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Abstract: Harvesting wide-band random vibration energy in the environment to power various types of sensors
and monitoring devices in vehicles is a potentially effective way. However, conventional energy harvesters
struggle to achieve a stable output, which poses a challenge to the design of energy management circuits. In
this paper, a low-frequency vibration energy harvester for vehicle dynamic monitoring is proposed, including
a counterweight unit, gearbox, and generator. The counterweight unit effectively senses the low-frequency
weak vibration, and realizes energy storage and release through the embedded and externally-embedded

tightening energy storage system of the gear box, and finally realizes the steady-state release of energy by the
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generator wheel system, to realize the efficient conversion of the vibration energy to electric energy, and provide

continuous power supply for the sensing system. Experiments show that the harvester can effectively harvest

wind-band vibration in the range of 3~18 Hz, and when the resonant frequency is 6 Hz, the maximum average

power released by the harvester is 34. 9 mW. with an output energy of 58 mJ, which can charge a 22 mF

capacitor to 10.95 V in 100 s. This technology can efficiently harvest low-frequency vibration energy during

vehicle operation, which has far-reaching guiding significance for the development of micro-energy harvesting

technology.

Key words: low frequency random vibration; wide-band vibration; steady-state release; energy har-

vester; dynamic monitoring system
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Fig. 1 Three-dimensional structure and physical diagram of

energy harvester
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frequencies

Kl 6 Ry R AR M BEHT VT A, 4 S A
[t %€ 2 6 Hz, i B2 [ e 1 g, B [ E N
0.22 kg, 44N B 10 Q38 A1 E] 10° Q, I3 sk
1S FEL L 9 ity ) D Hb S 38 e R4 B R 7 g 0
IR S HNER LN 80 Q INF R 4 4% A 4 2 3%
RENT e KAE Ch T 37 B, DU B i
149 4758 FL L1 [ 5 2 80 €0 o

L0 im0 ot 25
ORI A0.81 W

0.8 * ® 120
? 0.6 {152
H —a— (D)% s
B —o— iR B
£ 04 110 =
& &

0.2 I

0 s

" i M 0
10000 100 000 1 000 000
A S R BH (/2

Bl 6 PFAHTICEN
Fig 6 Impedance matching test

J TGRSR IS5, 430 TR0
PR A ERE R . K 7 (b)) JBAR T
TEARFFFOCH BET , RAE A A0 % 0 e TR AL AL
FEBA TF A 0 AR R B

Wil 25 1 2 £ B 0 M 45718 A 3] 360° (FF 56 R 24
AEFFFIRIRAD, M 7. 025 VIk/hE 1. 033 V,
B A 0. 115 A di/N%] 0.016 A, & 7 () Fr
7, B T C A 0 D\ AS HE K F 1807, fi# fik I ]
1. 40 sIg/NEN0. 59 s, BRI 0. 25 s 3 K )
1.25 s, Mo, -3 2) 3 b 35 F G A1 B2 1S K ik
/N, 35 1 mW /NS 1. 1 mW ., SEERZREHET, P&
£ R A5°~180° Z [A] i, SRAE %R BE U A R LK HL
AR ARR BT AN B U)o A i e 2 45 by U D0 ) o 1 B
T 24 1 56 A BEAE 360° R, RS FF G REME Rrsetm i
1B %t RE B 52 B AL e Bl , SR T e YR A B
PR EEE MR, o, BEE OGRS R, P
By 3228 W N B, WL/ IN T O A BE R At A7
ZHe . (H/INA BT OC B R A & A RO ) 45
R, HRESDIFOCR LhEs: — A se 2 4TI
ANFEETR, A BR (4 B s B 1] 1T BB 5 B RE B TG vE o8
R, AR RE S T — JRIFLER , B m
AR R RE T K o Mk A BB ICIE I L 7oK
BF, it gt BB b W, S EOT IR IEE IFE .
M 7Ca) . (b) AT UL, 45°FF 56 L K 5 HL i g 11

