Toward LLM-Based Operational Support for NPP
Transient Scenarios: A Study with Simulation Data
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Sensor Stream

LM-Observer

PZR 159.8 > 4l 158, -0.4% (slope -
0.158/s, 27| -0.05/s X 1)

Charging 12 > ™41 12.2,-0.01% (slope -
0.002/s) QIHIEZ| 241 404 m¥s =X
Power level > 4} 100, 0% (slope 0/s)

PZR Pressure [159.8, 159.8, 159.8 ...]
Charging flow [12.2,12.0, 11.9 ...]
Power level [100.0, 100.0, 100.0 ...]
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[2.22]] 1xt QHIEZ| 2HF, 2X1F WAls T
=H}f

O -

[3.0[0l] 57|27 | FEI} =4 E

[4. A=) SGTLAOPZIR #1118 SG Z2| XX

Lo

e

Ololi] — [4.Z2E]Q 4THAH 2 Bt=& LM EHS TE0IH task0f| T2

o

= #EAZe3] 2026 =A HF4 - 11/ 36



Il. 2101232 HHMO|O|E| & 7Fs-d Yot

1. LM-Observer : =X|& O|olj7}s HIA

< Time-LLM (Reprogramming) 7|8t tH&t

_ _ _ —- O -
« Jinetal. (ICLR 2024)7} H|2tSt reprogramming 2412 Cross-Attention S o
= . : o = olHIC Reprogramming Text Prototypes (E¢)
sensor patch = linear projection 2= LM EZ &H|F SR g —
s f ) rising olding
S1H0f| HE oF | text prototype 12| cross—modal | Query =P, - | i | o
alignment & &oli LMO| A[A[E XiA|Z HOXME x2S =+ . : 7| — spiking
e} B2 2UELY Key / Value = ‘
UEEF 8 — 7| nowkgow |
oL o _ L . Frozen LM
« LM Z2H= frozenof A reprogrammlng layer 2t patch 00000 e |

o A )\|71|°“'°| 0|7 } e 01’é!0ﬂ [EfE'-f Threshold—basedQI
S| H|oH Chrot et #2l1=2 sks 7tse

| o3

Reprogramming: teach a frozen LM to read numbers as words

— T
E' = softmax(P, W, (E, W /Vd) E, W,
P, = sensor patches, E, = text prototypes to aligned tokens
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Phi-4 14.7B ‘ S 9 g wen3-14B . =R
— MMLU 84.8% 84.8/0) Q e 3 =% AOP 73.3% score
. |, . £2. Alibaba 2025 - Apache 2.0 | G
Bl Microsoft 2024 ) MATH80.4% s04% , | Pl ,t . )
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OJMIZ=H (Finetuning) HIO[E A

< 815 -IJ1 A|LI2| — BNPP 7|8 974 CHE H| ™A AFA

« =2 A9l at&-HIt ALI2|2= BNPP (Basic Nuclear Power Plant, 3—loop PWR) A|Z2{|0|E] 7|2F 9712 CHE H|- A
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» Parameter—Efficient Fine-Tuning (PEFT)
- Base model 2 4-bit NF4 ¥XI5t2 Q=5 & LoRA (Low—-Rank Adaptation) adapter Bt 8t&6H= PEFT 2AIS RHEHSE

’0

» 85 hyperparameter — 4 backbone €& MO = H|uw 23N =t
* paged_adamw_8bit

d

« cosine learning rate schedule / warmup 0.1 / 8 epoch
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- 728 H[E2 LM 0] £ o 9| reasoning ZF ZotX| = wd HiX|E A0|H, AlLt2|L Chbd - Hod ity - X

(0]
grounding-&4! invariance - A& reasoning 2| bAtS S SFT st&0 2 S8 20ot= 20| 2 HIO|HZX HAH9| o|=¢.

