821 0.999
RF 0.819 0.833 0.998 0.825 0.827 1.000 0.836 0.829 1.000

XGBoost 0.814 0.855 1.000 0.809 0.837 1.000 0.825 0.840 1.000
LGBM 0.808 0.852 1.000 0.810 0.858 1.000 0.818 0.849 1.000
Ensemble 0.825 0.857 1.000 0.830 0.864 1.000 0.836 0.860 1.000
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Table 4. Model Performance Comparison : Balanced Accuracy Score(%) (noise added)

Burnup [ 74| BOC (0.0) MOC (6.0) EOC (17.0)

Power rate [%] 60 80 100 60 80 100 60 80 100
LR 58.75 61.60 74.00 59.75 61.50 73.40 60.10 6335 7420
SVM 54.75 53.85 66.80 58.90 56.60 66.25 5325 59.20 69.75
NB 55.05 53.50 70.80 54.45 52.65 71.15 52.05 55.35 7430
KNN 57.60 59.20 62.75 54.10 58.95 63.75 6135 61.70 63.35
MLP 69.05 69.80 7330 70.95 71.00 73.65 72.55 71.60 74.15
DT 61.55 65.70 69.90 62.60 67.05 70.55 66.65 67.80 71.90
RF 71.65 7525 79.85 71.40 74.60 78.50 73.05 76.30 81.20

XGBoost 67.35 70.95 77.50 69.25 70.75 77.60 70.95 71.50 79.45
LGBM 69.95 74.80 79.25 70.50 73.80 79.30 74.05 75.30 80.35
Ensemble 71.95 75.40 80.80 72.70 7425 79.60 74.60 77.50 82.00

Table 5. Model Performance Comparison : F1 Score (noise added)

Burnup 7] BOC (0.0) MOC (6.0) EOC (17.0)

Power rate [%] 60 80 100 60 30 100 60 80 100
LR 0.575 0.611 0.724 0.587 0.604 0.720 0.591 0.623 0.727
SVM 0.549 0.554 0.534 0.394 0.637 0.686 0.638 0.663 0.639
NB 0.509 0.547 0.588 0.539 0.554 0.595 0.416 0.563 0.654
KNN 0.493 0.496 0.532 0.470 0.491 0.537 0.496 0.526 0.556
MLP 0.686 0.690 0.725 0.714 0.709 0.724 0.721 0.703 0.734
DT 0.613 0.660 0.699 0.623 0.669 0.705 0.657 0.678 0.722
RF 0.672 0.721 0.775 0.668 0.718 0.761 0.696 0.726 0.798

XGBoost 0.652 0.689 0.754 0.666 0.696 0.757 0.691 0.688 0.784
LGBM 0.660 0.719 0.769 0.666 0.713 0.770 0.710 0.718 0.788
Ensemble 0.687 0.722 0.787 0.695 0.716 0.775 0.715 0.745 0.805
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Table 6. Model Performance Comparison with Imbalanced Data : Precision Score (Noise free)
Burnup (f};’g) BOC (0.0) MOC (6.0) EOC (17.0)
Power rate [%)] 60 80 100 60 80 100 60 80 100
50:50 0.877 0.878 1.000 0.857 0.880 1.000 0.865 0.894 1.000
50:10 0.352 0.356 0.161 0.338 0.330 0.253 0.312 0.330 0.403
50:5 0.182 0.199 0.112 0.177 0.181 0.112 0.173 0.191 0.220
Table 7. Model Performance Comparison with Imbalanced Data : Recall Score (Noise free)
Burnup (<74 BOC (0.0) MOC (6.0) EOC (17.0)
Power rate [%] 60 80 100 60 80 100 60 80 100
50:50 0.778 0.836 1.000 0.804 0.849 1.000 0.809 0.828 1.000
50:10 0.814 0.858 0.755 0.813 0.872 0.831 0.867 0.839 0.765
50:5 0.831 0.874 0.882 0.822 0.873 0.900 0.872 0.848 0.798
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Table 8. Model Performance Comparison with Imbalanced Data : Precision Score (Noise added)

Burnup (€7] BOC (0.0) MOC (6.0) EOC (17.0)
Power rate [%] 60 80 100 60 80 100 60 80 100
50:50 0.777 0.829 0.885 0.787 0.798 0.864 0.814 0.859 0.879
50:10 0.350 0.345 0.254 0.336 0.345 0.259 0.371 0.362 0.270
50:5 0.198 0.192 0.122 0.189 0.193 0.123 0.209 0.201 0.127
Table 9. Model Performance Comparison with Imbalanced Data : Recall Score (Noise added)
Burnup (4174 BOC (0.0) MOC (6.0) EOC (17.0)
Power rate [%] 60 80 100 60 80 100 60 80 100
50:50 0.616 0.640 0.708 0.623 0.649 0.703 0.638 0.658 0.742
50:10 0.650 0.699 0.881 0.670 0.704 0.894 0.707 0.717 0.897
50:5 0.667 0.716 0.923 0.685 0.742 0.932 0.710 0.743 0.938
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