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Fig.3 Optimized neural network structure diagram

23 ATeEWEREETME BPMENEZEL

Jor 2 B i i PV DF R HL 22 09 1R 4 BE 25 LA &

AT AR 7 0 R AR AE D AR i L) RE B WCER
a1 e RMIS B4 i i 78 6 4 1 1 T g
AR VERE AL 1 BP Bl 2 AL A AR AR
B R g N7 A P PR B AR A A TR AN [ T
Homn i v 98 R 40 B R 5 AN IR AR R s AT 15
Bl BRI Matlab 72 7 1 57 BP M2 [ 46

1) Bl iy R o BE A WA AR A% 16 AN [ 5T i B i
om R AR AL AMNIE U IR SR ST
H HL TR 9 RMIS {52 96 Bl AR D Wl G A o R R
£ randperm B B OB 43 FEAAE RN 2046, o5 —
G FEAAE Sy I 2

2) B A 3, T BT B B EE L A B A
FMER RN RSB S ZHBEARKREE AT
SRt b AT S R AR ) R e ) D o AT A —

P A B, A o B W S FE (O, 12 ) o 416 5% 48k v
2=t (9)
Lmax — Lmin

For s oo BEAR B0 5 o R0 PR AN HHIE 1) 45 KAHL 5 2,0

R AR B 1) e /M

1£ Matlab H i FH mapminmax e85, ¥ 50 5 e 55
FN0, 1] PRI LRI 25 f BT a2 48 0 03—
b B R AR B | 25 R TR pR 4K mapminmax i
Ji o TRVRE PO B A IO 245 1) ST 5 A0 R I s R A K
$5 52 A0 W) 1 95040 1, {5 FH pR %X mapminmax # 47 1
A

3) L BPMAML . BEEME itk
15 FF tansig, i H 2 00 4 0 A% 136 pR B £ purehn, I_]

4% 58 1 K FH Levenberg-Marquardt B 55 2% 2 BRI
4 learngdm , 14 B8 PR A msereg .

4) WS B BE . fXﬂ%ﬂ‘”ﬁlléffZHu o BB
B OCHY YN 2R 280, 38 5 27 2 282 0.01, BR i I 25 5
RIEACKEL T 1000, YN ZRZSRAFEE 9 110 7,
RSEE RO

5) FEAYPE AR G . X g Ny B A AL M g E AT R
D], 225 T 5 A S0 0 e 1 ot £k, O 5 S g s i 2R b AT
Fo#% o

6) BEAIPERE R 22 . B E R AR G it e br ik
FE BB R MY 7 R IR 2 (root mean square error, fi]
FR RMSE ) % 45 AU 1) 35 I 45 5 47 PF Al o R AT AT
5% 22 77 Fil (residual sum of squares, i #k RSS) L &
SRS T Fl (total sum of squares, i #8 TSS) RN

m

>

T,— v,)

2 RSS };( b yn)
R=1— =17 (10)

E(Tﬁ* ’I:)Z

Fr s T O SR A 5 y S T 5 T o S B A8 A F- 3
{H; A MBI 5

=4 TN ED B AT T 59 P L, BIVAUL 5 7 e g,
18] 5k 22 Al 2 /) ﬁ%%%ﬁiﬁnz To— )

2 ML A o R AT LUAT 2805 e T (LR S% B (i
Z 18] B UL i, PG AR T 45 SR A I 45, R”
FEAT 1, o 1 28 0 2% 1) 500 {H 55 5 B (B 2Z 18] /Y 41
TR

40 BP #2220 B R0R R I . d , X R B

SRR A
gz
L A 2%
AR !
A 1
l HimrA
B |
AH R
1 ol
241 % l
I T f
CAPHER s

P4 BP 2 ) g i 7 i fE 1R
Fig.4 Flow chart of BP neural network model



176 w® os.om KX 5 & W

43 %

A0 RO PEAT U — F AR B, 5 20 3 ST 4 ) o 28 ) 2% A6
T e AR LA K (B IR 5 SR, 0 o 22 190 2% i 47
ko TE— DU ZRid B AR 2 )5 TH AR iR 22 O
5B UR 25 AT LA, A R T I R R 22 (L, U)X 19 2%
HR ARSI DA B B (L R A7 B 8, P AR T — S 2k
JEI 30 5 o /N T S T A B U 3R s i 2 T 2% ) 1 o
2R B 1 WU, Al T 04 g AR AT B
AR 25 5

