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Fig. 1. Multi-stable cantilever beam with two magnets: (a) The
state concluding three stable points; (b) the state conclud-
ing four stable points.
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Fig. 2. Schematic diagram of there-dimension coordinate
system and magnetizing currents on the surface of the cir-

cular magnet.
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Table 1. Materials and parameters of cantilever
beam, rectangular magnet, and ring magnet.
B 28 Bl
ERFRAR B PR B/ GPa 200
Wl po/kgm ? 7700
K lo/mm 60
e we/mm 10
JEE to/mm 0.15
Nd:gffgiﬁg;%) BB pa/kgm? 7500
KBl /mm 10
& wy /mm 10
JEJE ¢y /mm 3
WAL My /A m? 6 x 10°
IR AL .
ngg;%%(ggf\m) HE pp/ kg ? 7500
JEJE ty/mm 3
S EAR ) /mm 40
NI EAE py/mm 20
BEALHRBE M/A-m™ 6 x 10°
HAEWFRu/N-A?2 4n x 107
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Fig. 3. The curves of B; and B; varying with z: (a) The curves of B; varying with z, y = 6.0 mm; (b) the curves of B; varying with z,
y = 6.0 mm; (c) the curves of B; varying with z, y = 10.0 mm; (d) the curves of B; varying with z, y = 10.0 mm.
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Fig. 4. Magnetic induction intensity measurement system: (a) The measurement of B;; (b) the measurement of B;.
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Fig. 5. The position of the rectangular magnet in coordinate

system when the cantilever beam is bent.
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Table 2.  Experimental equipments and models.
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Fig. 6. Two kinds of calculation of the position of the mag-

net at the free end of the beam.
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Fig. 7. Displacement measuring device.
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rectangular magnet.

R4 (16b) A (17) =K, G 1K 5 FlEl 8, 4
BB 1 S TR e I, FTLAR
BB 02 8 0 (e + 5 sinad 8 o ot
e 3 0500 ) SR | AL 0
%I‘Eﬂﬁéﬁ(w + %A sina+%A cosa, d + %B +ta + yc—
y cosaut 2 sina,0 ) SRR PRI

N N — ta . l t
fL‘EI"J’fIEﬂ%$m<xC + ?A sina — ?A cosa,d + EB + tat

140502-6


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 69, No. 14 (2020) 140502

m—gww_gmm@\ﬁ%m%ﬁ%ﬁmm

S N N _ ta . t
EEWﬁEPAL\EﬁélﬁJéléifxﬁ(xc + 51* sina, d + EB +ta + yc

- cosa, ) R REBRIR RIRLAC

N — t t t
%Iﬂélé%(xc + EA sina, d + EB +ta +yc — EA cos a,
’LUA>
5 )

3.3 IEMHESKSINEHELERIEIRIRE S

TR W R T A1 PR A PR G B £ B
Yy i s 1) 22 85 1] 2Ry 21

F //S K. x Bds, (19)

W (18) ACA (19) =K, BRI 45 258 w2k
Z BRG]
F:Fii+Fjj+Fkk:

|:// (—MABj)dS+/ MABde

Sl SQ

+// (fMAsinaBk)ds+/ MAsinaBkds}i
S3 S4

+ |:/ MABldS—l-// (—MABi)dS
Sl 52

+/ My cosaBkder// (—May cosaBk)ds]j
S3 S4

+ {// (—Ma COSOsz)dS—i-/ My sin aB;ds
Sg SB

+ / . My cos aBjds + //54 (—Ma smoaBi)ds} k,
(20)

Hrr, Sy, SN HIEREER Ry mmAH,
Sy =Sy =tawa, Ss, SuIT NIRRT 5 &
YIRS, S5 = Sy = tala, HIEREZRRSTINE 8 PR
T IE (20) B A ERE, FEE 5 AR R
AT d = 5.8 mm Fl d = 8.0 mm F4MHE, RHE
1 HRISEL X (20) XHTEUEDT E, 153 F A
Fjbficc B0 OCF MR, W 9 rhid i (e k. ik
B 2 iR = 0 RO A AR R AN
s A K] 10 PR g I i R GE, TR B EE
AU A bR 2 (A E AL T 5 A Y G 0, 15 BI0E D F,
FiBE xc MRS R M2, WiE 9 i LL a2 5%
Ze. thIE 9 AT LA Y, 928080 5 05 BB B AR )
&, Wik T (20) 2URE TS TR ALY A B S

BB, BTS20 Hh s B9 7 3 B9 /N A B
47 0.05 N, HILE 9 H/hF 0.05 N [ )1 HiE
FAELEFR.

4 Bk F AT

X T IR AR RSB R ARG, WA E LW
AKFOLE (e = 0) NRGEMFHRES, HA%
JEETIHAE, R4S BT A e 5 By [ A
el we I, RGEEHBE VLIS SE R 52 T4
I

Wi = / Keqxdz,
0
T GORYI|
et 2 sina
W2 = —/ Fidx,
0
F, )

Wy = —

Yt ye—cosa
/ F;dy,

0

Hp

zc
V:W1+W2+W3:/ Keqoda
0

xc+%‘sina tTAercf%Acosa
—/ deiﬁ—/ Fjdy, (21)
0 0

(21) MR R G s B Ik, WU B S
&, BRBUGERE RS RARE. BT, (21) Al
FIFRZ N R G RE R AR IR RE DR P G Bk
FR TR K H RS ARS8, mT LA B XU e i e &
SRR,

4.1 BREBRRETEREEREENT

MG 1, BB F I 2k 0 R o3
2% 10 mm x 10 mm x 3 mm Fl 40 mm(yp;) X
20 mm(p,) x 3 mm, X (21) KHATEAE 0 HT, 15
FNE 11 AFRERE d i REReRECEILEIS.

T 11 AT, Bl E AR ) BE R 3G R, RGE
PR = RROIR A5 78 A RSIRAS . Y gk ) B
dAR/NEE, T d = 3 mm, RGP, HH
MR A, 2 d 4RI, W d = 6 mm, REE
B = AR 22780 QSR AR S JCRE R (R R, 4
d = 20 mm, MRS =DHBPILTIHE, RER
R —ERIRE.

140502-7


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

¥ 1B ¥ Acta Phys. Sin.

Vol.

69, No. 14 (2020) 140502

—oor S

—-0.8

—10 0 10 20

rc/mm

‘230 —20

0.4

30

0.2 1

—0.2+F

—0.4

—10 0 10 20

zc/mm

'~30 —20

K9 F, F;§i = (AR CR
%, d=28.0mm; (d) F; B zc IWZERXR, d= 8.0 mm

0.4

0.2

Fj/N

—0.2F

—04F

—10 0 10 20 30

zo/mm

—-30 —20

(a) F; B 2 MR IEHR, d = 5.8 mm; (b)F; Bl 2o MZEAL KRR, d = 5.8 mm; () F; Bl o BB

Fig. 9. The curves of F; and F; varying with z¢: (a) The curves of F; varying with a¢, d = 5.8 mm; (b) the curves of F; varying with

¢, d = 5.8 mm; (c) the curves of F; varying with a¢, d = 8.0 mm; (d) the curves of F; varying with 2¢, d = 8.0 mm.

El 10

Fig. 10. Magnetic force measurement system: (a) The measurement of F; (b) the measurement of F.