General ;I‘E“"—_,LEI Sample (%) i*:! 9—|E
. (70, 12%)

F1 anti-regression
(150, 25%)
600

- =9l Li2| Qo PNAN C
A AL 150 (25%) oo " sl sensor AL slope H

. _ HZE Xohy O™ — ing Ot&
100, 17%) BE NH Y g 80 (13%) 5t S 418~ keyword matching 213
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1
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£191A] M= (Situation Awareness Score, %)
- o7 S A|Zt (Response Time, X)

0>

TITH ST (%) o= 010 a5t Al EE
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@ Instruction Fidelity

Follow precise operational guidance

Interface with sensors, databases, modules
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Sensor External module

/>
EE Language \:‘0
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==
\_ Database Robotic arm controller )

9
@::,—’% Context Awareness

Maintain multi-turn conversation state

A=Z20]H 7|& S22 Hlu
AZ0lH 23 24
A=Z20|E 21

AlZ20|8 21

AlZ2[0]9 EX| Z2|(Probe)
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« I ™str(Diag, Diagnosis): H[-HA AlLt2|Q XIH 22 Phi-4 14.7B v6 % 100.0 % 93.3 % 91.8 % 1158
BT
< Owen3-14B v6 100.0 % 86.7 % 91.0 % 253 5
- Eg 8 & (Trip, Trip Occurrence): HIZH4H0| [H2
QXIS E2 LM 0= 02 ST K= Qwen3-8B V6 93.3 % 80.0 % 86.2 % 19.3's
. Hxt =42 (Proc, Procedure): i} stepdf] 52t Q= HCX-Think 14B 6 93.3 % 93.3 % 93.4 % 136 s
2= HIE B (4 backbone) 96.7 % 88.3 % 90.6 % —

- M7 12 A2t (Latency): LM end-to—end S& AlZL.

HE ba e
1004 ° backbone 100.0

933 9N8

100 1

87t 4t "
+ Phi-4 /Qwen3 2 XIEt 100% %% =

« HIA ARZIO| §IXI2 EZYORO| UHOIRE REGH=
HES phi-4 Do) 71 52 HAteE 5ol

= (%)
3

20

Phi-4 Qwen3-14B Qwen3-8B HCX-Think
14.7B v6 vb vb 14B v6

TS avg 96. e Trip Y5 7= (avg 88. L TT& (avg 90.6%
FchHe e (avg 96.7%) Trip Ol % #2 (avg 88.3%) X E+8 (avg 90.6%)
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B Z2 (Question)
"3 plant SEHE

ISR

%2 (Reasoning)
[1.4=X]] PZR Zd}-0.158/s, N-16 5 x5.6, Hotwell ZA.
[2.22]] 1-2xF ZA ot A|ZLAN — N-16 £4 = 1X}—=2X1A.
[3.7H] ZE: SGTR vs RCP seal — N-16 ratio 2 SGTR &4,

B U (Answer)

"HE RNCEH: SI/8HM7) EH =41 (Steam Generator Tube

Leak)."

B HY + &M (Ground Truth + Scoring)
FE: B2 FE =4

MA: gold keyword "S7|HM7| = , “SGTL"0| LM =30 Z3tE|
=X| exact match

& (25 £ RCP seal - MSLB - RCS Leak D|2X| SA| &t0l)

— LM £ "SGTR" 28 — v match = N

@ EZ 0 & (Trip - Trip Occurrence)

B Z& (Question)
"SI AIE (t = 615 5) TIZ trip B 0129 FTA £ 0J5544/2. "

B =2 (Reasoning)
[1.4X]] PZR 142 bar, Zdlg T3t = - °'71I77PII 5 bar 01
[2.22]] Low-pressure trip A 137 - S/G =M X4
[3.XIH] SGTL + trip ETA 2 5~72 & —’F—’g (KtH0f ZAD.
[4. EXH] AOP 3431-02 retrieve (stage 3 trip ETA S8 T{4)).

