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Abstract: To solve the problems of narrow effective working bandwidth and unstable output voltage

widely existing in vibration energy harvesting of traditional Triboelectric Nanogenerators (TENG) , this
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paper proposed a broadband coupling energy harvesting system based on a complementary contact-
separation mechanism. The system utilized a vertically symmetrical double TENG unit and a spring-mass
coupling structure. Through the alternating contact and separation of two pairs of TENGs during vibra-
tion, the time complementation and smooth superposition of energy output were achieved, thereby signifi-
cantly broadening the working bandwidth and improving output stability. This paper first established a
two-degree-of-freedom spring-mass-damper dynamic model of the system. The describing function
method was employed to linearize the collision nonlinearity, and the amplitude-dependent equivalent stiff-
ness and equivalent damping expressions were derived, which revealed the bandwidth expansion mecha-
nism where the resonance frequency shifts to high frequency after collision intervention. Furthermore, the
influence of the friction layer spacing on the potential distribution under the vertical contact-separation
mode was analyzed through finite element simulation, and the rationality of the theoretical model was veri-
fied. On this basis, the controlled variable method was used to systematically explore the influence laws
of key parameters such as spring stiffness (250 — 350 N/m), mass block mass (50 — 110 g), upper
TENG initial gap (1—3 mm), and external excitation acceleration (9—15 m/s*) on the system frequency
response and output voltage. Simulation and experimental results show that when the spring stiffness is
300 N/m, the mass is 80 g, and the initial gap of the upper TENG is 1 mm, the system achieves a broad-
band stable working bandwidth of 11—25 Hz under the excitation of 15 m/s” acceleration, and the peak
output voltage reaches a high level. The complementary coupling structure proposed in this study effec-
tively overcomes the shortcomings of strong output pulsatility and long energy blank periods of single-
channel TENGs. It provides a simple solution without external control for continuous energy harvesting in
low-frequency vibration environments, is suitable for vibration energy recovery of industrial motors and
pumps with speeds of 900 —500 r/min (corresponding to frequencies of 15— 25 Hz), and enables self-
powering for IoT sensor nodes.

Key words: triboelectric nanogenerator; vibration energy harvesting; complementary mechanism; broad-

band; coupling energy harvesting system
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Fig.1 Schematic diagram of the three-dimensional structure
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Fig. 2 Maximum energy output of triboelectric nanogenerators

R B8 FBE 48 400 0K & ri AL I P AR ] 2 O JEE
PG ML B K R B B SR, BV B
BRI E S T V-Q MG it L U 4 1 Y T R
E= | VaQ. f4e 09 K i B4 th e (CMEO)
A R 30 3 VR L R R A TR G B R SR B,
E s, B CMEOEE & 0188 D JF
BT B SRR R TR 2) MR LR R B T L
B 5 3) JF RS S EOR R 1m0 FHIR A AT
KL, SR, X T H— TENG Hoo, Higa
A A B R B k- o B AN R, S B
AR F IR, A RLRE R S R
ARSCHEH A CEH R G0, FITHLAREZES A4 1) B AN
PEfF D T XA, T L U-TENG 5 T #
D-TENG 755 0] b 2585045, & iR shid i
HHAELE 180 A A 250 4 U-TENG &b F43 B
M Bt S 2O L R V., BT B IE(ERT, D-TENG
WIS A T3 B2 LB B, I Z R o X i T A
A R G AT R %) A — A TENG $ocab T
AR FRRAS . MRS T B TENG (1 ik =X
B, AU E AN SR TER RS FSCEL T V-QREE
EER 10 38 B2 8 A RUEAN T 20— BT TR B A7 B B
MREREZ . ZARERITH IR, R
S5 RE0E B IS TENG 7648 [ WAl A7 # A Y