10 100



604 moa HOR =R 2025 455 5 1
— 3, RPFHLAE T 2 BIRE &, B REMNIE REAR L IR S0, H S S S | A L et 3 | D R e U
WIsAT. B, P 457 5 Sl AR e (R Hb = 3% a) % 45 43 A BEL S 90 b E R Y R A
8 WH .
45° & e S e
L B ($EE$ Zeaek B HL RN R TR B A B R A T R 2 I
6 ¥\ TE 12V EE L RA A ST AR gk f BH, 1 AR
2Ol 135 AR W I RIS B e B SRR A E D,
= 180° LK L, BARACRIER 0 720, BLAEAR
Z IR A3 R R AT R 12 60 WL, i 2
: 360° TSI B kGl IR T AR e R K .
O.LH b %1 FRBADETHRECHLE
0 1-0 2.0 70 Tab. 1 Efficiency of voltage regulator circuit at different input
ETIEﬂ/s powers
(@ AR WAE/W  HR/W BT/ %
o1ob a5 0.331 0.234 70.695
5 0.408 0.291 71.324
0.10}
- 0.534 0.387 72.472
_008r 0.632 0.457 72.310
% 0.06} 150 1.164 0.828 1.134
1.692 1.180 69.740
0.04}
“or 2.496 1.676 67.147
002 allud 3.768 2.364 62.739
OF _..l AH.H; " l[ . - “‘."J
0 10 20 30 40 50 60 70 2.3 HEEFZRHEIR
HsF{a)/s
() ARFITF 4 L ZREECR R T S AW 8(a) Fiw, B
241 Eggﬁgg J40 SE, R R AL A A 3 U FE A A M S U HE I
20} == itk EL R, FS 2% B RN 0 A R T v
120 N — . N
1! = HEAT TR o R B IE R AR A X HL A 1Y T L RIOR
ém fo & K 8(h) /R T Rt B (8] B HERS | it F PR p st
Z = 7 4| [=] e B
mw - 7 FHAEH . FE100 s N, SRAEZFREAE 53 DK 75
. 41-20
1. 6.8 F1 22 mF Ay ML %5 7& ML & 20.86. 19 F1
o4r 140 11.43 V., MR S286as B nr IHEN , 7EAH A TAES
i 5 13 PR, HZASE P3G N T B H R 2 B A O Ok
ﬂiﬁﬁu)

(o) AR[FTFCAEREMTH] | TR ) FIp- 2 2y
B 7 BEEREFREARFXTHMEREDNK

Fig. 7 Performance test of energy harvester with different switches
2.2 BEREEBRELIET

T RE R R S A AR S Hh , BE SR T R
ey il 20 e i R B A, R T I IR JC i 4 35 i S s
FIER TAE. N T RBCRAERE R A Av i Hh A9 i
fiE, VEJH LT8494 1 A3 i L UAZ Looth -, S
TARRGART 7 p A, BeiHoMH R ER Be Eh

SEPIC 3, o I A 51 D5 318 5 i 8 A T T

F, VLA EBORIT, iyt o AR AR

(a) BEHRAR & 70 i I B ]



CREE 173 WD

T 1) 270 3 285 M 4 AR A R 30 RE F i B2 6 (IR 605

& ——1mF
—— 6.8 mF
20 [ ——22mF
b 15F
]ﬁ
gl
10F
5k
0 20 40 60 80 100

Fifa)/s
(b) ARl 2 se L 2k
8 HEXERENBEITHEIML

Fig 8 Capacitor charging test of energy harvester

3 REXRKHFHNAE

HLA T LI ZS R UL, AR i R AR &
R RE R IERCR . A T i — 2 BE A SR
N R B, FRATTHE L TN RIB EE . GPS
PR AL SRS A o TN 9 B, il i L A
W At BE AN ZZ R BT, SR AE AR BE S AE 1 min N
0.22 FIHEZAEMOVFIEBE 1.5V, B iRRE T
FE A A1 R S B T RE SR iE T At 1 he
Bl 10 B REMR LR NE RN 5, RE
i e R R I A ) 1 R o e Ak R 1E
o, N GPSEN#y . E4N A M AF R d
GPS & (g Se i RN MO B A5 B, JFiEat &
MO BTN (o e i S S IV | N 42 D O R VA
P (O S W o X — S PRI FH M — 2R TR
LA Z TG B s i S s i s et Re AL
2T