3 £ 1§
31 LBFEEEE

o7 I AR A PVDF 22 Hs W fE & AR A 1Y
By R A8 A0 R 5 TR B e AR B0 g e A AR
TG ZPFAAERRS PR R g
(TBS 2014B, Tektronix, Beaverton, Oregon, USA) |
5T R TR HOR A FUIR 4% (SA-JZ020) %5
Hov R 28 0T 77 A2 1 Hz~2 kHz B9 3R sl 450R | 45541
PSR A IR S PR

MEBREE BFERAR FosR RS

5 TR RS AEE AR A LR B

Fig.5 The experimental platform of the piezoelectric vibra-

tion energy harvester

3.2 LIHIERE

i F X A PVDF 2 & d 4k 3l i & 4R 4% 78
Hh TR A A B I FHE R, PVDF A& St &
2 [a] i BE s, L F PVDF 3278 B A 38 Bk Bl 28 5 17
SN IR R 2 Bl o i R . AN R
il 3 W S B, PVDE 3 7E 2 A~ B[] 52 90k 4%
PN i B IR TS N A SO S 8
i TR S BRI SR SR R O R R
T R AR LR L S I TN T A 4 R 4% T A A

I #4542 14 R FL R 3l B SR AR SE 5RO B L T
KT 2 R 28 IR I A 10 mm I, 78 A [ R e
Ji e (PVDF 3211 F 45 535 DL K A 3 il 451 2% i A 2%
R, BURa A PVDF 32 1 L Bl 5 05 46 48 14 B 1R H T

RMS i, T HAE 5 e 42 4% it vl TR 20 A1 40 141 6 e
N ATLLFE A — 7 e 4 i R R AN O T, 2
R R R AR, BE BSR4 PVDE 2R AESE B 2
A S ] B R TR A o SR R 8
i, PVDF %252 2 (9 15 1] 91 A" i DA S Hp 90 BLAE 2
A S B 1] 58 BBk e , G S i R R EOR

/\\
6T | L ' —mTg
=m=9g
sk m=12g
>4t FF
>~ ¥
gt
E 2r F
1k ] | == - }
A . — =
T 3 —15
< 023 0.4 05 = ';ﬁr‘(',

10

2 | B2
an*
516 i e B WA i i A R 0 A

Fig.6  Distribution diagram of output voltage of piezoelectric

A

energy harvester

3.3 MKIGEER

TE A 28 0 2 1 2 800 AS 0 5L S 3 1 i A
Rk 3, BN 1L RS R S Eoxt
I 2 P e A AR R MR . T s B 2 S iR s B
K, P8I 25 o 5 14 B ) A8 4G, B8 28 2 2 B W 26 R g
SE RSB YT B D I 4% AR A O R
VIR PTG R B 2338 22 o 2 2] SR 2 50 ) I 28 A0 84
1) 3 B RO L /N ) 2 2T ST DR IE X 28 M 8,
SR WS o TR S AR BN s AR, A 20 AR R A T
il 1 090 2465 91 39 10 K 180, 5% e R AR o 22 RS
JE BP 2 W45 55 1A B & J2 15 A5k 8,56 2
MRS R S EC 4,222 %R 0.01,

iy N\ P2 I 2 v B SO R AR 2 A N R A
B E A AN A o AE X 300 B T, RO IR 4L
it 2wk 22 X 2% 1 S T 36k 4 Al 4R KA T
K, AN 22 2 5 4% 1l it A

FEN 2558 2 S5, o 7 0T 00 1l 3% 90 28 3 4 7
P4 WS R 4 T ASE TR ) 1 4 R 2R I 2% IR AR IR
A& RTINS B [0 09 By #EAT AT AR, I 7 TR o
VA — b 52 B Ay R k05 1 2 50 A o r R 0 — 1R 1Y
(B, 5 — Ak F00I0 1 Ay 00 00 A4S A8 15 £ 7 g, R A — A Y
B, MEME RN, B 7)) P, R°=0.997;
B 7(b)H, R*=0.992; & 7(c)H ,R*=0.967, & 7(d)
PR BT A 28 I 2 SR 1) A T0 BB ), R*=0.995.