B O (Answer)
"Trip &M 0™, 2 5 ~ 7 &2 Z PZR low-pressure trip =&
7%*&."
B HY + XA (Ground Truth + Scoring)

ZE trip=True, ETAgold =372 s

Z&: (a) binary trip €X| (True / False)
ME: (b) LM &2 H?|7t gold £60 s (= 5.2~7.2 £) & overlap

— binary True v + "5~72"HQ7I 628 X&t v — v XY

(Proc - Procedure Compliance)

B =2 (Question)
RIS £/ L 0] o OfEF
SH=t7"

KA 0/ 2AE HZ6H0F

%2 (Reasoning)
[1.4X]] 7147] &2 142 ZA X = N-16 Z7I5
[2.22]] 1-2Xt ZA 4 AL
[3.XIEH] B7|UM7| 2 =4 (SGTL) 5.
[4. =Xt AOP 3431-02
DR~ @SIX Y2~ UY—BEOP.
B g (Answer)

"AOP 3431-02 5 step:
@42 - @S| At — @YW - @®ZY — GEOP.”
B HY + XA (Ground Truth + Scoring)

&E- AOP 3431-02 + [Z2], S| AfH,. Y2t 22, EOP]

A: (@) AOP 2 5_. 012 (3431-02)
A: (b) 5 step set YX| + &=A LX| (Levenshtein on step sequence)

— AOP 1S v + 5 step =A €X| v — HEY

=Xt St3] 2026 £A Y3 - 19/ 36
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< A Algto| 20 71 2X| (Persistent State)
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. Z08t5H AL A E Q7Hs SHS0| KOSE 0/} SAICHEHOI MA/0E IS} 0|2 AJAHO0| YRHOR 7|9,
. OIATOI CHE B O3 S0IE Q5| 20 HaKs| Iofsi0l, LLMO| X OFHQl £H| 7|9f AT} 812t 24 of N
% QIZH ERH 100% B
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Co—-Pilot Of7|Ell x|

< LM Orchestrator (Phi—4 SFT)
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=)= AIS HOIMO R 3125t

| Y
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Plant Stream

Observe
(Time-LLM)

Toolset

Neural
Diagnosis
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Gate
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State

Reject

LM Orchestrator
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Narrate

Resolved

O] &Ei= S0r7t XHE/HE

ol

o HAESS] 2026 =A ¥ 23/ 36



. FARZE B8 2TX|H Co—Pilot

Co—Pilot O}7|Ell X

% Xt WXIHAZS(Cross—validation)

« Cross-validation gate = NN tool 25 Z12} LM
reasoning Z& (0: 37|447| F2 +4 0.85) 2
S il SZH0A B| ot YUX| Al CfF state =
Xt transition, 2 LX| Al 2THOAH HAIH alert S
Hel-kcl;klly:l conf 0.91

« LM &= reasoning 2] @2t risk 7t NN tool 2
deterministic @& Z4t2t WA} AEEEE, LM O]

Both channels point to
same scenario - present
confirmed diagnosis

Neural Diagnosis
Fuzzy-Neural CNN

Plant Only one channel
E o > = =FO . - y
IEI-A E._l J(|_| E-I_I- = *|_|'§ Ol'EI E-l'E —Qlkl'jed%:j O'” %' %F = _I_xxl Signal V;:Iir((i):tsion I triggers - present with
=gt Source uncertainty caveat

Channels conflict

Symbolic Match

RAG over AOPs - -> present only AOP
o AOP 3431-02-4 A
entry conditions eriiconltions et c?ndltlons that match
conf 0.85 plant state

Two independent reasoning paths: data-driven vs. rule-based. Time-LLM's textual situation awareness feeds both.
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lIl, AIAIZH HIZAF @K Co-Pilot
Co—Pilot QIE{H|O|A AA|

