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Abstract

Leveraging the reversibility of the thermoelectric effect, this study introduces a dynamic reconfig-
urable thermoelectric array system designed to solve temperature imbalance within battery packs,
enabling rapid convergence and energy harvesting. The system dynamically switches the operating
mode of each thermoelectric module (TEM)—heating, cooling, or power generation —combined
with hotspot tracking technology and a Fuzzy-PID control algorithm, achieving on-demand precise
temperature control. This not only effectively maintains temperature uniformity within the battery
operating environment but also maximizes the utilization of thermal gradients for power recovery.
Experimental validation shows that the temperature error is only 1.77°C, overshoot losses account
for only 0.11% of the total power consumption, and the maximum captured voltage in the energy
harvesting mode reaches 319 mV. This work presents an efficient and environmentally-friendly
temperature control solution.

Keywords

Reconfigurable Thermoelectric Arrays, Battery Thermal Management, Temperature Uniformity,
Energy Harvesting, Fuzzy-PID

Copyright © 2025 by author(s) and Hans Publishers Inc.
This work is licensed under the Creative Commons Attribution International License (CC BY 4.0).
http://creativecommons.org/licenses/by/4.0/

1. 5|8

PR R ER . KA G AC R BRSNS, ROV RENAE. TANFEL
R S5 U ) B e LR [ 1]-[4]0 SRTT, PR R, R R EA 75y, RERENA R 6
Sl RIRFE SR BT, B A ERIE N B [S]-[7]. WAk, FIEH P S R ey R PRI B 22 S 2 ek Ha A
YR gk, R RS R BE AN A A . R PR T H ML A IR R U AT, B A R A A
1E 25°C % 40°C FI s EEVE T N B2 EEL[8]-[10]. PRIk, FF R 2 s ith #4852 /R 4t (Battery Thermal Man-
agement System, BTMS) A 24 B ifF 7T A 2 15

A BTMS R 1 EALFGAI A1k (Phase Change Material, PCM)¥A %1, 254 AKA HI AT H
7 #)(Thermoelectric Cooling, TEC) [11]-[14].Lin £ A\[15]HF & T —Fh & T B 44K & (Carbon Nanotube, CNT)
5 MXene £4 PCM [f] BTMS, & E {2 A SYERERNR IS, RN FEARIR A K it Ay . 2R1M,
T8 TR sh R JEOR, YERRAIAS L 874 2. R A2 5 M 5 4E 47 77 (R 2i[16] [17]. Chen
EN[181FEH T —Fh Z BB AR B = s SR R G, B AR A 3 i) SR M FR 4 /)N I8 78 55 B, SRBURG v
(i ZE P ], H RS TR B SP3 R 22 PR 67% . B E B H15e Tt 7 VERe, (RA A RV FE — e ],
I HAEREM B TR I B s S AR EE. MR, AR AR HE (5T 35 5] P ELHGICR,, W EI R
B HL BT 75 5 1) SE [ 19] [20]- Gan FHBA[2 11T 17— Foxed ) XU8E: Ji 388 38 ¥ ¥ B (Liquid Cooling Plate, LCP),
B3 HE T st % A8 R St (Battery Energy Storage System, BESS) WA HIRCR AR EY A1,  HME e VRl b v
FHEAE S BT RE 21.2%~72.1%. JRT, VRATRIGI T RGMEEMSA, R 7 AR N H 5 h
MG HIE . FAFR AN RITE IS e TOH UG & AN 5 T H il 5845 5, S 2T FT[22]-[25]. B, Luo %A
[26]F&H T —FHE T X2 TEC 1) BTMS, FfiEid 2V E i &R0 UE T H A Mol 2614 R I 5574
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HEWHAPERE. R0, DA REAHHEARMFAT TEM BIHURMERON, A 787 T & I TL5d 0N R
71, G R IR A R AR 4% (Thermoelectric Generator, TEG) [27] [28].
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Figure 1. System architecture diagram
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Figure 2. Single-stage thermoelectric control; (a) circuit diagram, (b) flow diagram
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Figure 3. (a) Array connection method; (b) Operating mode of each TEM when control signals col-1 to
col-x are 10...0, row-1 to row-y are 00...0, and dir = 1; (c) Schematic of battery thermal control system
based on Reconfigurable thermoelectric array
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Figure 4. (a) Flowchart of the temperature management algorithm; (b) Calculation of the temperature distribution
weight ratio
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Figure 5. (a) Software operation interface; (b) Linux system multi-threaded collaborative
execution framework process
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Figure 7. (a) Initial cell temperature distribution; (b) Final cell temperature distribution; (c) Temperature plot; (d) Temperature
error and TEG capture voltage; (e) Array efficiency and TEC power consumption
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