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Design of Coupled Piezoelectric-Electromagnetic Energy

Harvester and Energy Collecting Tests

WANG Caifeng. GAO Shiqiao. LIU Haipeng. WU Lisen
(State Key Lab. of Explosion Science and Technology, Beijing Institute of Technology. Beijing 100081, China)

Abstract: A coupled piezoelectric-electromagnetic energy harvester was designed, the expression of output power

was derived by the electromechanical couplingstate equations. The output characteristics of piezoelectric, electro-

magnetic and coupled piezoelectric-electromagnetic energy harvesters were compared through experimental tests. The

results show that the 3 dB bandwidth of the coupled piezoelectric-electromagnetic energy harvester was increased by

67% and 25% compared with piezoelectric and electromagnetic energy harvesters, respectively, resulting in an in-

crease of 38% and 118% in maximum output power respectively. The energy collecting circuit of coupled piezoelec-

tric-electromagnetic energy harvester was designed. The electric energy converted from piezoelectric energy-harves-

ting unit and electromagnetic energy-harvesting unit were collected by LTC3588 and LTC3108 chips separately, and

then stored in a super-capacitor. The charge tests of super-capacitor were conducted using three energy harvesters

separately. It is indicated that the charge time of coupled piezoelectric-electromagnetic energy harvester was de-

creased by 29% and 52% compared with piezoelectric and electromagnetic energy harvesters, respectively.

Key words: super-capacitor; output power; charge time; bandwidth; vibration

0 3 %F

W e I I JC 2 A2 R I 26 1) R Ay i R AR 2
FE Dot 1 114 146 rl 1) 250, I 30 7 BB A A T 9 1y 34
Mo TR HRFERENLBLY AN R L iR Sh 2L 7 RE 25 T 23 0 e A
NN R W 2 e I S S 5 W R R W
DAL HL g 2 R B AL PR 3 AR ORI A FL DR A
A5 M £ % X i . Andosca 7 Bt T — Bl L T 45
PRIR S (PZT) Y- P AR R B R Sl A7 fE 4% - R T A 2 5L
BERLHE S 1 GlCf7 BE 4% 1O B Hh WL TR L 2 3R Park
AR — AR Bl o R R RE L AE 0. 5Tg

Y f5 H #9:2016-02-05
BEETE :ER/\N =705 4 % B B (SS2013AA041104)

YEF B A7 R 1987 T AR EE D N 1 b A 32 2 A7

ZENE AR A oz 3 2 05 R BE S

(g=9.8 m/s" Jg I3 Jinide B (8 g B i 1 » ik
PR f K i R e A 2 R 50 D 68, 2 mV 115, 1
W3 5 S A PSR R T LR 1 1 Al B
VBT 2800 BT L A7 R - XA B Je K i Zh Ry
I SFD BT T — R AR R R R R 4R
i FE) 7T Duffing B 19 {E L0 s WL 12 BEAR 30
T o R e A R r s o B A A B () I g HH R
P H R R I PR R D 7 8 R A i e S R PSRN
B aOH s v T L R Rl 17 REATL IS 45 7 [R) — 25 4
bR TR R A AR

R0 BT . m AR (19615, 58 Gl L bt AL B L A S



5 6 0]

AW T — M - E A R Re g 0 3L
g 3 AR HEAT TR b RO T R - R S
AT HE 4 RE IR L I L FH &2 5 XA BB 4 X 41
AT T e it
1 AR R

e 0 st T A A 31 A B 4R I 1
TR o BN M A 44 o 3 0
ORIV E AR TR SS PZT )2 B8y B R X
FRAT B WAL R . L6 SRR T 4k ik 3h 18 22 % A=
TEAS 38 3 2 Pl ) 3 it R A el o AR A T P 2800 A
FH M JR L A . PZT )2 26 B8 [R] B = 2E ) R {5
Fo WA 2 R K - EER A SR RE AR 1 T AE
BR8] Ak Sy ot 5 -5 3% -BH JE - s H 5 s W R OT Y
ML & RS0, 125 18 W | FL W4 17 BB 2R T i B HL A

