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Abstract

Multi-heater array systems exhibit strongly nonlinear and highly coupled characteristics due to
convective heat dissipation, nonlinear radiative heat transfer, and inter-node thermal coupling ef-
fects. Targeting an on linear multi-heater array system with 10 heating nodes, this paper proposes
a synergistic control framework integrating an Adaptive Unscented Kalman Filter (AUKF) and
Model Predictive Control (MPC). The AUKF realizes the online adaptive updating of noise statistical
characteristics through innovation sliding window covariance estimation, exponential moving av-
erage abrupt change detection, and covariance inflation clipping mechanisms, while the MPC con-
troller employs a real-time linearization strategy to accommodate the strong nonlinearity of the
system. Monte Carlo simulation experiments based on 50 independent random seeds demonstrate
that the MPC + AUKF scheme achieves an overall RMSE of 3.96 * 0.05 K, a settling time of 12 steps,
and a steady-state error of 0.247 + 0.011 K. Compared with the PID + EKF baseline scheme, the over-
all RMSE is reduced by 69.0%, and compared with the MPC + EKF approach, the post-steady-state
RMSE is reduced from 5.94 K to 0.31 K (a reduction of 94.8%). Ablation studies confirm that real-
time linearization improves the settling time by 22.5 times, whereas replacing MPC with PID results
in a complete failure of system convergence through out the entire process.
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Figure 1. Comparison of temperature tracking performance: (a) Temperature trajectories of 10 nodes for MPC + AUKEF; (b)
Temperature trajectories of 10 nodes for PID + EKF; (c) Error heatmap of MPC + AUKEF; (d) Error heatmap of PID + EKF.
Dashed lines represent the reference temperature, and the vertical dotted line indicates the disturbance at t = 200 s
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Figure 2. Control power and dynamic error: (a) Heating power curves of nodes 1, 5, and 9 under the MPC + AUKF scheme;
(b) Heating power curves of nodes 1, 5, and 9 under the PID + EKF scheme; (c) Comparison of 20-step rolling RMSE among
three schemes (the shaded area indicates the convective disturbance period)
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Figure 3. Filter performance analysis: (a) Comparison of temperature estimation for node 5 among four filters (including an
inset of the disturbance interval); (b) Time evolution of the covariance trace tr(P) for four filters (semi-logarithmic coordinates);
(c) RMSE curves of three MPC schemes versus additional noise
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Table 2. Robustness comparison under extensions (RMSE/K)
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oextra = 1.0 K 4.48 4.42 7.58
oextra = 2.0 K 5.07 4.99 8.09

ke fRZE: +10% 4.12 4.09 7.38
ke fmZ: —10% 4.08 4,05 7.31
Cp fWZ: +10% 4.19 4.16 7.42
Cp fiZ2: —10% 4.15 411 7.36
IEZISR AN 4.23 4.18 7.61

MPC + AUKF 7EFR TS50 + 10%1 2 M IE 545 IR E I8 2514 RMSE MK T 4.3 K, B01FE 7 HE4Y
Nt SN e VE RN IR 050 S 1k

3.4. jHRASCLE

3T 50 RIS B T AR T RS ERE. MPC + AUKF 228 RMSE 3.96 K. 171 [f]
12 . FaAi£2% 0.247K, MPC + AUKF SzHL RMSE 3.96 K. 75 8] 12 5. iR % 0.247K, # PID
+ EKF ] RMSE [k 69.0%, SE Hi 10.17 K [#% 0.247 K (F#{ 97.6%); % MPC + EKF ] SE Hi 6.01 K
[ % 0.247 K (B#{ 95.9%). MPC + UKF M85 AUKF #2i, {H SE 45T AUKF (0.269 vs 0.247 K). MPC
+ EKF. PID + EKF 1 MPC + KF ¥ ARZET BN WS, RMSE MKk TH iy, Horh MPC + KF PR e 1t 8
A8 ST TCIEAL ] T4 AR P 1T 14 R A 22 (17.23 K).