RPN RS AN, Y38 KA TR R
SPEE, RGEFeR B ERLER AR d ARG R, 25 B
SRR B RR S SR A A BRIR S HRR 16
RSN, P20 mm x 20 mm x 3 mm
130 mm x 30 mm x 3 mm HFEIEREER K, 1
I RAGE R R B RE R BE d B9 fR S, Wl 12

T 3 R G

(a) F; M (b) F; P04

fiion. ATLLE B, SRR RS 20 mm x
20 mm x 3 mm B}, FifiE WL RIRE A R, REGEH
PRI U = Rt R A B A8 AR FLEA AR s Y
WIERESRIRSE A 30 mm x 30 mm x 3 mm, Bl
EWEERBIFERYIG R, RGF R RS
R BN TR Ve

140502-8


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 69, No. 14 (2020) 140502
0.015
0.016
0.014
0.012 0.010 P
0.010 -
=
0.008
0.006 00051
0.004
0.002
0
‘Z'O/Inm _500 0

11 FIEREER (10 mm x 10 mm x 3 mm) 5FIEREER (40 mm (p;) x 20 mm (p,) x 3 mm) fEFHMN ARG HERE  (a) REH R
B4R (b) BEERIEE 50 d = 3 mm, d = 6 mm, d = 20 mm B REH R % — 2 &

Fig. 11. The system potential function varying with d when the size of the rectangular magnet is 10 mm x 10 mm x 3 mm and the

ring magnet is 40 mm (¢;) x 20 mm (¢,) x 3 mm: (a) Three dimensional diagram of system potential function; (b) two dimensional

diagram of system potential function when d = 3 mm, d = 6 mm and d = 20 mm.
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140502-11


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

W) I8 =

R Acta Phys. Sin.

Vol. 69, No. 14 (2020)

140502

DA AG B AR M Z RSB R R
g5, EEnRa SR H , B R T TIAE Z R,
Oyl RGELER AR S H £ . A SR A
%ﬁn%ﬁ;ﬁz&%ﬁﬂwﬁﬂﬁ P T — R S I 2 R
A R LR T X2 UG P R4 R (Y
5%, iﬂTUTaﬁ%énwb

1) BERAH mmﬂﬁiﬁﬁﬁﬁﬁﬁﬁﬁbiﬁﬁﬁéﬂ%
ﬁ/ﬁzz%%FJ*&*HXWTWEEE’JXXW%Uféﬁ PR
T AR R RO sl R TR B, (R g L ﬁih )l
B, =R DURRAFAE.

2) X F— 5 R R IE G, 35 BOAS [A] R
FIAETERERR, 2250 BY A pR R Bt 1k ) B ) AR T 25
AR AL T =0, IR B R T U — 5%
IMERT, REEH RS = Fa M FIRAS 2 0] 142
54k %iﬁiﬁﬁﬁﬁﬁéﬂaﬁﬂ‘iﬁ—ﬁm, R R
o B =R AR - PR RIS Z R B S Y
ﬁiﬂﬁﬂ@%’fﬁ%ﬁﬂ“iﬁﬂﬁﬁi ARG
PRPUFE- XU - PRRRIRAS 2 [ A 5 AL B 4.

3) M HEER A RSF—%E, H kI — 2 il
BRIBIEE RS, SETE MG R ST BIAE AL, iR 25 [ R S
PRAICTE B - = Fa-DURCR S Z IRl .

4) RERFRBFREEH R AR R F AT,
B GE A f s s, R R ST RE B AR 1L, S
PRGBS L HERR T X R & A

k.

S 0k

[1] Daynes S, Weaver P M 2012 Smart Mater. Struct. 21 105019

(12]
(13]
(14]

(15]
[16]

[17]
18]
[19]

20]

(21]

[22]

140502-12

Barbarino S, Bilgen O, Ajaj R M, Friswell M I, Inman D J
2011 J. Intel. Mat. Syst. Str. 22 823

Jiang W H 2018 M. S. Thesis (Harbin: Harbin Institute of
Technology) (in Chinese) (in Chinese) [ZEfF£L 2018 A +-2%{i
WIC(WA/REE: MG/RIE T K2))
Diaconu C G, Weaver P M,
Struct. 46 689

Daynes S, Nall S J, Weaver P M, Potter K D, Margaris P,
Mellor P H 2010 J. Aircraft 47 334

Priya S, Inman D J (Translated by Huang J Q, Huang Q A)
2010 FEnergy Harvesting Technologies (Nanjing: Southeast
University Press) ppl—4 (in Chinese) [Yb 11152 3% F13, £1J2
RS (B ILRK, BEPZE, 1) 2010 RERUCEERIAR (FEaT: KK
SR 55 14 51)

LuY W, Shan X B, Yuan J B, Xie T 2010 Machinery Design
& Manufacture 5 118 (in Chinese) [J54 0, /MY, ZILH,
WA 2010 AL SIS 5 118

Wang Z P, Liu J B, Jiang N, Li B 2010 Piezoelectrics &
Acoustooptics 32 763 (in Chinese) [ TR, XIfRtR, Zf, 2510
2010 HHL 57 32 763]

Challa V R, Prasad M G, Fisher F T 2009 Smart Mater.
Struct. 18 095029

Chen Z S, Yang Y M 2011 Acta Phys. Sin. 60 074301 (in
Chinese) [FffiA:, #HH R 2011 P34 60 074301]

Podder P, Amann A, Roy S 2015 Sensor Actuat. A-Phys. 227
39

Gao Y J, Leng Y G, Fan S B, Lai Z H 2014 Smart Mater.
Struct. 23 095003

Leng Y G, Tan D, Liu J J, Zhang Y Y, Fan S B 2017 J.
Sound Vib. 406 146

Zhou S X, Cao J Y, Inman D J, Lin J, Liu S S, Wang Z Z
2014 Appl. Energy 133 33

Deng W, Wang Y 2017 Mech. Syst. Signal Pr. 85 591

Roundy S, Wright P K, Rabaey J 2003 Comput. Commun. 26
1131

DuToit N E, Wardle B L 2005 Integr. Ferroelectri. 45 1126
Roundy S, Wright P K 2004 Smart Mater. Struct. 13 1131
Agashe J S, Arnold D P 2008 J. Phys. D: Appl. Phys. 41
105001

Zhang Y Y, Leng Y G, Tan D, Liu J J, Fan S B 2017 Acta
Phys. Sin. 66 220502 (in Chinese) [5KFiFH, ¥7HI, E1F, Xk
2, WML 2017 PREAEAR 66 220502]

Tan D, Leng Y G, Fan S B, Gao Y J 2015 Acta Phys. Sin. 64
060502 (in Chinese) [HEF}, ¥k WI, JEMER:, Efil% 2015 Py
“#4lt 64 060502

Tan D, Leng Y G, Gao Y J 2015 FEur. Phys. J.: Spec. Top.
224 2839

Mattioni F 2008 Thin Wall.


