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Layout optimization of key chips for nuclear safety level DCS based on SVR-PSO
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Abstract [Background] Temperature rise of the digital control system (DCS) key chips during operation is a risk
factor for nuclear safety level DCS operating under accident scenarios. [Purpose] This study aims to optimize the
layout of key chips which are susceptible to significant temperature increases during abnormal operating conditions
of DCS. [Methods] Firstly, experimental tests to measure the steady-state temperatures of these chips under accident
conditions were conducted, specifically at an ambient temperature of 55 °C . These tests simulated extreme
operational scenarios where heat dissipation was critical for the safe operation of the system. Subsequently, the finite
element analysis (FEA) was employed to simulate the test conditions, allowing for a more controlled analysis of chip
temperature under various layouts. Based on this FEA model, the corresponding steady-state temperature data of the

central processing unit (CPU) and Field Programmable Gate Array (FPGA) under 100 sets of random chip layouts
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were calculated. Then, these data points were used to construct a temperature prediction model using the Multi-output
Support Vector Regression (M-SVR) algorithm, which was particularly suited for predicting the nonlinear
relationships between chip arrangement and temperature. By incorporating this predictive model with the Particle
Swarm Optimization (PSO) algorithm, the temperature for various chip layouts was predicted without time-
consuming physical experiments or simulations, and the chip layout was further optimized by PSO algorithm for
computing the optimal coordinates for chip placement regarding to the least temperature rise with consideration of
the complex thermal dynamics of the system. Finally, after identifying the optimal chip layout, FEA was performed
again to verify the predicted results. [Results] The validation results demonstrate that the optimized layout of DCS
key chips achieves a significant reduction in chip temperature rise. Specifically, at an ambient temperature of 55 °C,
the steady-state temperature of the CPU decreases from 71.9 °C to 69.5 °C, and the FPGA decreases from 68.4 °C to
65.9 °C, corresponding to reductions of 2.4 °C and 2.5 °C, respectively. [Conclusions] This result of this study
validates the accuracy of the proposed approach, demonstrating the effectiveness of the proposed SVR-PSO method
in improving chip layout, and thus improving the overall reliability of the DCS system. The ability to reduce the

working temperature of key chips not only improves system performance but also extends the lifespan of critical

components, ultimately contributing to the reliability and safety of nuclear safety level DCS.

Key words Nuclear safety level DCS, Chip, Machine learning, Finite element analysis, Layout optimization
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Table 1 The material parameters of the components
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Item Density / kg'm™  Specific heat capacity / J-(kg-K)"  Thermal conductivity / W+(m-K)™
TR R AR 2 000 395 5

Plastic packaged device

Vi e o e AR 2 000 395 15
Ceramic packaged device

R BT 2 000 395 10

Metal package device

S RS HLR AR 14 2700 963 180
Plug-in panels and chassis enclosures

REAR K 3R A 7870 106 80

Cabinet and internal accessories
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J¥*5 Number CPU 44 ¥5 CPU coordinates  FPGA 445 FPGA coordinates CPUIRSET,,,/°C  FPGARE Thpen / °C
1 (114.51, 69.22) (167.63, 32.84) 70.04 68.77
2 (84.00, 132.20) (126.56, 63.05) 70.81 68.01
3 (136.62, 48.11) (22.74,101.31) 69.43 66.94
4 (178.72, 182.69) (123.22, 28.69) 71.95 66.32
5 (48.66, 56.08) (169.60, 111.98) 69.85 67.65
100 (140.40, 48.96) (182.94, 153.30) 70.00 69.38
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Table 3 Optimal hyperparameters for both models

i Model  Z%U{H Parameter values
M-SVR kernel="RBF",C=700, gamma=0.08
ANN Dense (32, activation="relu'),

Dense (16, activation="relu'),
Dense (2, activation="sigmoid'),
optimizer=Adam(learning_rate=0.001)
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Fig.6 Comparison of 10-fold cross validation results

vi(t+1)=wv(t)+ clrl[pBesti - v,.(t)] + czrz[gBest - x,.(t)}

x(t+1)=x(t)+v(t+1)

v, () Rl x,(2) 70 R TR R i TE ¢ I 2] 1Y) T B
L s wAR WA , TP 4 548 = A= &R
BE S50, Ml ey 7222 2R 1, 43 i 3 s oRL - ) AR AR A
A SR AR AE = ST IREE s, A, 22 L0, 112 T B AL
B, TR R R REHLYE . I 2 OEAR, R
WSk 2 B L

42 HRMEHELERS T

i /@A 2 W 7 Brs . PSO A T4k M-
SVR R [ TR0 45 5, LLsE A = A Ak 2 CPU Al
FPGA I i B i /N o HIUR A — 4ok T, BN RLT
VERN—ANBLEAG R & FAE AL B AR ) 2 4
RPN A . AR R, AR TR
P SVR LAY (1) Tt 25 AT 215 B BE AR, 3k AR 9% =
() IER T H R F A B AR

A5 VR B B AR RE T AR BV AR TS R 20 R 4%

M-SVR # & f¥] MSE 33 {8 B & /v T ANN, {X R
0.01527. BbAh, FEANFAS XA LR Tn 2 Fe sk
o X R BIER TS A [F) AL B A A 11 5L 5 T
M-SVR A5 2 HL A B s el A A e ik . AL, A
HJF 5T H M-SVR FE 7Y (1) R BLAR T ANN, #8085 2 v
J 8 T8 v A JR AR A B T AR Y

4 mRK

41 PSOEZ

24 [, PSO. GA BL A& B 4R K (Simulated
Annealing , SA) S FVEA 12 FH T fif U 25 Fh R 44 1
Ak 1] Y, Hodr, PSO A& — FhEE T BEAR B RE AR
B RSB BT Ak F R R ifE. B
B4R R G815  WCSGHE B R DA S B0 ] e
H S BT 8 SRR a5, A I R 6% SO U R A AR AL
] 2 R, AE AT AT I B PSO SHVE T
CPU HIl FPGA [ AL At , B 720 1 4 7 48 2 0kt o
J R e AL v KR B s MRS AT SR, AT B A Cs
T AT

B, TEA7 R ALt F2 v, PSO AN K7
R — /AT REIE 7 A ] e R 7 10 H b 2 4R 2 —
A BEE S/ MR I R B L R s . T
SEHLIX — H A R R0 A7 BRI A T A A A
A0 T0UFA 4 Je B I T ) ke s, o A SR 3R (4)
Fiw:

“4)

Initialize Represent the Position
Particles Coordinates of CPU and FPGA

Compute the Fitness Function Predictive Results of
for Each Particle the M-SVR Model

Update Global and Individual
Ptimization

Update the Velocity and
Position of Each Particle

No

Layout Position
Constraint

Maximum
Number of
Iterations

Get the Optimal Layout ‘

7 T PSO (A R AL R K
Fig.7 Flowchart of PSO-based layout optimization process
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Fig.8 Result of PSO optimization iterations
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Fig.9 Optimal layout of CPU and FPGA (color online)
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Table 4 Chip temperature comparison before and after optimization

s etk wr R PRI

Chip Temperature before optimization / °C Temperature after optimization / °C ~ Reduced temperature / °C
CPU 71.9 2.4

FPGA 68.4 2.5
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