L
Y / S—— e =

TR

AERER AL

i GEl
0 2 ')'I 2 2
0 100 4100 4200 4300
/s
9 BAERBSREEITHBINK
Fig9 Capacitor charging and hygrograph power supply test

R

B 10 ANEFFHSGPS LR EMTEE
Fig 10 Schematic diagram of human wearable and GPS real-
time positioning

N T FEor AR KR IVERE, NRESS 1L
AR — BB PR RESE b . R 2 T LR 2
Mo, SR AR A D) R R i SR 4 T T A 1
AEM LT HeAtL #F o

R2 AXSHMXEHPEMEEBRERSEIL

Tab.2 Comparison of electromagnetic energy harvester param-

eters between this paper and other literatures

s R/

K BT/ Hz PR/ mW AT/ em

(mWeem %)

k(6] 0.6 12.3 67.3 0.182
SCHR[17] 1 1.4 50 0.028
k(18] 20 0.01 1.85 0.0054
XHk[19] 10 10.4 59.7 0.174
SCHik[20] — 10.7 98.16 0.109
Hik[21] 12 13.37 100.5 0.133

A3 15 35.1 77.66 0.452

4 & it

ARSCHR 1 — ot ) A0 3 25 M A (At D 2l
REHNAEAS . IR ARE 1 RBUICR G s AT 1Y
SEBEYLIR SRR, IR T AR S HL i
MERT, HAZOAE TR T i REUE B HG, fiE
Ui ZERL €I kT GNIVE ) ik i ST ORISR (g NI i3
g fe 7 SEBRER PO REAT SR, B2, Witk
HURE R SCBLRE R R R A e SRR e R il T4 TRE
TP BRI BETT . SCIRE RN, IR TE 3~
18 Hz [ eIk S Bl AR B €4, RERSHFF ISR
PRah e RSB T A, iRt
GPS RGN FAL R s R b, R BL 23
A8 S FHA(EL R 32 B9 15 T

SE 3k
U1 Ui, 2h, Wi, 2. T L o o 11 fit vl £ JR



606 il

(EVE 5 S NI S 4

2025 45 5 )

BN RE IR B B R [T]. & i R4 R, 2024, 50
(8): 3387-3402.

HE Hailong, LI Yi, CHEN She, et al. Micro energy
harvesting technologies for self-powered sensing of
electrical equipment [J]. High Voltage Engineering,
2024, 50(8): 3387-3402. (in Chinese)

[ 2 JHALIM M A, RANTZ R, ZHANG Q, et al. An
electromagnetic  rotational energy harvester using
sprung eccentric rotor, driven by pseudo-walking
motion[J]. Applied Energy, 2018, 217: 66-74.

[ 3]KHAN D, OH S J, YEO S, et al. A high-efficient
wireless power receiver for hybrid energy-harvesting
sources[J]. TEEE Transactions on Power Electronics,
2021, 36(10): 11148-11162.

[4]GU G, GUG, SHANG W, et al. The self-powered
agricultural sensing system with 1. 7 km wireless multi-
channel signal transmission using a pulsed triboelectric
nanogenerator of corn husk composite film [J]. Nano
Energy, 2022, 102: 107699.

[ 5]XU Z, LI D, WANG K, et al. Stomatopod-inspired
integrate-and-fire triboelectric nanogenerator for har-
vesting mechanical energy with ultralow vibration speed
[J]. Applied Energy, 2022, 312: 118739.