http://doi.org/10.1088/0964-1726/21/10/105019
http://doi.org/10.1088/0964-1726/21/10/105019
http://doi.org/10.1088/0964-1726/21/10/105019
http://doi.org/10.1088/0964-1726/21/10/105019
http://doi.org/10.1088/0964-1726/21/10/105019
http://doi.org/10.1177/1045389X11414084
http://doi.org/10.1177/1045389X11414084
http://doi.org/10.1177/1045389X11414084
http://doi.org/10.1177/1045389X11414084
http://doi.org/10.1177/1045389X11414084
https://kns.cnki.net/KCMS/detail/detail.aspx?dbcode=CMFD&amp;dbname=CMFD201901&amp;filename=1018894274.nh&amp;uid=WEEvREcwSlJHSldRa1FhcEFLUmViNXFTSDBKcTgxNk5qekxYUFBvQWx6ST0=$9A4hF_YAuvQ5obgVAqNKPCYcEjKensW4IQMovwHtwkF4VYPoHbKxJw!!&amp;v=MDc1MDBWRjI2RnJ1eEd0UExxNUViUElSOGVYMUx1eFlTN0RoMVQzcVRyV00xRnJDVVI3cWZZT2RyRkNqbFZydkw=
https://kns.cnki.net/KCMS/detail/detail.aspx?dbcode=CMFD&amp;dbname=CMFD201901&amp;filename=1018894274.nh&amp;uid=WEEvREcwSlJHSldRa1FhcEFLUmViNXFTSDBKcTgxNk5qekxYUFBvQWx6ST0=$9A4hF_YAuvQ5obgVAqNKPCYcEjKensW4IQMovwHtwkF4VYPoHbKxJw!!&amp;v=MDc1MDBWRjI2RnJ1eEd0UExxNUViUElSOGVYMUx1eFlTN0RoMVQzcVRyV00xRnJDVVI3cWZZT2RyRkNqbFZydkw=
https://kns.cnki.net/KCMS/detail/detail.aspx?dbcode=CMFD&amp;dbname=CMFD201901&amp;filename=1018894274.nh&amp;uid=WEEvREcwSlJHSldRa1FhcEFLUmViNXFTSDBKcTgxNk5qekxYUFBvQWx6ST0=$9A4hF_YAuvQ5obgVAqNKPCYcEjKensW4IQMovwHtwkF4VYPoHbKxJw!!&amp;v=MDc1MDBWRjI2RnJ1eEd0UExxNUViUElSOGVYMUx1eFlTN0RoMVQzcVRyV00xRnJDVVI3cWZZT2RyRkNqbFZydkw=
https://kns.cnki.net/KCMS/detail/detail.aspx?dbcode=CMFD&amp;dbname=CMFD201901&amp;filename=1018894274.nh&amp;uid=WEEvREcwSlJHSldRa1FhcEFLUmViNXFTSDBKcTgxNk5qekxYUFBvQWx6ST0=$9A4hF_YAuvQ5obgVAqNKPCYcEjKensW4IQMovwHtwkF4VYPoHbKxJw!!&amp;v=MDc1MDBWRjI2RnJ1eEd0UExxNUViUElSOGVYMUx1eFlTN0RoMVQzcVRyV00xRnJDVVI3cWZZT2RyRkNqbFZydkw=
https://kns.cnki.net/KCMS/detail/detail.aspx?dbcode=CMFD&amp;dbname=CMFD201901&amp;filename=1018894274.nh&amp;uid=WEEvREcwSlJHSldRa1FhcEFLUmViNXFTSDBKcTgxNk5qekxYUFBvQWx6ST0=$9A4hF_YAuvQ5obgVAqNKPCYcEjKensW4IQMovwHtwkF4VYPoHbKxJw!!&amp;v=MDc1MDBWRjI2RnJ1eEd0UExxNUViUElSOGVYMUx1eFlTN0RoMVQzcVRyV00xRnJDVVI3cWZZT2RyRkNqbFZydkw=
http://doi.org/10.1016/j.tws.2007.11.002
http://doi.org/10.1016/j.tws.2007.11.002
http://doi.org/10.1016/j.tws.2007.11.002
http://doi.org/10.1016/j.tws.2007.11.002
http://doi.org/10.1016/j.tws.2007.11.002
http://doi.org/10.2514/1.45389
http://doi.org/10.2514/1.45389
http://doi.org/10.2514/1.45389
http://doi.org/10.2514/1.45389
http://doi.org/10.2514/1.45389
http://doi.org/10.3969/j.issn.1001-3997.2010.02.047
http://doi.org/10.3969/j.issn.1001-3997.2010.02.047
http://doi.org/10.3969/j.issn.1001-3997.2010.02.047
http://doi.org/10.3969/j.issn.1001-3997.2010.02.047
http://doi.org/10.3969/j.issn.1001-3997.2010.02.047
http://doi.org/10.3969/j.issn.1001-3997.2010.02.047
http://doi.org/10.3969/j.issn.1001-3997.2010.02.047
http://doi.org/10.3969/j.issn.1001-3997.2010.02.047
http://doi.org/10.3969/j.issn.1001-3997.2010.02.047
http://doi.org/10.3969/j.issn.1001-3997.2010.02.047
http://www.cqvip.com/QK/92382X/201005/35516850.html
http://www.cqvip.com/QK/92382X/201005/35516850.html
http://www.cqvip.com/QK/92382X/201005/35516850.html
http://www.cqvip.com/QK/92382X/201005/35516850.html
http://www.cqvip.com/QK/92382X/201005/35516850.html
http://www.cqvip.com/QK/92382X/201005/35516850.html
http://www.cqvip.com/QK/92382X/201005/35516850.html
http://www.cqvip.com/QK/92382X/201005/35516850.html
http://www.cqvip.com/QK/92382X/201005/35516850.html
http://www.cqvip.com/QK/92382X/201005/35516850.html
http://doi.org/10.1088/0964-1726/18/9/095029
http://doi.org/10.1088/0964-1726/18/9/095029
http://doi.org/10.1088/0964-1726/18/9/095029
http://doi.org/10.1088/0964-1726/18/9/095029
http://doi.org/10.1088/0964-1726/18/9/095029
http://doi.org/10.7498/aps.60.074301
http://doi.org/10.7498/aps.60.074301
http://doi.org/10.7498/aps.60.074301
http://doi.org/10.7498/aps.60.074301
http://doi.org/10.7498/aps.60.074301
http://doi.org/10.7498/aps.60.074301
http://doi.org/10.7498/aps.60.074301
http://doi.org/10.7498/aps.60.074301
http://doi.org/10.7498/aps.60.074301
http://doi.org/10.7498/aps.60.074301
http://doi.org/10.1016/j.sna.2015.03.043
http://doi.org/10.1016/j.sna.2015.03.043
http://doi.org/10.1016/j.sna.2015.03.043
http://doi.org/10.1016/j.sna.2015.03.043
http://doi.org/10.1088/0964-1726/23/9/095003
http://doi.org/10.1088/0964-1726/23/9/095003
http://doi.org/10.1088/0964-1726/23/9/095003
http://doi.org/10.1088/0964-1726/23/9/095003
http://doi.org/10.1088/0964-1726/23/9/095003
http://doi.org/10.1016/j.jsv.2017.06.020
http://doi.org/10.1016/j.jsv.2017.06.020
http://doi.org/10.1016/j.jsv.2017.06.020
http://doi.org/10.1016/j.jsv.2017.06.020
http://doi.org/10.1016/j.jsv.2017.06.020
http://doi.org/10.1016/j.apenergy.2014.07.077
http://doi.org/10.1016/j.apenergy.2014.07.077
http://doi.org/10.1016/j.apenergy.2014.07.077
http://doi.org/10.1016/j.apenergy.2014.07.077
http://doi.org/10.1016/j.apenergy.2014.07.077
http://doi.org/10.1016/j.ymssp.2016.09.002
http://doi.org/10.1016/j.ymssp.2016.09.002
http://doi.org/10.1016/j.ymssp.2016.09.002
http://doi.org/10.1016/j.ymssp.2016.09.002
http://doi.org/10.1016/j.ymssp.2016.09.002
http://doi.org/10.1016/S0140-3664(02)00248-7
http://doi.org/10.1016/S0140-3664(02)00248-7
http://doi.org/10.1016/S0140-3664(02)00248-7
http://doi.org/10.1016/S0140-3664(02)00248-7
https://www.tandfonline.com/doi/full/10.1080/10584580590964574
https://www.tandfonline.com/doi/full/10.1080/10584580590964574
https://www.tandfonline.com/doi/full/10.1080/10584580590964574
https://www.tandfonline.com/doi/full/10.1080/10584580590964574