AR

ERE

K1 R R S SRR R A R B

Bl 2 HerL-FL G A2 6 S0P B 2 A5 AR Y
Y 2 () MR RIE .U, o s 5T B
FL TR+ T Oy R AL OC ) L R ORI TR R - LR A
AFFREAR AR TR

mz(t) Tenz(t) + Kz () +
g 1. () +0U, (1) =ma(t) (D
L.JI.(t)+ (R ARDI(1)—g.2(t)=0 (2)
B 0,0, (06 (1) =0 (3)

o ca (o) R BN B s m N U R KO SRR
NI s o IALBRBELIE R EX 50, g0 43 501 0 FE L% fig
JC MR RE BT A& 3 R F s R, - R 2300 8 R H
7 BE LA HLRE AT RE SR C AN T3k C, WL 2
M AERHEL A s ReOR Lo g 26 18 1) v BRI 25

RCAT iR 2l v 28 Bl 1 e 8T Z2 s, X = (2) L (3D A
{8 L A 4 7 5

TR T - 1 O A R B R i 4 R 903
I(w)=—2"2()iw 4)
¢ R.+R,

_ OR, -
Up(w>—7l_‘_jwchpz(w)1w (5

F| 2 80 A9 1% 136 pR B0AS 3 B & B 7 B K IR 18
2w N
_ o, SREC, T
zm*(mam)/{[ Mew +K+1+(prRp)2:| -+
2 g R,  T|*
W P”%iR;+Rm#fl+(wCJ%)2}} )
o an RN B A B RIRAE .
H FEL {7 B8 AT A9 S H R R B R A BE BT Y S
HE 4 0

SR

‘UP‘: 1+(prRP)22’;] (7)
. w&c
=R TR ®
524 A7 RE AR 10 S0 32 0 e HL £7 B 2R 0 A L
7 BE o0 1Y S s DR 22 A
P=P,+P.—
ngng Rpwz(gz B
[ﬂRm+Rgz+2+2mﬂqu}%‘ =

PRIL, - 2 A S IR R 48 10 0tk Th R 32
A TR SR SR AE A REE M R LR RE HLT AT
WEAFRE SR I I FEE S B I R Y 52 .
2 WK HERE

P 3l AU A7 Al 45 75 8 2 i (DO FC 6 2, R PR
AR AL i T R AR K AR SR R 6 I 1)
B E AR 0t D) R, g nE
SHIAMIKEINIKRAE, EHIEFES DL
(Crystal CoCo-80). /% ¥ %% . 17 & & 4 %% (RIGOL
DG2041A) (Hy Rl K48 (3 M 28 |] TS5730) . # i
& I BE 15 & 2% (PCB 393B04) . J5 Fi 2 . H P46
TN e - F i R SR R AR AL SR AL . i 3 v
HAEmES KAERAERAIRES G5 EYRBK
A A BIAR G AR5 B IR B B 4R 006 IR 3 17 fg
i TAE. ARG 00 80 b n B AL SRR ] SR L (R R
i B R B 3l AT 5 A B AR R U AR R SR TR

IS 3 Ry |



904 E OB 5 F 2016 4F
R /N T 2 F LA 91 7 BE A% 19 I A 01 22 il oy 279 kQ.63.2 Q. H G5
R T R LLEE 3 B R AR A0 Bk BE s X {7 HE v 5 HL A7 RE ST 1) B T 280 320 kQ. HLRE (R

7 BE 2% 5 5 i - ML B 52 5 A7 B 43 19 6K 2 L 0T o B RE LT 1Y B A U0 70 Q. &R A 2R RE A 1Y 1 4R A

1 PZT JZ B9 S B AR A] I3 H S AE 2 1
P BRI £k 18] 5 it i 27 RE 2 55 TR - G R 5 A7
AE o Y S JEC 52 L Jo o B L 4 LA R 1k 2 R A )
A 5B B dr I L PR IR R By PZT J=. 7E
0. 6g M fRIIEPIAD T » 3 i 1 B 7 45 A fe £E T 2 Ak
f1 i s S AN 4 TR

0.15
—a— R
0.12f —e— HIRER
E 0.00f T EAR
M
R 0.06f
=
£ o0.03fF
04
-0.0350—20 60 80 100 120
PR /Hz
B 4 3 Fh 7 RE % B9 4 H T R

B4 Al A5 HY
D FEr . B, B A 2 UF R AR i IR IR Ji R
S8k 72.5 Hz.65.5 Hz.74. 4 Hz, B X ARG R

R T R R R

2) A B B A ERA 3 dB AT
Iy 1.5 Hz 2 Hz, 2.5 Hz, 82 & 17 68 8% 1Y
3 dBAF L A3 B T 67 26.25% .