Table 3. Performance comparison of five schemes (50 Monte Carlo runs, mean + standard deviation)
< 3. A RMEEXTL(50 ARIFFIE, PHME £ FREE)

HE RMSE/K Tslstep SE/K
MPC + AUKF 3.96 +0.05 12 0.247 £ 0.011
MPC + UKF 3.93+0.05 12 0.269 + 0.012
MPC + EKF 7.05+0.10 FNE 6.01 +0.03
PID + EKF 12.80 +0.09 FNE 10.17 +£0.03
MPC + KF 17.23+0.10 FN & 14.52 +0.09
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Figure 4. Comprehensive comparison and ablation study: (a) Bar charts of RMSE, Ts and SE for the five schemes in Table 3;
(b) Bar charts of RMSE, Ts, and SE for the five groups of ablation configurations in Table 4. Error bars represent the standard
deviation of 50 Monte Carlo runs

4, FEFEESERSEE: (o) &k 3 P REMFEM RMSE, Ts. SE #HIRE; (b) 5= 4 hHBERMAE AR RMSE, Ts.
SE ¥HIREl. REHH 50 A RIRITEE

T A ST bS50 e B ) B A AL B AT DT

Table 4. Ablation study results (50 Monte Carlo runs, mean * standard deviation)
A HRASKIRLER (50 LASHFRIR, 9B = fEE)

A& Vi RMSE/K Ts/step SE/K
A SEHE R G(MPC + AUKF + Sz 22 14 4k) 3.96 +0.05 12 0.247 £ 0.011
B [i5] 52 28 M A P 4.74 £0.08 270.5 + 65.8 0.447 £0.021
c UKF £ 1% AUKF 3.93+0.05 12 0.269 +0.012
D PID &1t MPC 15.32 £ 0.07 sl 12.99 +0.03
E EKF &4t AUKF 7.05+0.10 Asl 6.01 +0.03

ARSI AR 7R 1 VYT A L
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w5

SRR PR (A vs B): 1 45 22 1 AL FE S5 R 1 B[R] A 12 28 546 %2 270.5 25 (22.5 £5) , RMSE %514, 19.6%,
HArHEZE BE 65.8 DRI ARG GBI E N, XEHIES THELMEM RS, MPC FASE 8L 25
TAE BUSER BT

MPC Z2H#(A vs D): BIf#fC % 5 f AUKF 1125, PID J5% RMSE {534 15.32 K, H%%F MPC +
EKF (7.05 K), XKW Seibflivh & oikorsh il 2 28 6. MPC it 2 28 8 iR Ak 5 20 AL B AL,
HA PID Toik B AR 2 PR

JEW AT M (CVSE): EKF F+ A UKF ff RMSE F#{IK 44.3% (7.05—3.93 K) {5 ] A e Sk 38
% 12 . SE £k 95.5% (6.01—0.269 K). SE F#1Ik 95.5%, IFH Sigma ri 8 28 fEALFE T4 JELR I B
GRS, HEFHM G L RRE T EKF 9 —B ]t el

AUKF &N (A vs C): AUKF #ibril UKF 78 SE 2% 8.2% (0.247 vs 0.269 K), A4 hkIi7e
PN 5 VKB Bt o AUKF 383 7 2 i 75 1) 77 22 SE T A iR 1 2t SRS 1 D T S o e S P15, BVAR X RMISE
TUBRA PR, RN ks AR A 1 ] B S bR e

AN, AP A (K _c = 1.5 W/K)XF MPC + AUKF SEIRAGRR . A a] = 5 R AR R IR ZE X AR, 13 &
PRIERCAZ; R SIEREIN B E R4 2~3 K, FAAHS “HAgzmh” /Ef. MPC SER 28 M ALK 4% & 1
AN A_d HEREIEXT MR, B BERL G G B G 1 B Y A e

4. BEE

AR SCER XS AR A T ARGt 1T s R B A 10 2 ISR B AR A% 10 A, 2t MPC + AUKF HESE, 18
I 50 AR B RS IE T HERR LA . EELE R

(1) MPC + AUKF S8 RMSE 3.96 K. JAT5R[A] 12 5. Fafs iR % 0.247 K. % PID + EKF /7%, RMSE
F#fI% 69.0%. SE FEMIK 97.6% (10.17—0.247 K)\ IS M) MR USSR A FE 2 12 2 % MPC + EKF 7%, SE
F#{I% 95.9% (6.01—0.247 K).

(2) Sigma FURIER LD THHELIERG T A AL : EKF % %E UKF fff RMSE [£1IX 44.3%.
AT A RIS E 2 12 2. SE F&1IK 95.5%; AUKF 7E Al Fisal fE £kt o 2 H & Nt — 2K SE
3 8.2%.

(3) SERFLRMEALATIANE: IR LIEAGEREE AT Al B 12 2P B0 % 2705 30, SFMk™E 4.

(4) MPC 2B A2 AT B8, BIfElC % AUKF, PID J7%& RMSE /5% 15.32 K, 45F MPC +
EKF [#) 7.05 K, SedbAlivh &5 Jo ik R b 42 il 25 25 A e

(5) AUKF #1177 Z IZIK AL A8 R e AE 0h i R B R 5 29 30 PR AaAS, HAE 0~2.0 K Bl A SE
RZAR T UKF, B RIUFIPIES0E E St

SE
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