https://www.tandfonline.com/doi/full/10.1080/10584580590964574
http://doi.org/10.1088/0964-1726/13/5/018
http://doi.org/10.1088/0964-1726/13/5/018
http://doi.org/10.1088/0964-1726/13/5/018
http://doi.org/10.1088/0964-1726/13/5/018
http://doi.org/10.1088/0964-1726/13/5/018
http://doi.org/10.1088/0022-3727/41/10/105001
http://doi.org/10.1088/0022-3727/41/10/105001
http://doi.org/10.1088/0022-3727/41/10/105001
http://doi.org/10.1088/0022-3727/41/10/105001
http://doi.org/10.7498/aps.66.220502
http://doi.org/10.7498/aps.66.220502
http://doi.org/10.7498/aps.66.220502
http://doi.org/10.7498/aps.66.220502
http://doi.org/10.7498/aps.66.220502
http://doi.org/10.7498/aps.66.220502
http://doi.org/10.7498/aps.66.220502
http://doi.org/10.7498/aps.66.220502
http://doi.org/10.7498/aps.66.220502
http://doi.org/10.7498/aps.66.220502
http://doi.org/10.7498/aps.64.060502
http://doi.org/10.7498/aps.64.060502
http://doi.org/10.7498/aps.64.060502
http://doi.org/10.7498/aps.64.060502
http://doi.org/10.7498/aps.64.060502
http://doi.org/10.7498/aps.64.060502
http://doi.org/10.7498/aps.64.060502
http://doi.org/10.7498/aps.64.060502
http://doi.org/10.7498/aps.64.060502
http://doi.org/10.7498/aps.64.060502
http://doi.org/10.1140/epjst/e2015-02592-6
http://doi.org/10.1140/epjst/e2015-02592-6
http://doi.org/10.1140/epjst/e2015-02592-6
http://doi.org/10.1140/epjst/e2015-02592-6
http://doi.org/10.1088/0964-1726/21/10/105019
http://doi.org/10.1088/0964-1726/21/10/105019
http://doi.org/10.1088/0964-1726/21/10/105019
http://doi.org/10.1088/0964-1726/21/10/105019
http://doi.org/10.1088/0964-1726/21/10/105019
http://doi.org/10.1177/1045389X11414084
http://doi.org/10.1177/1045389X11414084
http://doi.org/10.1177/1045389X11414084
http://doi.org/10.1177/1045389X11414084
http://doi.org/10.1177/1045389X11414084
https://kns.cnki.net/KCMS/detail/detail.aspx?dbcode=CMFD&amp;dbname=CMFD201901&amp;filename=1018894274.nh&amp;uid=WEEvREcwSlJHSldRa1FhcEFLUmViNXFTSDBKcTgxNk5qekxYUFBvQWx6ST0=$9A4hF_YAuvQ5obgVAqNKPCYcEjKensW4IQMovwHtwkF4VYPoHbKxJw!!&amp;v=MDc1MDBWRjI2RnJ1eEd0UExxNUViUElSOGVYMUx1eFlTN0RoMVQzcVRyV00xRnJDVVI3cWZZT2RyRkNqbFZydkw=
https://kns.cnki.net/KCMS/detail/detail.aspx?dbcode=CMFD&amp;dbname=CMFD201901&amp;filename=1018894274.nh&amp;uid=WEEvREcwSlJHSldRa1FhcEFLUmViNXFTSDBKcTgxNk5qekxYUFBvQWx6ST0=$9A4hF_YAuvQ5obgVAqNKPCYcEjKensW4IQMovwHtwkF4VYPoHbKxJw!!&amp;v=MDc1MDBWRjI2RnJ1eEd0UExxNUViUElSOGVYMUx1eFlTN0RoMVQzcVRyV00xRnJDVVI3cWZZT2RyRkNqbFZydkw=
https://kns.cnki.net/KCMS/detail/detail.aspx?dbcode=CMFD&amp;dbname=CMFD201901&amp;filename=1018894274.nh&amp;uid=WEEvREcwSlJHSldRa1FhcEFLUmViNXFTSDBKcTgxNk5qekxYUFBvQWx6ST0=$9A4hF_YAuvQ5obgVAqNKPCYcEjKensW4IQMovwHtwkF4VYPoHbKxJw!!&amp;v=MDc1MDBWRjI2RnJ1eEd0UExxNUViUElSOGVYMUx1eFlTN0RoMVQzcVRyV00xRnJDVVI3cWZZT2RyRkNqbFZydkw=
https://kns.cnki.net/KCMS/detail/detail.aspx?dbcode=CMFD&amp;dbname=CMFD201901&amp;filename=1018894274.nh&amp;uid=WEEvREcwSlJHSldRa1FhcEFLUmViNXFTSDBKcTgxNk5qekxYUFBvQWx6ST0=$9A4hF_YAuvQ5obgVAqNKPCYcEjKensW4IQMovwHtwkF4VYPoHbKxJw!!&amp;v=MDc1MDBWRjI2RnJ1eEd0UExxNUViUElSOGVYMUx1eFlTN0RoMVQzcVRyV00xRnJDVVI3cWZZT2RyRkNqbFZydkw=
https://kns.cnki.net/KCMS/detail/detail.aspx?dbcode=CMFD&amp;dbname=CMFD201901&amp;filename=1018894274.nh&amp;uid=WEEvREcwSlJHSldRa1FhcEFLUmViNXFTSDBKcTgxNk5qekxYUFBvQWx6ST0=$9A4hF_YAuvQ5obgVAqNKPCYcEjKensW4IQMovwHtwkF4VYPoHbKxJw!!&amp;v=MDc1MDBWRjI2RnJ1eEd0UExxNUViUElSOGVYMUx1eFlTN0RoMVQzcVRyV00xRnJDVVI3cWZZT2RyRkNqbFZydkw=
http://doi.org/10.1016/j.tws.2007.11.002
http://doi.org/10.1016/j.tws.2007.11.002
http://doi.org/10.1016/j.tws.2007.11.002
http://doi.org/10.1016/j.tws.2007.11.002
http://doi.org/10.1016/j.tws.2007.11.002
http://doi.org/10.2514/1.45389
http://doi.org/10.2514/1.45389
http://doi.org/10.2514/1.45389
http://doi.org/10.2514/1.45389
http://doi.org/10.2514/1.45389
http://doi.org/10.3969/j.issn.1001-3997.2010.02.047
http://doi.org/10.3969/j.issn.1001-3997.2010.02.047
http://doi.org/10.3969/j.issn.1001-3997.2010.02.047
http://doi.org/10.3969/j.issn.1001-3997.2010.02.047
http://doi.org/10.3969/j.issn.1001-3997.2010.02.047
http://doi.org/10.3969/j.issn.1001-3997.2010.02.047
http://doi.org/10.3969/j.issn.1001-3997.2010.02.047
http://doi.org/10.3969/j.issn.1001-3997.2010.02.047
http://doi.org/10.3969/j.issn.1001-3997.2010.02.047
http://doi.org/10.3969/j.issn.1001-3997.2010.02.047
http://www.cqvip.com/QK/92382X/201005/35516850.html
http://www.cqvip.com/QK/92382X/201005/35516850.html
http://www.cqvip.com/QK/92382X/201005/35516850.html
http://www.cqvip.com/QK/92382X/201005/35516850.html
http://www.cqvip.com/QK/92382X/201005/35516850.html
http://www.cqvip.com/QK/92382X/201005/35516850.html
http://www.cqvip.com/QK/92382X/201005/35516850.html
http://www.cqvip.com/QK/92382X/201005/35516850.html
http://www.cqvip.com/QK/92382X/201005/35516850.html
http://www.cqvip.com/QK/92382X/201005/35516850.html
http://doi.org/10.1088/0964-1726/18/9/095029
http://doi.org/10.1088/0964-1726/18/9/095029
http://doi.org/10.1088/0964-1726/18/9/095029
http://doi.org/10.1088/0964-1726/18/9/095029
http://doi.org/10.1088/0964-1726/18/9/095029
http://doi.org/10.7498/aps.60.074301
http://doi.org/10.7498/aps.60.074301
http://doi.org/10.7498/aps.60.074301
http://doi.org/10.7498/aps.60.074301
http://doi.org/10.7498/aps.60.074301
http://doi.org/10.7498/aps.60.074301
http://doi.org/10.7498/aps.60.074301
http://doi.org/10.7498/aps.60.074301
http://doi.org/10.7498/aps.60.074301
http://doi.org/10.7498/aps.60.074301
http://doi.org/10.1016/j.sna.2015.03.043
http://doi.org/10.1016/j.sna.2015.03.043
http://doi.org/10.1016/j.sna.2015.03.043