3) TE4 A M IRBCE b i B #E B
G 7 Re A 0 R K D 343 5 A 0. 104 mW
0.066 mW.0. 144 mW, §t & & =UAF BE 4% 19 B4 i1
B AR RE AR 38 5 T 3800, L ML G S 1F g
BET 118%.,
A S

BE 2 I & B BRI T

{7 R 25 4 HH 19 RE B AS RE DL I A 1 BB 3X
2 R A T 8 A O A L T R R R R R R
TH . HRB R AN, H A SO T R - R
A U7 R A8 AE e OB F B PR RE AR 1 S I
AL BT I M RE A AT RE & . SR - R
52 4 317 RE A3 5 5 S W I A0 9 1 P 7 B B DT RE
Wi Ha | FEL R 17 RE B T B R AR B RN L
3 FB4T N 5 PR,

3
3.1

R i e e
2 TG
emere -3 TG Voo |
st |V e, Vaaw| I | Lz, vz, |
| _-:L =2 C3 S:V OHI;ET V;ulEEm V. SW; VoulBE%
| vs, 16 P L Tocar U me |
Vs, VLDO— 1= ol Vi Pyo |
| C Vi GIJ\I_D pGp| Ce || < b, GND D, —l |
| I L | =
|
!_ HL A7 R B U R B AR FL B J !_ FE FL{% BB BT Rl B SOAE L N

A 5
RO RGN BRI UPTi N S NN A N DE S
Bt T IR HL A RE G BE R ACER HL S SR I LTC3588
B SR WA e v A7 BE BT A Y BE AR L O B RE
FRB R o e IR T DAE #2081 1 F P R G B
i o FH > 18 R 25 8 AL L T A BE R P
F IR T A T FE T 2 1 T IR — = B R
[Fil A e s A s 45 4 45 A 7 1) it v T L 32 1] SPICE
B0 AR R R A B S RN 3 1 R .

k1 EufFREtHERERBERESH
C,/pF  Ci/pF  C/pF  Cu/uF  L,/pH
10.0 1.0 4.7 47.0 10.0

RO R AR L UPT fvlR NN SR AR NI DE S o

JE v -HL G 2 5 U RS BE RO A vl

Wit T RELE RE oG RE B AR FL K, R LTC3108
RO L RE R L M AR . LTC3108 J& —
FESE I AC/DC % e i, Ho Tt i B0 3 $1 25 44 W] 75
BAHEEMZE 20 mV MR T T/E. ZREESL
I A1 AR R — R A TR B R 5 A 2R AT R
R P AR R AR B e i e A 2R ) B R
HiJE 328 Fl SPICE K {44 B 459 51 H S 4 19 i 5 2 40
k2 PR,

k2 mHFRETHERERERESHK
C./uF G /nF  C/pF  C//uyF  Ci/pF  Ci/pF
1.0 1.0 330.0 1000.0 470.0 2.2

{7 R A i HURE ™ AR U2 2 0 1 R I P IAT T



5 6 0]

E R <o L T RE R B RS it 905

5 X BB B 19 A7 A AR O i L T R 2 H 4 it R O AT LA
INF T pAH L, B AEH TREEAM. St
K Fl SE-5R5-D224VY/V/H #l 5 V.,0. 22 F [l 5%
FELZ S 43 00 S i A A B A B FEL AR i B G i B
F 5% i S it R R 0 BB R OC RE AR R o O
WO HRr s e,
3.2 FENK