CHRE|

WK, A LT 2R I 2% A T v R i 0SB 1 R TUA A Y 177

Ay UL, 22 I G I AR AR AT PR YR
g;"‘zo

1.0 - 1.0

= 03] i%% m 087 iﬁ%& O
ool E06f
§04- 504- P
hoal o2
0

02 04 06 08 10
JA— L) SEBR A

0 1 1 1 1
0 02 04 06 08 1.0 0
VA— LK) SEbR 1A

(a) V54 (b) HAESE
(a) Training set (b) Validation set
1.0
1.0 5 %ﬁ &
w 08F — | L] — y=1"~
@ 0.6 § 0.6F
5 0.4 g 04F
lg 0.2 lm 02}
(o]
0

012 014 0r6 0i8 1.0
AL S brE
(o) MikdE (d) BARLER
(c) Test set (d) Overall result
&7 Il )= fE 7 Al Ak

Fig.7 Visualization of regression capability

L L L L 0
0 02 04 06 08 1.0 0
AL SE BB

34 MEERSZBHESTLE

P 8 Sy 1 2 o) 28 I 2 45 R R0 S B AR X e o AT A
AL UIZRJE P4t RMS B 5 S A2 A Y & .
B9 w2 W 45 I GRS th iR 22 o T RAAE L 1
90 A REAS Hh ST TN 1 55 592 56 {2 ] 9 1R 22
REZFEHTE 0~0.25 V Z 18], Herh HA7 0 B0 $dis
FEAS i 22 B

RMS{E / V
O—=NWAUVR

0 10 20 30 40 50 60 70 80 90
A%
P8 i I 2% I R 45 SR S 0 B X L

Fig.8 Comparison of neural network training results and ex-

perimental values

0.6F -
o OS] P2
1 \I\ 1
V‘\ m\ “‘I\
\AH

~ 04}
o3 A
(())21 j“\‘rwﬂ ) LAY ‘u’\ )
ot U R I

0 10 20 30 40 50 60 70 80 90
FEAH

PO o I 2 I 2 SR i i iR 22

Fig.9 Output error of neural network training results

DL 25 5 R e TN TR 4 I 45 I A O 1Y) 1
Ao TIUAR B A U S0 4 DI 0 B0 &5 SR iR 1
H a5z AE 1, % AR YN ZRad 0 i A B BE 48k oE i
Hiy TG L R RE . A TR B0 B 2R I 4% ) TA 1
AE 4 A 8 YN 3k i e fi D A 52 0 5 R b 2 ) 4%
A 285 S HE AT X L o i 2R 5 4K 4 SR kL dn
10 frzs o Al DU i 300000 {8 0 S 56 {3 A% — 2.
Wy & PEAR I, H R = 0.991 04, 58 B gkt ik I 1) 4 22 1Y
26 0] fiE A SR AEAS TR S 30 S 40T i g e R B
g 1 T AR

6
spoo S $
= TR{E |
>4r }
\3 y /
%2 /ﬂ\\ ﬂ //
1 \ \!
of v
02 4 6 8 10 12 14
TR A 3

K10 2 1o 2 0 i 45 SR X e

Fig.10 Comparison of neural network test results

K110 m=9 g, AL=0.2 mm i A [a] 35 4 Ji 2%
I IR S RN I U o (2 B AT 5 = R
1 S 30 A 8 b e 34— B0, B SR e AR A B 1Y) T
2 A P i 22, 524 S0 A0 3 AE 8 Hz 22 0 1 B (i ith
LW PR AR R* = 0.986 18,

350 - SEHME
3.0p o WA

*

6 8 10 12 14 16

VIR / Hz

Bl 11 m=9 g, AL=0.2 mm B} A [6] SR A0 N it e R T
0 N 52 56 E X e

Fig.11 Comparison of predicted output voltage and experi-

4

mental value under different excitation frequencies

when m=9 g,AL=0.2 mm

4 HRIF

BEXT T T R BUER ZS PVDE 22 1 i g i i gk
i RN T 2 10 2% 3t 57 PR RE TUAG A2, gk ke T
H T 1 F R A MR AR BT 2 RO i R = ] A A
2 G AR T B P e A R X 0 [ AR TR 22 I
1] A% 5 I 25 14 22 22 Wi 51 0 28 B ily b B A S A5t 45 4



178 w3, W

w5 2

W %43 5

Ffi 22 B 00 , A 8 T T A B B WA 2R N M 8 ) 2%
PR . SE G AN [F] 5 B B i (PVDF JR L 32
F14 e 46 7 LA R A BOAR 0 0 R WA 8 B R
PE T HIR N G5 T B v B4 i 22 9 2% B 80 . 1) 1 2
U B0 1 225 T 24 TN S P R e ACHE 2 B0 i R L T
(LR 52 56 £ 19 7 A 3 — B8, BB W) & PR .

z % x #

[1] E7 . TR RIRI G BESNIFEID].
W AR R, 2010.