http://doi.org/10.1016/j.sna.2015.03.043
http://doi.org/10.1088/0964-1726/23/9/095003
http://doi.org/10.1088/0964-1726/23/9/095003
http://doi.org/10.1088/0964-1726/23/9/095003
http://doi.org/10.1088/0964-1726/23/9/095003
http://doi.org/10.1088/0964-1726/23/9/095003
http://doi.org/10.1016/j.jsv.2017.06.020
http://doi.org/10.1016/j.jsv.2017.06.020
http://doi.org/10.1016/j.jsv.2017.06.020
http://doi.org/10.1016/j.jsv.2017.06.020
http://doi.org/10.1016/j.jsv.2017.06.020
http://doi.org/10.1016/j.apenergy.2014.07.077
http://doi.org/10.1016/j.apenergy.2014.07.077
http://doi.org/10.1016/j.apenergy.2014.07.077
http://doi.org/10.1016/j.apenergy.2014.07.077
http://doi.org/10.1016/j.apenergy.2014.07.077
http://doi.org/10.1016/j.ymssp.2016.09.002
http://doi.org/10.1016/j.ymssp.2016.09.002
http://doi.org/10.1016/j.ymssp.2016.09.002
http://doi.org/10.1016/j.ymssp.2016.09.002
http://doi.org/10.1016/j.ymssp.2016.09.002
http://doi.org/10.1016/S0140-3664(02)00248-7
http://doi.org/10.1016/S0140-3664(02)00248-7
http://doi.org/10.1016/S0140-3664(02)00248-7
http://doi.org/10.1016/S0140-3664(02)00248-7
https://www.tandfonline.com/doi/full/10.1080/10584580590964574
https://www.tandfonline.com/doi/full/10.1080/10584580590964574
https://www.tandfonline.com/doi/full/10.1080/10584580590964574
https://www.tandfonline.com/doi/full/10.1080/10584580590964574
https://www.tandfonline.com/doi/full/10.1080/10584580590964574
http://doi.org/10.1088/0964-1726/13/5/018
http://doi.org/10.1088/0964-1726/13/5/018
http://doi.org/10.1088/0964-1726/13/5/018
http://doi.org/10.1088/0964-1726/13/5/018
http://doi.org/10.1088/0964-1726/13/5/018
http://doi.org/10.1088/0022-3727/41/10/105001
http://doi.org/10.1088/0022-3727/41/10/105001
http://doi.org/10.1088/0022-3727/41/10/105001
http://doi.org/10.1088/0022-3727/41/10/105001
http://doi.org/10.7498/aps.66.220502
http://doi.org/10.7498/aps.66.220502
http://doi.org/10.7498/aps.66.220502
http://doi.org/10.7498/aps.66.220502
http://doi.org/10.7498/aps.66.220502
http://doi.org/10.7498/aps.66.220502
http://doi.org/10.7498/aps.66.220502
http://doi.org/10.7498/aps.66.220502
http://doi.org/10.7498/aps.66.220502
http://doi.org/10.7498/aps.66.220502
http://doi.org/10.7498/aps.64.060502
http://doi.org/10.7498/aps.64.060502
http://doi.org/10.7498/aps.64.060502
http://doi.org/10.7498/aps.64.060502
http://doi.org/10.7498/aps.64.060502
http://doi.org/10.7498/aps.64.060502
http://doi.org/10.7498/aps.64.060502
http://doi.org/10.7498/aps.64.060502
http://doi.org/10.7498/aps.64.060502
http://doi.org/10.7498/aps.64.060502
http://doi.org/10.1140/epjst/e2015-02592-6
http://doi.org/10.1140/epjst/e2015-02592-6
http://doi.org/10.1140/epjst/e2015-02592-6
http://doi.org/10.1140/epjst/e2015-02592-6
http://doi.org/10.1088/0964-1726/21/10/105019
http://doi.org/10.1088/0964-1726/21/10/105019
http://doi.org/10.1088/0964-1726/21/10/105019
http://doi.org/10.1088/0964-1726/21/10/105019
http://doi.org/10.1088/0964-1726/21/10/105019
http://doi.org/10.1088/0964-1726/21/10/105019
http://doi.org/10.1088/0964-1726/21/10/105019
http://doi.org/10.1088/0964-1726/21/10/105019
http://doi.org/10.1088/0964-1726/21/10/105019
http://doi.org/10.1088/0964-1726/21/10/105019
http://doi.org/10.1177/1045389X11414084
http://doi.org/10.1177/1045389X11414084
http://doi.org/10.1177/1045389X11414084
http://doi.org/10.1177/1045389X11414084
http://doi.org/10.1177/1045389X11414084
https://kns.cnki.net/KCMS/detail/detail.aspx?dbcode=CMFD&amp;dbname=CMFD201901&amp;filename=1018894274.nh&amp;uid=WEEvREcwSlJHSldRa1FhcEFLUmViNXFTSDBKcTgxNk5qekxYUFBvQWx6ST0=$9A4hF_YAuvQ5obgVAqNKPCYcEjKensW4IQMovwHtwkF4VYPoHbKxJw!!&amp;v=MDc1MDBWRjI2RnJ1eEd0UExxNUViUElSOGVYMUx1eFlTN0RoMVQzcVRyV00xRnJDVVI3cWZZT2RyRkNqbFZydkw=
https://kns.cnki.net/KCMS/detail/detail.aspx?dbcode=CMFD&amp;dbname=CMFD201901&amp;filename=1018894274.nh&amp;uid=WEEvREcwSlJHSldRa1FhcEFLUmViNXFTSDBKcTgxNk5qekxYUFBvQWx6ST0=$9A4hF_YAuvQ5obgVAqNKPCYcEjKensW4IQMovwHtwkF4VYPoHbKxJw!!&amp;v=MDc1MDBWRjI2RnJ1eEd0UExxNUViUElSOGVYMUx1eFlTN0RoMVQzcVRyV00xRnJDVVI3cWZZT2RyRkNqbFZydkw=
https://kns.cnki.net/KCMS/detail/detail.aspx?dbcode=CMFD&amp;dbname=CMFD201901&amp;filename=1018894274.nh&amp;uid=WEEvREcwSlJHSldRa1FhcEFLUmViNXFTSDBKcTgxNk5qekxYUFBvQWx6ST0=$9A4hF_YAuvQ5obgVAqNKPCYcEjKensW4IQMovwHtwkF4VYPoHbKxJw!!&amp;v=MDc1MDBWRjI2RnJ1eEd0UExxNUViUElSOGVYMUx1eFlTN0RoMVQzcVRyV00xRnJDVVI3cWZZT2RyRkNqbFZydkw=
https://kns.cnki.net/KCMS/detail/detail.aspx?dbcode=CMFD&amp;dbname=CMFD201901&amp;filename=1018894274.nh&amp;uid=WEEvREcwSlJHSldRa1FhcEFLUmViNXFTSDBKcTgxNk5qekxYUFBvQWx6ST0=$9A4hF_YAuvQ5obgVAqNKPCYcEjKensW4IQMovwHtwkF4VYPoHbKxJw!!&amp;v=MDc1MDBWRjI2RnJ1eEd0UExxNUViUElSOGVYMUx1eFlTN0RoMVQzcVRyV00xRnJDVVI3cWZZT2RyRkNqbFZydkw=
https://kns.cnki.net/KCMS/detail/detail.aspx?dbcode=CMFD&amp;dbname=CMFD201901&amp;filename=1018894274.nh&amp;uid=WEEvREcwSlJHSldRa1FhcEFLUmViNXFTSDBKcTgxNk5qekxYUFBvQWx6ST0=$9A4hF_YAuvQ5obgVAqNKPCYcEjKensW4IQMovwHtwkF4VYPoHbKxJw!!&amp;v=MDc1MDBWRjI2RnJ1eEd0UExxNUViUElSOGVYMUx1eFlTN0RoMVQzcVRyV00xRnJDVVI3cWZZT2RyRkNqbFZydkw=
http://doi.org/10.1016/j.tws.2007.11.002
http://doi.org/10.1016/j.tws.2007.11.002
http://doi.org/10.1016/j.tws.2007.11.002
http://doi.org/10.1016/j.tws.2007.11.002
http://doi.org/10.1016/j.tws.2007.11.002
http://doi.org/10.2514/1.45389
http://doi.org/10.2514/1.45389
http://doi.org/10.2514/1.45389
http://doi.org/10.2514/1.45389
http://doi.org/10.2514/1.45389
http://doi.org/10.3969/j.issn.1001-3997.2010.02.047
http://doi.org/10.3969/j.issn.1001-3997.2010.02.047
http://doi.org/10.3969/j.issn.1001-3997.2010.02.047