[ 6 JWAA, SRS, T8, 55, JE TG L HALEY
BORBERERF MBI TTHEE[T]. AR TR,
2022, 59(2): 107-117.

YAO Yongjie, ZHANG Peng, WANG Dengxu, et al.
Research progress of wave energy collection system based
on the triboelectric nanogenerator[J]. Micronanoelec-
tronic Technology , 2022, 59(2): 107-117. (in Chinese)

[7]LIUY, DING L, DAI L, et al. All-ceramic flexible
piezoelectric energy harvester [J]. Advanced Func-
tional Materials, 2022, 32(52): 2209297.

[ 8 JKURT E, ISSIMOVA A, MEDETOV B. A wide-
band electromagnetic energy harvester [J].
2023, 277: 127693.

[ 9 1YAR A. High performance of multi-layered triboelec-

Energy,

tric nanogenerators for mechanical energy harvesting
[J]. Energy, 2021, 222: 119949.

[10] GUOH, LI L, WANG F, et al. Mitigating the nega-
tive piezoelectricity in organic/inorganic hybrid materi-
als for high-performance piezoelectric nanogenerators
[J]. ACS Applied Materials &. Interfaces, 2022, 14
(30): 34733-34741.

[111FANG Z, TAN X, LIU G, et al. A novel vibration

energy harvesting system integrated with an inertial

pendulum for zero-energy sensor applications in freight
trains[J]. Applied Energy, 2022, 318: 119197.

[12] TAN P, ZHENG Q, ZOU Y, et al. A battery-like
self-charge universal module for motional energy har-
vest[J]. Advanced Energy Materials, 2019, 9(36) :
1901875.

[13]CAO Z, YUAN Z, HAN C, et al. Hybrid
triboelectric-electromagnetic nanogenerator based on a
tower spring for harvesting omnidirectional vibration
energy [J]. ACS Applied Nano Materials, 2022, 5
(8): 11577-11585.

(14] A0y, EBE, XS4 —Fh 47 45 F AT T Ha 7
wREMRT] BB 5HOG, 2020, 42(1): 93-96.
MOU Fangxiao, WANG Qi, LIU Jingquan. A low-
frequency piezoelectric energy harvester with folded
beam structure [J]. Piezoelectrics &. Acoustooptics,
2020, 42(1): 93-96. (in Chinese)

[15] BHATIA D, LEE J, HWANG H J, et al. Design of
mechanical frequency regulator for predictable uniform
power from triboelectric nanogenerators [J]. Advanced
Energy Materials, 2018, 8(15): 1702667.

[16] FAN K, CAI M, WANG F, et al. A string-
suspended and driven rotor for efficient ultra-low fre-
quency mechanical energy harvesting[J]. Energy Con-
version and Management, 2019, 198: 111820.

[17] TAN Q, FAN K, TAO K, et al. A two-degree-of-
freedom string-driven rotor for efficient energy harvest-
ing from ultra-low frequency excitations [J]. Energy,
2020, 196 117107.

[18] ZHANG Y, LUO A, WANG Y, et al. Rotational
electromagnetic energy harvester for human motion
application at low frequency[J]. Applied Physics Let-
ters, 2020, 116(5): 053902.

[19] LIU H, HOU C, LINJ, et al. A non-resonant rota-
tional electromagnetic energy harvester for low-
frequency and irregular human motion [J]. Applied
Physics Letters, 2018, 113(20): 203901.

[20] WANG W, CAO J, ZHANG N, et al. Magnetic-
spring based energy harvesting from human motions:
design, modeling and experiments[J]. Energy Conver-
sion and Management, 2017, 132: 189-197.

[21]NAMMARI A, CASKEY L., NEGRETE J, et al.
Fabrication and characterization of non-resonant
magneto-mechanical low-frequency vibration energy
harvester[J]. Mechanical Systems and Signal Process-
ing, 2018, 102: 298-311.