[2] CARNEIRO P, DOS-SANTOS M P S, RO-
DRIGUES A, et al. Electromagnetic energy harvesting
using magnetic levitation architectures: a review [J].
Applied Energy, 2020, 260: 114191.

[3] ZHANG Y, WANG T, LUO A, et al. Micro electro-
static energy harvester with both broad bandwidth and
high normalized power density [J]. Applied Energy,
2018, 212: 362-371.

(4] BEUN . 5t 75 Bk r Rk 7 25 B v B b WA 2% b Y
B SEAR AT S (D], Ll - vh [ B2 g K2 (b [E R 2 B
MR RIS, 2018.

[5] XIA G H, FANG F, WANG Q, et al. Performance
analysis of piezoelectric energy harvesters with a tip
mass and nonlinearities of geometry and damping under
parametric and external excitations [J]. Archive of
Applied Mechanics, 2020, 90(10): 2297-2318.

[6] COVACI C, GONTEAN A. Piezoelectric energy
harvesting solutions: 2020,
20(12): 3512.

[7] SOMKUWAR R, CHANDWANI J, DESHMUKH

R. Wideband auto-tunable vibration energy harvester

a review [J]. Sensors,

using change in centre of gravity [J]. Microsystem
Technologies, 2018, 24(7): 3033-3044.

[8] WEN S, XU Q, ZI B. Design of a new piezoelectric
energy harvester based on compound two-stage force
amplification frame [J]. IEEE Sensors Journal, 2018,
18(10): 3989-4000.

[9] IZADGOSHASB 1,

Improving efficiency of piezoelectric based energy

LIM Y Y, TANG L, et al.

harvesting from human motions using double pendulum
system [J].
2019, 184: 559-570.
[10] QIAN F, XU T B, ZUO L.
harvesting from human walking using a two-stage
2019, 189:

Energy Conversion and Management,

Piezoelectric energy

amplification mechanism [J]. Energy,
116140.

[11]

[13]

[15]

LI X, UPADRASHTA D, YU K, et al. Analytical
modeling and validation of multi-mode piezoelectric en-
ergy harvester[J]. Mechanical Systems and Signal Pro-
cessing, 2019, 124: 613-631.

ZHOU K, DATH L., ABDELKEFI A, et al. Theoreti-
cal modeling and nonlinear analysis of piezoelectric ener-
gy harvesters with different stoppers [J]. International
Journal of Mechanical Sciences, 2020, 166: 105233.
SRAR SRR IE, BLAR AE R L AR B0 B 4 I 4 AR
SR [T]. 2R % T, 2012, 20(3) : 587-596.
ZHANG Dong, ZHANG Chengjin, WEI Qiang, et al.
Neural network modeling and control of piezoelectric
worktable [J].
20(3): 587-596. (in Chinese)

W S, BR L AF L LT RBE 48 9 46 1Y TR H
PAT AR R W L[], R 5 4 0, 2018, 40(5) -
697-699.

HU Li, LI Guoping, LYU Xuejun, et al. Hysteresis

Optical Precision Engineering, 2012,

modeling of piezoelectric actuator based on RBF neural
network [J]. Piezoelectric and Acousto-Optics, 2018,
40(5): 697-699. (in Chinese)

TWAR, MRITPH, ZBh e g8t fE B Ak i BP pf 2 ) 4%
T HRL P S W A U [T ] i L5 45 24 41, 2018, 22(7)
91-96.

FAN Wei, LIN Yuyang, LI Zhongshen. Creep predic-
tion of piezoelectric ceramics based on BP neural net-
work optimized by genetic algorithm [J]. Journal of Mo-
tor and Control, 2018, 22(7): 91-96. (in Chinese)
BAGHERI S, WU N, FILIZADEH S. Simulation-
based optimization of a piezoelectric energy harvester
using artificial neural networks and genetic algorithm
[C] /2019 IEEE 28th International Symposium on
Industrial Electronics. [S.1.]: IEEE, 2019: 1435-1440.
EMRE C, EROL K, YUNUS U, et al. A neural
network design for the estimation of nonlinear behavior
of a magnetically-excited piezoelectric harvester [J].
Electronic Materials, 2018, 47(8): 4412-4420.

F—IEEBMN:KE, P 199743 H 4,
A T EARGE Y Ok R HRE IR
.

E-mail: zjin_1997@sina.com

BIEEEB N KM, 5, 19794E 7 H
A BIBESE B R A I, BT
I g s PR RE AR ACAE R A LA R
E-mail: zhangjt@shu.edu.cn