http://doi.org/10.3969/j.issn.1001-3997.2010.02.047
http://doi.org/10.3969/j.issn.1001-3997.2010.02.047
http://doi.org/10.3969/j.issn.1001-3997.2010.02.047
http://doi.org/10.3969/j.issn.1001-3997.2010.02.047
http://doi.org/10.3969/j.issn.1001-3997.2010.02.047
http://doi.org/10.3969/j.issn.1001-3997.2010.02.047
http://doi.org/10.3969/j.issn.1001-3997.2010.02.047
http://www.cqvip.com/QK/92382X/201005/35516850.html
http://www.cqvip.com/QK/92382X/201005/35516850.html
http://www.cqvip.com/QK/92382X/201005/35516850.html
http://www.cqvip.com/QK/92382X/201005/35516850.html
http://www.cqvip.com/QK/92382X/201005/35516850.html
http://www.cqvip.com/QK/92382X/201005/35516850.html
http://www.cqvip.com/QK/92382X/201005/35516850.html
http://www.cqvip.com/QK/92382X/201005/35516850.html
http://www.cqvip.com/QK/92382X/201005/35516850.html
http://www.cqvip.com/QK/92382X/201005/35516850.html
http://doi.org/10.1088/0964-1726/18/9/095029
http://doi.org/10.1088/0964-1726/18/9/095029
http://doi.org/10.1088/0964-1726/18/9/095029
http://doi.org/10.1088/0964-1726/18/9/095029
http://doi.org/10.1088/0964-1726/18/9/095029
http://doi.org/10.7498/aps.60.074301
http://doi.org/10.7498/aps.60.074301
http://doi.org/10.7498/aps.60.074301
http://doi.org/10.7498/aps.60.074301
http://doi.org/10.7498/aps.60.074301
http://doi.org/10.7498/aps.60.074301
http://doi.org/10.7498/aps.60.074301
http://doi.org/10.7498/aps.60.074301
http://doi.org/10.7498/aps.60.074301
http://doi.org/10.7498/aps.60.074301
http://doi.org/10.1016/j.sna.2015.03.043
http://doi.org/10.1016/j.sna.2015.03.043
http://doi.org/10.1016/j.sna.2015.03.043
http://doi.org/10.1016/j.sna.2015.03.043
http://doi.org/10.1088/0964-1726/23/9/095003
http://doi.org/10.1088/0964-1726/23/9/095003
http://doi.org/10.1088/0964-1726/23/9/095003
http://doi.org/10.1088/0964-1726/23/9/095003
http://doi.org/10.1088/0964-1726/23/9/095003
http://doi.org/10.1016/j.jsv.2017.06.020
http://doi.org/10.1016/j.jsv.2017.06.020
http://doi.org/10.1016/j.jsv.2017.06.020
http://doi.org/10.1016/j.jsv.2017.06.020
http://doi.org/10.1016/j.jsv.2017.06.020
http://doi.org/10.1016/j.apenergy.2014.07.077
http://doi.org/10.1016/j.apenergy.2014.07.077
http://doi.org/10.1016/j.apenergy.2014.07.077
http://doi.org/10.1016/j.apenergy.2014.07.077
http://doi.org/10.1016/j.apenergy.2014.07.077
http://doi.org/10.1016/j.ymssp.2016.09.002
http://doi.org/10.1016/j.ymssp.2016.09.002
http://doi.org/10.1016/j.ymssp.2016.09.002
http://doi.org/10.1016/j.ymssp.2016.09.002
http://doi.org/10.1016/j.ymssp.2016.09.002
http://doi.org/10.1016/S0140-3664(02)00248-7
http://doi.org/10.1016/S0140-3664(02)00248-7
http://doi.org/10.1016/S0140-3664(02)00248-7
http://doi.org/10.1016/S0140-3664(02)00248-7
https://www.tandfonline.com/doi/full/10.1080/10584580590964574
https://www.tandfonline.com/doi/full/10.1080/10584580590964574
https://www.tandfonline.com/doi/full/10.1080/10584580590964574
https://www.tandfonline.com/doi/full/10.1080/10584580590964574
https://www.tandfonline.com/doi/full/10.1080/10584580590964574
http://doi.org/10.1088/0964-1726/13/5/018
http://doi.org/10.1088/0964-1726/13/5/018
http://doi.org/10.1088/0964-1726/13/5/018
http://doi.org/10.1088/0964-1726/13/5/018
http://doi.org/10.1088/0964-1726/13/5/018
http://doi.org/10.1088/0022-3727/41/10/105001
http://doi.org/10.1088/0022-3727/41/10/105001
http://doi.org/10.1088/0022-3727/41/10/105001
http://doi.org/10.1088/0022-3727/41/10/105001
http://doi.org/10.7498/aps.66.220502
http://doi.org/10.7498/aps.66.220502
http://doi.org/10.7498/aps.66.220502
http://doi.org/10.7498/aps.66.220502
http://doi.org/10.7498/aps.66.220502
http://doi.org/10.7498/aps.66.220502
http://doi.org/10.7498/aps.66.220502
http://doi.org/10.7498/aps.66.220502
http://doi.org/10.7498/aps.66.220502
http://doi.org/10.7498/aps.66.220502
http://doi.org/10.7498/aps.64.060502
http://doi.org/10.7498/aps.64.060502
http://doi.org/10.7498/aps.64.060502
http://doi.org/10.7498/aps.64.060502
http://doi.org/10.7498/aps.64.060502
http://doi.org/10.7498/aps.64.060502
http://doi.org/10.7498/aps.64.060502
http://doi.org/10.7498/aps.64.060502
http://doi.org/10.7498/aps.64.060502
http://doi.org/10.7498/aps.64.060502
http://doi.org/10.1140/epjst/e2015-02592-6
http://doi.org/10.1140/epjst/e2015-02592-6
http://doi.org/10.1140/epjst/e2015-02592-6
http://doi.org/10.1140/epjst/e2015-02592-6
http://doi.org/10.1177/1045389X11414084
http://doi.org/10.1177/1045389X11414084
http://doi.org/10.1177/1045389X11414084
http://doi.org/10.1177/1045389X11414084
http://doi.org/10.1177/1045389X11414084
https://kns.cnki.net/KCMS/detail/detail.aspx?dbcode=CMFD&amp;dbname=CMFD201901&amp;filename=1018894274.nh&amp;uid=WEEvREcwSlJHSldRa1FhcEFLUmViNXFTSDBKcTgxNk5qekxYUFBvQWx6ST0=$9A4hF_YAuvQ5obgVAqNKPCYcEjKensW4IQMovwHtwkF4VYPoHbKxJw!!&amp;v=MDc1MDBWRjI2RnJ1eEd0UExxNUViUElSOGVYMUx1eFlTN0RoMVQzcVRyV00xRnJDVVI3cWZZT2RyRkNqbFZydkw=
https://kns.cnki.net/KCMS/detail/detail.aspx?dbcode=CMFD&amp;dbname=CMFD201901&amp;filename=1018894274.nh&amp;uid=WEEvREcwSlJHSldRa1FhcEFLUmViNXFTSDBKcTgxNk5qekxYUFBvQWx6ST0=$9A4hF_YAuvQ5obgVAqNKPCYcEjKensW4IQMovwHtwkF4VYPoHbKxJw!!&amp;v=MDc1MDBWRjI2RnJ1eEd0UExxNUViUElSOGVYMUx1eFlTN0RoMVQzcVRyV00xRnJDVVI3cWZZT2RyRkNqbFZydkw=
https://kns.cnki.net/KCMS/detail/detail.aspx?dbcode=CMFD&amp;dbname=CMFD201901&amp;filename=1018894274.nh&amp;uid=WEEvREcwSlJHSldRa1FhcEFLUmViNXFTSDBKcTgxNk5qekxYUFBvQWx6ST0=$9A4hF_YAuvQ5obgVAqNKPCYcEjKensW4IQMovwHtwkF4VYPoHbKxJw!!&amp;v=MDc1MDBWRjI2RnJ1eEd0UExxNUViUElSOGVYMUx1eFlTN0RoMVQzcVRyV00xRnJDVVI3cWZZT2RyRkNqbFZydkw=