MBI He - H G R SCAF A e i IR
HL L 43 i ol P e XL i o A A SR RE AR R AT
FERMEL . R R R RE AR AR H (R
$ﬁﬁgiq&%%ﬂgﬂg PZ, *ﬂ PZ, flﬁﬁ,%ﬂﬂ D():O,
D, =1,V,,=3.3 V il if ; i U7 B 25 2 A L RE7
REROCRE R IR AE L B 1Y Vo . R A VS, # Vi
VS, $# GND.V,,=3.3 Villili ; & &5 (R hE 510 E
L {7 BE 5L 00 L 17 B SR 00 20 i) 45 RSB R A TR 1Y
WIEREEAREIERR., 78 0. 6g BB B
Jil R s 3 T A7 AR 5 20 0l 7E % E S5 T RN IR PR AR
AR RGBT R KW E 6 iR .

K6 BYHATH

PR 10 min 0S5k — UGB R A EE . £
MR ANE 7 Pros . B O 8 9% L 25 7 o L R 3K
3.3 VB AL B 2GS F R84 00 58
[8] 43 #2170 min,250 min,120 min, A] W, & & X fF
R 09 70 L R) He L AR RERR T T 2900, He e
MR RERE T T 520 ., Wb, R ARG AL
HL 1% 52 5 A B 4 E 0 0 4R PR I 0T R 2 P 2 A P
AT, B A7 Re# FRe SR B B AL F 51—
7 REALEE Y He i XA i i 7 R

4
3 L
<
g 2
—— R
1t —e— H R
—— ZA&K
0 100 200 300
I 18] /min

K73 R FRESR B g0k A TS i £

4 HRE
AU T X ] 5 5 T AL - 02 5 SR RE

i Jd T HAL AR AR S T RS T R RS

o Gl o0t , - 52 & U1 R 2 10 A

s i SRR TR R R R R AR A T

RUEHE . Bt 1 I f-H G 52 5 X7 B s BE I

4 HL R 7 BE A D A SR R AL O B R S B

TP A R T . H A5 SR E A 59 7T A i e B

T s e ORI R SR R

S X

[1] HARNE R L, WANG K W. A review of the recent
research on vibration energy harvesting via bistablesys-
tems[ ] ]. Smart Materials and Structures, 2013, 22
(2): 1-12.

[2] ANDOSCA R, MCDONALD T G, GENOVA V, et
al. Experimental and theoretical studies on MEMS pie-
zoelectric vibrational energy harvesters with mass load-
ing[J]. Sensors and Actuators A: Physical, 2012,
178. 76-87.

[3] PARK J C, PARK J Y. A bulk micromachined elec-
tromagnetic micro-power generator for an ambient vi-
bration-energy-harvesting system [ J]. Journal of the
Korean Physical Society, 2011, 58(5); 1468-1473.

(4] W =08 BN 5. 2B RIER IR TR 07

Kk 92 me AIF 5 [ ], 74 2 58 38 K2 24 4k, 2010 (2) -
98-101.
XIE Tao, YUAN Jiangbo, SHAN Xiaobiao. et al. Fre-
quency analysis and electricity generated by multiple piezo-
electric cantilevers in energy harvesting[ J]. Journal of Xi’
an Jiaotong University, 2010(2): 98-101.

(5] Hm. ER, HYEA. & AF L Ew UaE R LA
(I otk TR, 2012, 20(12):2737-2743.

CUI Yan, WANG Fei, DONG Weijie, et al. Nonlin-
ear piezoelectric energy harvester[ J]. Optics and Pre-
cision Engineering, 2012, 20(12):2737-2743.

[6] CHALLA VR, PRASAD M G, FISHER F T. A
coupled piezoelectric-electromagnetic energy harvesting
technique for achieving increased power output through
damping matching [ J]. Smart Materials and Struc-
tures, 2009, 18(9): 95029-11.

[7] TADESSE Y. ZHANG S. PRIYA S. Multimodal en-
ergy harvesting system: piezoelectric and electromag-
netic[ J]. Journal of Intelligent Material Systemsand
Structures,2009,20(5) :625-632.

(8] SCihfh. AL E - S IFREBARIIRD]. Iy
IR« W JR I lk K2, 2013,





