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Abstract

To address intermittent power supply and vibration disturbances affecting high-power LEDs in
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complex environments, a compact multi-source hybrid energy-harvesting system integrating photo-
voltaic (PV), thermoelectric (TEG), and piezoelectric (PZT) sources is developed in this study. Multi-
source inputs are integrated and coordinated through a hierarchical energy-management scheme,
and cold start is enabled by a transient-voltage-assisted circuit. Complementary operation among
the three energy sources is leveraged, and all-weather power generation under varying meteoro-
logical conditions is supported. Experimental results show the proposed hybrid structure reduces
self-starting and stable output establishment times to 4 s and 15 s. This represents significant de-
creases of 76.47% and 85% compared to traditional architecture. An efficient and practical self-
powered technical route is thus provided for high-power LED lighting.

Keywords

Hybrid Energy Harvesting, Piezoelectric Transducer, Self-Powered

Copyright © 2026 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|15

B 25 P01k ) (Internet of Things, loT)FARKIPUE K, KI)% LED (High-Power Light Emitting Diode,
HP-LED)R B RGAER /b Tk, 18K 540 EBEE 5 5 B N H 3332 [1]-[6]. #RT, IX4k
L S seAEAT A T T L 7 5 B A AR R I B IR, A Gk 2 b i i Ty AR E R A PR
YEAP A w2 LSRR 5 2 5 R AR A 6] [ 7]-[9] BRI, AP S REVR SCBLRE I s B ks, Ok
FHOCAIR A B A7 W XTI R 4000 5, BSCIKIITREIa T, KREE T R 20 5 h ]
FIFH M RE R, FHlid & B Re B A 5 F RN R T R S AN R G T Sk o

B—I6R(PV) RRAEIZ AT I FE R AZAE ™ E IR AEFE, XU 5 REMERA, ©2SBOLHEHR
BRI FRE[10]-[12]. BBk, SIAGR - EPV-TEGH & H AR A & — i Z0s % . TR 4507
[, Khenfer 25 A$RH T —FhIE T KA FIROEI - EPV/T-TEG)R & RSt 45 TR FLERT /R B AT
BFEFM N ZRG B HIAF] 29.04 W, EFrHEGREESSE R 3.61 W [13]. B 7RG LS, TH
IF) 8 BN A P45 ) 5 R B R DG B . Mlirza 55 AR HH T 5 A & REAR I 10 =2 PV-TEG & R 48, DME
JEFRAS TOL T IRICE S Re 4 [ 14]; Mishu 88 A — DT 1) H AL RE ToT &E RS T HI&E M TE-PV
RAKRAERS, WiE T eRe 5 iRZRe v FALRE M AT AT PE[15]. R4 PV-TEG # & et /E— e F2E LIk
PO Ratf btk ge, (A BRI AT ) B MO IR AR, BRI ER R BOE 2L ] f SR 4R MRS T,
R RE I A R H B R ABRICR G IR AR BUERYE, B — 20 5 AWURIR B fE,
PR - KH(PV-PZT) W FRIZEH . AR, TRA R KA RETE R B AN [F) PR 5 BEJR 7E i 1] A1 2 8]
R EAME, AT SRR R TR ERMESR . T AhE . RRASHHAR” MR [16]. B, Clementi 25 A
HI 1) H /3 4 B MR & 1 PV + PZT 1A K RE R G, (EAFIZEE i Lo R H M RMS Dt 70k
23 uW (5 A5 77 uW (10 A) [17]. 28T, XETTEMREEMSTI DO AE, MG HEARRE. N E
ESF I G R B A A, G ROHEDLRRZE T, RG At Re R 22 2B . AR S Je A [E]
FAERZ S IREE Tk A5, W - [EH(TEG-PZT) PRI SRR W 32 29603 . Liu 25 A A
FAFESHT T A - R HIR A REES IR G VLR, fRHE I 45 S S8 R, nTIRTHEA R 1)
ZEA Re R ARHUERE[ 18], Vankecke 55 NI KNS f P45 BAROKIR 22 HAEBE IR TC e85, &
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Figure 1. Architecture of a compact PV-TEG-PZT multi-source hybrid energy-harvesting system for
high-power LEDs