https://kns.cnki.net/KCMS/detail/detail.aspx?dbcode=CMFD&amp;dbname=CMFD201901&amp;filename=1018894274.nh&amp;uid=WEEvREcwSlJHSldRa1FhcEFLUmViNXFTSDBKcTgxNk5qekxYUFBvQWx6ST0=$9A4hF_YAuvQ5obgVAqNKPCYcEjKensW4IQMovwHtwkF4VYPoHbKxJw!!&amp;v=MDc1MDBWRjI2RnJ1eEd0UExxNUViUElSOGVYMUx1eFlTN0RoMVQzcVRyV00xRnJDVVI3cWZZT2RyRkNqbFZydkw=
https://kns.cnki.net/KCMS/detail/detail.aspx?dbcode=CMFD&amp;dbname=CMFD201901&amp;filename=1018894274.nh&amp;uid=WEEvREcwSlJHSldRa1FhcEFLUmViNXFTSDBKcTgxNk5qekxYUFBvQWx6ST0=$9A4hF_YAuvQ5obgVAqNKPCYcEjKensW4IQMovwHtwkF4VYPoHbKxJw!!&amp;v=MDc1MDBWRjI2RnJ1eEd0UExxNUViUElSOGVYMUx1eFlTN0RoMVQzcVRyV00xRnJDVVI3cWZZT2RyRkNqbFZydkw=
http://doi.org/10.1016/j.tws.2007.11.002
http://doi.org/10.1016/j.tws.2007.11.002
http://doi.org/10.1016/j.tws.2007.11.002
http://doi.org/10.1016/j.tws.2007.11.002
http://doi.org/10.1016/j.tws.2007.11.002
http://doi.org/10.2514/1.45389
http://doi.org/10.2514/1.45389
http://doi.org/10.2514/1.45389
http://doi.org/10.2514/1.45389
http://doi.org/10.2514/1.45389
http://doi.org/10.3969/j.issn.1001-3997.2010.02.047
http://doi.org/10.3969/j.issn.1001-3997.2010.02.047
http://doi.org/10.3969/j.issn.1001-3997.2010.02.047
http://doi.org/10.3969/j.issn.1001-3997.2010.02.047
http://doi.org/10.3969/j.issn.1001-3997.2010.02.047
http://doi.org/10.3969/j.issn.1001-3997.2010.02.047
http://doi.org/10.3969/j.issn.1001-3997.2010.02.047
http://doi.org/10.3969/j.issn.1001-3997.2010.02.047
http://doi.org/10.3969/j.issn.1001-3997.2010.02.047
http://doi.org/10.3969/j.issn.1001-3997.2010.02.047
http://www.cqvip.com/QK/92382X/201005/35516850.html
http://www.cqvip.com/QK/92382X/201005/35516850.html
http://www.cqvip.com/QK/92382X/201005/35516850.html
http://www.cqvip.com/QK/92382X/201005/35516850.html
http://www.cqvip.com/QK/92382X/201005/35516850.html
http://www.cqvip.com/QK/92382X/201005/35516850.html
http://www.cqvip.com/QK/92382X/201005/35516850.html
http://www.cqvip.com/QK/92382X/201005/35516850.html
http://www.cqvip.com/QK/92382X/201005/35516850.html
http://www.cqvip.com/QK/92382X/201005/35516850.html
http://doi.org/10.1088/0964-1726/18/9/095029
http://doi.org/10.1088/0964-1726/18/9/095029
http://doi.org/10.1088/0964-1726/18/9/095029
http://doi.org/10.1088/0964-1726/18/9/095029
http://doi.org/10.1088/0964-1726/18/9/095029
http://doi.org/10.7498/aps.60.074301
http://doi.org/10.7498/aps.60.074301
http://doi.org/10.7498/aps.60.074301
http://doi.org/10.7498/aps.60.074301
http://doi.org/10.7498/aps.60.074301
http://doi.org/10.7498/aps.60.074301
http://doi.org/10.7498/aps.60.074301
http://doi.org/10.7498/aps.60.074301
http://doi.org/10.7498/aps.60.074301
http://doi.org/10.7498/aps.60.074301
http://doi.org/10.1016/j.sna.2015.03.043
http://doi.org/10.1016/j.sna.2015.03.043
http://doi.org/10.1016/j.sna.2015.03.043
http://doi.org/10.1016/j.sna.2015.03.043
http://doi.org/10.1088/0964-1726/23/9/095003
http://doi.org/10.1088/0964-1726/23/9/095003
http://doi.org/10.1088/0964-1726/23/9/095003
http://doi.org/10.1088/0964-1726/23/9/095003
http://doi.org/10.1088/0964-1726/23/9/095003
http://doi.org/10.1016/j.jsv.2017.06.020
http://doi.org/10.1016/j.jsv.2017.06.020
http://doi.org/10.1016/j.jsv.2017.06.020
http://doi.org/10.1016/j.jsv.2017.06.020
http://doi.org/10.1016/j.jsv.2017.06.020
http://doi.org/10.1016/j.apenergy.2014.07.077
http://doi.org/10.1016/j.apenergy.2014.07.077
http://doi.org/10.1016/j.apenergy.2014.07.077
http://doi.org/10.1016/j.apenergy.2014.07.077
http://doi.org/10.1016/j.apenergy.2014.07.077
http://doi.org/10.1016/j.ymssp.2016.09.002
http://doi.org/10.1016/j.ymssp.2016.09.002
http://doi.org/10.1016/j.ymssp.2016.09.002
http://doi.org/10.1016/j.ymssp.2016.09.002
http://doi.org/10.1016/j.ymssp.2016.09.002
http://doi.org/10.1016/S0140-3664(02)00248-7
http://doi.org/10.1016/S0140-3664(02)00248-7
http://doi.org/10.1016/S0140-3664(02)00248-7
http://doi.org/10.1016/S0140-3664(02)00248-7
https://www.tandfonline.com/doi/full/10.1080/10584580590964574
https://www.tandfonline.com/doi/full/10.1080/10584580590964574
https://www.tandfonline.com/doi/full/10.1080/10584580590964574
https://www.tandfonline.com/doi/full/10.1080/10584580590964574
https://www.tandfonline.com/doi/full/10.1080/10584580590964574
http://doi.org/10.1088/0964-1726/13/5/018
http://doi.org/10.1088/0964-1726/13/5/018
http://doi.org/10.1088/0964-1726/13/5/018
http://doi.org/10.1088/0964-1726/13/5/018
http://doi.org/10.1088/0964-1726/13/5/018
http://doi.org/10.1088/0022-3727/41/10/105001
http://doi.org/10.1088/0022-3727/41/10/105001
http://doi.org/10.1088/0022-3727/41/10/105001
http://doi.org/10.1088/0022-3727/41/10/105001
http://doi.org/10.7498/aps.66.220502
http://doi.org/10.7498/aps.66.220502
http://doi.org/10.7498/aps.66.220502
http://doi.org/10.7498/aps.66.220502
http://doi.org/10.7498/aps.66.220502
http://doi.org/10.7498/aps.66.220502
http://doi.org/10.7498/aps.66.220502
http://doi.org/10.7498/aps.66.220502
http://doi.org/10.7498/aps.66.220502
http://doi.org/10.7498/aps.66.220502
http://doi.org/10.7498/aps.64.060502
http://doi.org/10.7498/aps.64.060502
http://doi.org/10.7498/aps.64.060502
http://doi.org/10.7498/aps.64.060502
http://doi.org/10.7498/aps.64.060502
http://doi.org/10.7498/aps.64.060502
http://doi.org/10.7498/aps.64.060502
http://doi.org/10.7498/aps.64.060502
http://doi.org/10.7498/aps.64.060502
http://doi.org/10.7498/aps.64.060502
http://doi.org/10.1140/epjst/e2015-02592-6
http://doi.org/10.1140/epjst/e2015-02592-6
http://doi.org/10.1140/epjst/e2015-02592-6
http://doi.org/10.1140/epjst/e2015-02592-6
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 69, No. 14 (2020) 140502