4 ot K 2 e RCARRAO

I R ARE , IR & 4R T 1 B2 18] PN 4R
Bl R &SI THRIRIE S 8

1.2 TENGIEipiEs

KT HA T RIZ A W R G R,
N A>T H R - T g - FHE AR LR A
BEAY B mT Sy ER A e Ao B e Jo e BR om TE
M EE 2y FIFHJE ) 5 BEHEAH I , i B om, i 3
() 565 & FIBHJE ¢ BREETE my Lo HEZRTER AT LLR
YERRD &5 , MBI HAE il W FE h ko, BHIE R cs,
TOHE 5 7] 2l BT 8 m, Z (B AR UR R B R d o

i & 4852 B BRI y= Ysin(wr), &
215 2o 3 A JBTEE R L s RE G AR 2 9 R X A7
o m, o BRI T 3B SRR A B o 53 S A By
B, BB B AERERE LB B, Y m, B A X i2
SUNTHIRIEE o, I THEA S5 TAE, Sk
Bt REFE AN A BB, Y m, B AR X E S i d B
m, FEAETH, K25 —ANB B, mo, B IR AR NI F1
FHIEAE R b+ ks Fll e + cy0

RGNz sy I B oy ARGy, B

mi +(ct+c)x, +(h+ k), —ct,— br,=—
mw’Ysin(wt ),
mydy+c(ay—2,)+k(x,—2,)+ F(a,1,)=
myw’Ysin(wt ),
Hrp, PR Bokdl, Bikh
. 0, x,<d,

Pl )= d) b ey 222> d,

H T8 g 00 5 AR LR R A R BB R R
BEAEAT LA AL, o Al L PR Al 4 ) 3 AR S R
W A A OC I SR B K, AR R Cy, 1B s
FTE1EIE Bl 2, A~ Ascos (wt + @)

MA,<dif K,=0, C,=0, XA, =di}, %
MBS

ke d\ d |, (dV
KC[I(AZ)—F[MCCOS(AZ) A 1 (Az) ,

1 d
C(As)=cr— arccos(A) .

s 2
SIANEUSHG, RE TR NEMIEA
B BHPUEMEIE[ Z U X ) ={F}, B
[Zn Z }[Xl}:{ﬂ}
Zn Zn(A)|[Xo] |F.)

Horp, BEBTHL Z,, (AL) RN

Zyp(Ay)=(k+ Ky) — mw” + jowlc+ Cy),

) FH 58 S 00 DU SR e o, HORIE A, = X |, 7T
S wiy
| z.F,—2z,F,
N 202 A — 2070 |°

i o B TR RO R, TR R RS
BT T . YRR A,<d I, RG R L,
FFAE LR A0 A bt PR Bl AR AR, B )
W i R0 T BP0 R AR A . S IR TR
A, =d i, ERNIBE K, B4R 08 3G i i 554 K,
FERG DN R AR K, T BRI ) = RS
By, AR A I A, BRI A S A5 R 2
THRSMERAS, DI R T8 T 2R 58100 R AT

1.3 TENG LEEA S5HESER

f£ CEH H, # 4~ TENG ¥.o0 ¥ % F 3E B 3%
fith — 7 BT AR, LA 5 TAR AN E 3Ca)
e o Tt 0 BE 458 )= 5 40 sh R AF 105 RO IE FE 48 =
Y1 138 TENG (U-TENG) , iy B 2 2 5 1
B AR O 89 I BE 5 )2 48R & TENG (D-
TENG),

U-TENG (g} #4%
‘_l Vo
W R
| —
— - TFNG
: W s

(a) L2/ 28]

2

3 HiyRiEle
Fig.3 Schematic diagram
P T A AR 2 T fh b P 15 5 L RN ORI 5
PERIE, Hoe B0 TARIRER Al 23 AN B BE,



HET AN AR K AL S IR S RE B R AE R e (I 048 5

4() rme £ 1 BrB, TENG [ Cu it 5
FEP W58 ez, i T W AR R D) R B00F7 1 22
S, B Cu MR 2 FEP MR, (HF &
G0 A B A SRR R G HL A . T FEP
HA RS, B e i km. JEA
11 B B, PR 2B Mo i, 76 F W AE R,
FEP #5561 1 Cu LB AT IEHL, 343 L1l i
B3t ] Cu B, I P A SRV L . Y RSk
I B B, 8 2 1) B0 ok 3 o K, f o ot
T, REA TR BEE AN
BrBe, RDpERRE o A, FEF RS ERR, P E
B Cu B 0] Cu L, R G0 L ff Tk B B0 1R
oy, AR TE T BB, R — AR E

B

I ‘ 1 + + +
m SR R
8 l] 1

I
+ + + + + +
1

(a) A T AR5

o

(b) fyEMR

11 v
800
600
400
200

v
+  +  +

0
-200
-400
-600
-800
vl

Fig.4 Working principle of triboelectric nanogenerators
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