E 1. mEKIIZE LED B£8R PV-TEG-PZT ZiE RS e 2WE R L 5EMH

N TEIROGAR B REAE BRI A I DL A R B TR AR 22 26 A R R SR 18 S5 M, ASTHIE 77— FP L PV-
TEG-PZT Z IR HANAR G A RS, FLRRIAWIE 1 fron. REHASIRERE RN AT S iR
Lt BT AR AERER IR AU, BRI RERAL BT (7 I HAR RS, B LT R RIK
BCE IR TEG 5 PZT. SR T 3RBUK AR IR, I 72 AR AR A o 0 & m) 1~ % 3 2 TEG
s TEG #3530 XU B R & LASRAL AR, M ITIAE v i 1 A e IR 22 0 4 th AL fE . PZT M
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DX ARG pthe. fEREEACE SR B, SINUAE A a5 U AL S BUOCE H it (50 8 e B 5 R e A3
FL, DASR Tk BRI T R DRAIE S A rE R o B A ) BRI 22 0L N TEG iy A 2 B e i iR
Ji R, RGP R PZT AEARB I T AR KBRS A R S A A5 5, 8T AR e R B bR 5
R B BME I 58 A, AT 58 AR GEAE 95 RE BN SR AF T R S SEE S s AT AR e k.

2.2. RIlREEE RO SR EHE K

N IR RS IR R R BT 30, RSO PV S-S PZT/TEG SCEESR 1 AN IR (1 i Ak 2
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Figure 2. (a) Schematic diagram of TEG/PZT energy integration; (b) PV boost converter and MPPT management
circuit based on LTC3119
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23. WEBRBEEYIRAHEERERZE R T

N PR IS SRR 88 R R = A S5 TR A A DR B Fe e AR, ABFFC T T — M T 5 5 HL il )
WE A REVI IR RS . 1% R G A CRFESIZ LTC3119 FHEAR R 5 (R B AE N i, @@
B YIHRAROR BB ] F R 5 U PEAE TR ZI A AR 1 12V B . Byl dens & TAE AR
T M RGP E BRI T 0V I, L HIIREN4 EE | S4B 2, £ COM1 il NOI,
COM2 i NC2. MY, JefRFurlal ik FR P20 & il T e i . 0 E It i R 35iL 2R 12V )5,
RGHNEA TR . A PRk Es 1 31E, f COMI V)42 NC1, HIEHh 1 B nlg 4t
HL, B 2 (REFR M EFEHIRS . RGUIE I f R I H B S SR AR F & v et R . B R 1
HLE R R IG FHRAE OV I, il 155, B A4k i a8 1 VB R AL (COMI-NO1), [FIR$5 44k
HLAF 2 U4 2T HAL(COM2-NO2), &l 2 S8 i, [FIE, MEFBMm 2 BRI T 9V R, RFEAI)
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Figure 3. Flowchart of the intelligent dual-battery switching strategy
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Figure 4. Flowchart of intelligent LED dimming based on ambient light sensing
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Figure 5. Experimental platform
5. XWEEH

H I7E T 56 BERLUL 22 G0 IS5 e i\ 21 R B G 38 Hh ) S Br TARE I AR . TERTUR AR EoREERT 7Y, R4
B GAR . AR B = 2R B R IUE 12, DLSCELZ MOAsERe i MR AR . b, SRR R h—3
JUSFA 60 mm x 60 mm. F KHTH HLE A 5.5V FDGIRIGREL. HREBDGRZ T TAER e AR R,
St — DR R AR AR S NI AT . B AR S R AT R T SRR, R ks
ZATEAEF T 7 SP1848 il 22 K i . 1% 22 K AT 2 16 x 1073 W/'C o NPRIEI A Fiii
TREFEUF IR 22 26, (EREHUS 223 TamIEEA . R4 LAR IR 4500 r/min (19 XU EAT 2 RS,
DR AR R FAUR . BRI G SR RSN, RGUEWE TIRSIBERRAER T, ZHRICH = 30 mm x 60
mm (1] PZT /&P &EHERA R, [EESE 3D FTENRB MRS & b, EE 304 AEENNER, DIECAFh
RSN G 7 v B U 25, AT S bR Tl MR B AN . 75 )5 imds il S5 sy, R4
KH STC89C52 H A HUEN T X O, HTRBCIRASII . Fm RSEFGE B AL SRS S, 42|
AEIE 20 ms (195 HAXT 5528 BOGHUE S 15 5T RE, DERIIABDGRARE S, FRIEILRE F3h
7R E A RS 4 A RO A ] . SRR, I ITIE R LED 0 B R A AT S AS I AN 7T, iR
AR A 2 1 B E R 4 I Wb F S FRoE 4 3 W ORI & ok LED k. Eid iR, Rl T
ZPIRIERERNCREAE . WHE. A S5 —RILI0E, N S:ThREMRAT I fE A T de it 7 sea St .
3.2. REEREMREMIK