Analysis of magnetic force and potential energy function of
multi-stable cantilever beam with two magnets”
Sun Shuai-Ling Leng Yong-Gang! Zhang Yu-Yang
Su Xu-Kun  Fan Sheng-Bo

(School of Mechanical Engineering, Tianjin University, Tianjin 300350, China)
( Received 27 December 2019; revised manuscript received 15 April 2020 )

Abstract

Multi-stable structures are deformable structures that can have large deformations under external
excitation. Generally, multi-stable structures have at least two stable points and can jump from one to another.
Because multi-stable structures have excellent nonlinear characteristics, they are widely used in many fields. In
the field of energy harvesting, multi-stable structures are often obtained by means of cantilever beams. This is
because the cantilever beam is simple to make, low in stiffness, and high in sensitivity, and can undergo large
deformations under small excitation forces. Besides, by simply sticking magnets on its free end and its outside,
various kinds of multi-stable characteristics can be constructed, such as bi-stable characteristics, tri-stable
characteristics, quad-stable characteristics, etc. Furthermore, the cantilever beam and the magnet at its end can
generally be simplified into an equivalent mass-spring-damping mechanical model, which is convenient for the
analysis of system potential function and dynamics.

In recent years, many vibration energy harvesters proposed by researchers have adopted the conventional
multi-stable cantilever beams, which involve many bi-stable cantilever beams and tri-stable cantilever beams.
However, if the cantilever beams need to introduce more stable points, the number of magnets required will also
increase accordingly. As a result, the adjustable parameters are continuously increasing, which increases the
complexity of structural optimization and the tediousness of dynamic analysis. In order to make up for the
shortcomings of conventional multi-stable cantilever beams, in this paper we present a multi-stable cantilever
beam with only two magnets, a ring magnet and a rectangular magnet. By changing the size of the rectangular
magnet and the distance between the two magnets, this cantilever beam can have mono-stable, bi-stable, tri-
stable or quad-stable characteristics. This multi-stable cantilever beam greatly simplifies the complexity of the
system design, dynamic analysis, debugging and installation, and provides new ideas and technical methods for
the design and application of the vibration energy harvester realized by the multi-stable cantilever beam.

In this paper, firstly, the magnetizing current method is used to analyze the magnetic induction intensity of
the ring magnet at any point in the three-dimensional coordinate system, and the simulation and experimental
results prove its correctness. Secondly, two methods of calculating the position of the rectangular magnet at the
free end of the cantilever beam are compared. Thirdly, the magnetic force between the ring magnet and the
rectangular magnet is calculated and verified in experiment. Fourthly, the system potential functions under
different structural parameters are analyzed and it is found that the change of the number of the stable points
of the system is caused by the change of the magnetic force between the two magnets. Finally, the correctness
of the number of stable points of the system under different parameters is verified in experiment and by

dynamic simulations.

Keywords: two magnets, multi-stable cantilever beam, magnetic force, potential function
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