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Fig.1 The schematic diagram of the magnetic-coupled

bistable energy harvesting system with time-varying

potential well in a rotational coordinate system
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Fig.2 Geometric diagram

(DA
EEBEER MR - AERELIRR XY Z
Y ) Ok AN O B T SRR O
R =(x,+r)i tw (x,2)}
Ri=—w (x, )0 +[w,(x,t)+(x+7r)0]§
(1)
AP L O e A AR R X, Y T ) B
P & 5w, (ay, ) 0 B RAE Y J7 ) b i ke )
PEFE 57y (v, ) K wy (2o, ) XF B[] 8 — B S5
[vi] JHL, 51 5 il R O AT B — ASUTE E A% A A
RXY Z I 1) R R B O ] ROR O
R,—(R—x,)i" twy(xy,2)]
R,=—w,(x,, )01 +[ w0, (25, t) (R —x,)0 1§
(2)
A w, (a0, ) BB RAE Y J5 ] b 9 4 )
DLFE 510, (20y £ )N w, (5, ) X B TE] A — B 50
ARG R RB AN

1y :
T=—| {mwi (e )6 + Lty (20, 0+ (o +
290

r>é]2}d11+%MJ\{[u’1(Il1,1)912+[1@1(L1,l)+

(L,+7r)0 )} Jréji{ mywi(x,,t)0° +
[ (25 £)+(R—2,)6 Fda, +
%MB{[U«‘z(Lzy[)é]sz [wz(llz,f)+
(R—L,)0 7T} (3)
A LoHIEE BB RRKE L, b3 E s RS2
KB 5 m, Bl om, 43 91 R OE B 2 R B AR
P B K B T B 5 M, R M, 43 0l DR O R 2 A
BT H R R I v T
mIZpSA,., O<I1<Ll (4)



966 & 3 T

S

%37 &

K o, J B AL A B B 5 AL R G L I
R8T T R O R R ) Y e P B T R IR Y R
JE T BE MR 2 B8 4 — B, I A AR S 4L
HF—A2 53R .
oAt p, A, 0<x,<</,
0 ALL<x<L,
KA o, R R s AL e R 1 e A T T
U, R R K

(2)#feitH

NS sy RN 1 SN W

1(n
UEZEJ Ellwl”z(xl,[)d1.1+
0

(5)

m, =

.
EJO ELw)*(x,,t)dx, (6)

A w(x, ) mw, (&, )R, B9 B e 5505

w (X0, 1) H w, (25, )R 2, 00 Z B S %0 ETL A EL

A3 ) A A AR TR B R R R TR A A I
MO<ax <L, B ELNREAN:

1
El,=—FE.b1] 7
1=, B (7)

A ECNIEBBE RSB b HIEE
BB PRI MY Y 5 o IE R PRI IR R .
MOo<ax, <[ W, ELIFREAN:
blE!t, +EXt! +E t,E.t (4t + 61,2, + 41 ) ]
12(E,t, + E.t.)

El,=

(8)
A E,NRHE R W B R 0 O R R B
R IL R Y R (R R IE R A B F v — U R
— AR ORI ) 5, MR R RE
%Z[)<1“2<LZH¢»EIZE/‘J%%E:T§:§‘7:
~ _i ~ 7.3
ElL, = 0 E, bt} (9)
Xh E,NEE BRI R N E
BRI R AR
o GER R BN .
Ug:.[l‘]mlg[(xl—l—r)sinﬁ—l—wl(xl,l)cosﬁ]dxd—
Mg (L, +7r)sind+w, (L, t)cosd ]+
J[‘ngg[(R*xz)sinﬁerg(xz,z‘)cos@]dx2+

0

Mugl(R—L,)sin0+w,(L,,t)cosd] (10)
A g HEIIMHESE ,g=9.8m/s%
B AR Rk

1= . 1 .
U= [ Dot (L= e+ S m 0 (Li— 2+
0
My (L, +r)0* Jwi(xy, t)da, —
1= . 1 .
EJ [mz(R*Lz)ﬁz(LQ*IZ)JFEMZQZ([@*
0

22)+ My (R —L,)0*Jw? (x,, ¢ )da, (11)

FIHI i A B8 Rl 2 B H TR RE T
IS IR 16, 14 ] BOE W= A 20 . Nk, A
SR FH AR B 7 BT B ik ARG B BB 22 A A AR
LANERE T -

N 3R FE e R AR AR XTY 2T R A
B REER B Y 0] fE rp B RIE 0N -

ras=di +sj (12)
>~ EP H
. ity
d=di+ 2 (13)
s=w, (L, t)—w, (L)

A 2o o G R A YRR B 5 1 Do i S B B I
JELRE 5l 2 S BB R B A R i B R B B 22 ) AR X 7 1)
ESyibILTERS

TEERNIK
TSR

P 3 R

Fig. 3 Schematic diagram of the magnetic force model
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Fig.5 The potential energy of the magnetic-coupled bistable energy harvesting system with time-varying potential well under
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Mechanism of magnetic-coupled bistable energy harvesting in

rotational environment

WU Zhi-zxian'?, WANG Suo'?, L1 Zhi-yuan'®, MEI Xu-tao’, ZHOU Sheng-xi'*
(1.School of Aeronautics, Northwestern Polytechnical University, Xi’an 710072, China;
2.Research and Development Institute in Shenzhen, Northwestern Polytechnical University, Shenzhen 518057, China;
3.Faculty of Engineering, The University of Tokyo, Tokyo 153-8505, Japan)

Abstract: Ambient environments are rich in rotational energy resources. These can be converted into useful electric energy through
energy conversion materials to, powering embedded devices and wireless sensors in the Internet of Things. As such, energy har-
vesting technology could potentially address the environmental pollution and high maintenance costs associated with traditional
chemical batteries. This paper proposes a novel time-varying potential well magnetic-coupled bistable energy harvesting system
with low potential barriers to enhance the energy harvesting performance in ultra-low frequency rotating environments (below 3
Hz). The proposed system comprises a forward steel beam and an inverted piezoelectric beam installed on a rotational plate. Mutu-
ally exclusive magnets are attached to the free ends of both beams, creating three equilibrium positions due to the magnetic force,
two of which are stable. This gives the system its coupled bistable characteristics. The free end of the forward steel beam is dis-
tanced from the center of the rotational plate, making it a centrifugal hardening beam. Conversely, the free end of the inverted
piezoelectric beam is closer to the center, making it a centrifugal softening beam. Taking into account the influence of the centrifu-
gal effect, the distributed parameter electromechanical coupling equation of the system is derived in the rotational coordinate sys-
tem using the energy method, Lagrange equation, piezoelectric theory, and more. A magnetic calculation model is used to analyze
the influence of magnetic spacing and the centrifugal effect on the potential energy well and the energy harvesting performance of
the system. Finally, numerical simulations and experimental results verify that, compared to the linear energy harvesting system,
the proposed magnetic-coupled bistable energy harvesting system has a wider operating frequency range (0~2.67 Hz) and higher

output voltage (greater than 2 V).
Key words: rotational energy harvesting ;ultra-low frequency; bistable state; time-varying potential well; low potential barrier
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