N T RAIEH PV 5T R4 v BITAS)  K BH B UER R Guxt & H i Fe FL It e, AR SEEE8 AT 46 L
39 116 V A 118 V I HIlh 1 58 Mt 2 NS R, FEAR AESRAT FEAT T ARSER. R4
it PR BRI RN, SIS R a1 6 Fs . nTRUE B, X RGEX L —F il | R, nrft 10.33
VRS LR TERIN XS B i 15 2 BT 7e i, RERELERF 10.30 V fa 7. PR, 78
HIFERT A 160 ZrBh /it . 285 R, S THEREERDCR R AU T & mibd, RGR&
AIEERI AL FLRE ST DRI RERE XU« 18 SO AR S Th 3 = I AEH2 4 10.33 V I 2 fLRE, X2 IRIFREAN £
TR BIE RS I TR,
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IEH 304 AENENERE BRI RE & RIRSE RS G R DA A RE . B TS R

DOI: 10.12677/aepe.2026.142013 119 EEpARST: o heid


https://doi.org/10.12677/aepe.2026.142013

x5 HE 2
H@Iﬁfy J'_\'jL_(A—TlL:\

13.0

—&— Single battery 1 charged by 12.6V DC source
1 —@— Single battery 1 charged by solar harvesting system
12.5 { —A— Two batteries charged by solar harvesting system

12.05

12.0
11.5
11.0

10.5

Battery Voltage (V)

10.0

|

1 |

9.5 [
|

|

T T T T T
20 0 20 40 60 80 100 120 140 160 180 200
Charging Time (min)

Figure 6. Comparison of battery charging characteristics under different
charging conditions

6. NEIFERF M TERMAIFTRFFEIIEL

A IR S VFA LR S S00mV, A HS 53 AE M 12 SRR 15 SRR AR AR, e % o o S
ARSI VL A () AR B ML o St PR RS (R A9k S mm SBRCRIUR L0 0.5
©)'5 10 mm MBRCEBT LN 4.1 @), FFIIR T F B FBRAE R FECR R B8 (0 B R BR R, 9
WS RANE T@ PR, WA, (R USRS 500 mV P, ORAT S mm 4R IS AL A ()
AN 52 T 10 mm $9EK, 200 A SR A R LS P AT SE R S I DRI, R
Yot S mm SRS SR, e — B RGO B, A S mm BRRHRERAE NI S4B A b b
HEAT 7400 SR T0)FR, 5 41 g ETURALE, SRBRET R 20.5 ¢ B, TR AL th i
JE 500 mV SBRHMRE %, B % 2 P 3 RO S 40 Y B R A it i PR AR E LR (AL
LI, BREHE M BB 205 @ 15 mm AR FEA R i R LR S O RH I

Table 1. Correlation between vibration intensity and amplitude

= 1. fRE5EE SRR

SR ?}ETPEE}% 1k TETFE% 2k ?ETPE% 3 PR3

£ (mm) W £ (mm) W (mm) (mm)
1 0.039 0.035 0.030 0.035
5 0.106 0.209 0.101 0.139
10 0.264 0.342 0.251 0.286
15 0.477 0.506 0.447 0.477
16 0.669 0.701 0.681 0.684
18 0.863 0.889 0.795 0.849
20 1.047 1.079 0.992 1.039
21 1.224 1.301 1.278 1.267
23 1.461 1.488 1.423 1.457
25 1.597 1.639 1.622 1.619
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Figure 7. Comparison of steel ball diameter and mass
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Figure 8. (a) Test circuit for evaluating the charging capability of the piezoelectric device; (b) Steel-Ball capacitor charging
experiment
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Figure 9. Comparison of dynamic characteristics between standalone TEG and hybrid TEG-PZT structures; (a) Enlarged view;
(b) Global view
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