% Co—pilot chat Ij'd

@® NPP CO-PILOT TUBE-LEAK-DEHO-01 BNPP ¥1 ACTIVE - DIAGNOSIS REAL 21:21:-48 SIH t = +2.1 s

o SHMT} LM 9 multi-turn
EHEI_ OI_|E.|]I1IO|¢§ XI.%O.I IEI_O_I 71847 RE 54 94 - sG#1 trip ETA anomaly score phase
= LM %'é*% AMAE=Z
HAISHH, 283 typing Al
AEIA|7|_I- VISU8|IZatIOﬂ gi OEIE—':! = PZRPress = SG#1N-16 = Hotwell Lvl s f : : ADP 3431-02
AE0] A, o

Phi-4 FT adapter loaded (LoRA r=32
80 train F1-F5 failure-mode-t ted). PBNC bench

% / Proc 91,8%, Monitoring nominal = all parameters within band

CO-PILOT

= F=N| ]EH o mju A A 23 BLIEY 3. 814 W4 (74217] 22 160.2 bar, SG#1 N-16 4.02 cps,
hotwell 82.5%) 25 &4 WS, slope =~ 0. &g 1S,

TITEH L2 A0 &3 sensor

A fxl_EgE_u_ I CO-PILOT * ALERT

ALARM TRIGGERED. NN tool (Fuzzy-CNN) ZIEt FE 54 conf 0.45. 4-stage &4 AF:

‘D-le-E EE-I 01le| EEE-I ¢ [1.5Xl] % Observer-LM derive
trend 25. SGH#I N-16 4.62 cps (DA 4,02 CHY| +14.9%, x1.36 2t& slope +0.06

PZR 159.8 bar (Z& 158 (HY| -0.4%, slope -0.158/s LA -0.05
*)

Hotwel| 82.18% 5 (HH| -0.39%, slope -0.034/s)

Charging #+12% (

Tt al StA T T e

AOP Caﬂdldate 9-" 7—||- - { = 5X baseline

1% plvEe| 24

confidence score £ HA|o}H, i e
AOP ZIUZXHI SF S s
A AAl6to] 29| ._E._r
=71 &2IE 7S5t .

N —

159.86 bar
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I, ARt B3 2TX|H Co-Pilot

Co—-Pilot demonstration

@ NPP CO-PILOT TUBE-LEAK -DEMD-01 BHPP #1 ® STANDBY REAL 21:-21:21 SIHt =-24.9s

| @ PLANT NORMAL - ALL PARAMETERS WITHIN BAND

PLANT SENSOR STREAM HONITORING OPERATOR & CO-PILOT DIALOG MULT | -TURN PROACT IVE AOP DIAGNOSIS — TOP-3 + ENTRY CONF

ADP Mormal 0.99

PLANT NORMAL

SYSTEM
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=] 7
2 A= 2R 24 X3 YA LM & M8 Jtsds MY 843
BNPP 7|8t 972 H|™AF AtZ41t 600 Sample SFT 2 4 £2| backbone 2 S X710 F sk&6t A1 W FH Mt 96.6%,
it =48 90.6% 2 d452 <6t LM 0| & =x|-EXt H[0|HE stse += UZS 4T

> Langgrpah 7|2t Co—Pilot
A

OIBAHY 7t

DIVISOR A|AE!IM LM Orchestrator € Z@got Cross—Validation Gate £ 222 xfHot= Co-Pilot

It [ | — —

P58

3o =2 ds, S0 7|2ot0] X078 FES Alols 7= 5ot 2T H0| siA7tset XIFZEE HS
3015t

rok
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Thank you for your attention




Q| (External Zone) Air-Gar KAERI On-Premises

> 2%

SFT Samples
Step 1: (45 trajectories, 9 scenarios)

@& ——)— 5 — =

Claude extraction_rules.yami KAERI Excel Local Qwen3-14B

(External LM) (BXHM LHZ 0|ES) manuals + rules rules.yaml + Excel
A ME Only 2|11 XtH| ==

QLoRA Training
LoRA O{HHiE{ &t&
(~1282)

XICH LM SFA]
HYE Z=H| oH2




