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A System of Two Piezoelectric Transducers

and a Storage Circuit for Wireless Energy
Transmission through a Thin Metal Wall

Hongping Hu, Yuantai Hu, Chuanyao Chen, and Ji Wang, Senior Member, IEEE

Abstract—A system to wirelessly convey electric energy
through a thin metal wall is proposed in the paper, where 2
piezoelectric transducers are used to realize energy transforma-
tion between electric and mechanical, and a rechargeable bat-
tery is employed to store the transmitted energy. To integrate
them as a whole, an interface of a modulating circuit is applied
between the transducer system and the storage battery. In ad-
dition, a synchronized switch harvesting on inductor in parallel
with the transducer system is introduced to artificially extend
the closed interval of the modulating circuit. The process of
transmitting energy is computed, and the performance of the
transducer system is optimized in detail for a prescribed exter-
nal electric source. The results obtained are useful for under-
standing and designing wireless energy supply systems.

I. INTRODUCTION

THERE is a great challenge to supply energy for the
electronic devices embedded inside sealed vessels,
which are widely used in armor, spacecraft, nuclear re-
actors, dangerous chemicals containers, and so on. This
is because the use of feed-through wires in such systems
often brings some disadvantages, such as leakage, thermal
or electrical insulation problems, and stress concentration
[1].

In general, wireless energy supply techniques have 2
functions: one is to scavenge energy directly from the op-
erating environment of electronic devices, for example, the
scavenging of energy from ambient vibrations by piezo-
electric energy harvesters [2]-[4]; the other is to convey
power into sealed solid metallic structures without dam-
aging the outer shells. Hu et al. [5], [6] and Yang et al. [7]
proposed a wireless acoustic-electric transmission device
consisting of 2 piezoelectric transducers. In the device, the
outer transducer takes in electric energy from outer sourc-
es and transforms it into mechanical vibrations through
the direct electromechanical coupling of piezoelectric ce-
ramics. After receiving the vibrations, the inner trans-
ducer converts the mechanical energy into electric energy
again via the converse piezoelectric effect. Sherrit et al.
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[8], [9] and Bao et al. [1], [10] investigated the energy loss
of this transmission system by experiments and finite ele-
ment computations. Saulnier et al. [11] and Primerano et
al. [12] have used ultrasound piezoelectric transducers to
study wireless communication through a solid steel wall,
where the conventional radio frequency communications
cannot be applied due to the shielding of the steel.

In general, a rechargeable battery is needed inside the
sealed vessels to store the transmitted energy and to offer
the electronic device a stable electrical source whenever
necessary. Thus, a modulating circuit is applied as an in-
terface between the piezoelectric transducer system and
the battery. The modulating circuit is composed of a full-
bridge rectifier and a dc-dc converter; the rectifier is to
convert, the alternate current of the inner transducer into
a direct current, and the dc-dc converter is to match the
rectified voltage with the battery voltage. A synchronized
switch harvesting on inductor (SSHI) was often employed
in the piezoelectric energy harvester. In the previous stud-
ies, lumped parameter models, described by ordinary dif-
ferential equations (ODE), were often utilized to analyze
the SSHI interface in piezoelectric energy harvesting [13],
[14]. Theoretically, the motion of a piezoelectric continu-
um is governed by partial differential equations (PDE),
which should be represented with a system of infinitely
many ODE mathematically. And it is usually more com-
plicated for PDE than ODE to construct the solutions,
respectively, for closed and open phases with continuity
at the transition moments of these 2 phases. Hence, it
becomes far more complicated, particularly when a recti-
fier is applied. As for a piezoelectric device operating near
resonance, a nonlinear analysis will be required [15]. In
this research, we have concentrated our attention on how
to realize the energy transmission wirelessly and the en-
ergy storage efficiently, so the resonant problem is left as
future work. We present a mathematical formulation that
governs thickness-stretch vibrations for the electric energy
transmitting process under the excitation of a harmonic
electric voltage source on the outer transducer; the nu-
merical results are presented. Performance of the wireless
energy supply system is optimized for a prescribed outer
voltage source.

II. GOVERNING EQUATIONS OF WIRELESS ENERGY
SUPPLY SYSTEM

To wirelessly convey energy into a battery sealed inside
a closed vessel, an energy transmission system consist-
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Fig. 1. A schematic illustration of the system consisting of 2 piezoelectric transducers and a storage circuit for wireless energy transmission through

a thin metal wall.

ing of an energy transmitting element and a modulating
circuit is proposed (see Fig. 1); the sealed wall has been
simplified as an electrode considering that it is usually
very thin. The energy transmitting element is composed
of 2 piezoelectric layers: the top and bottom layers repre-
sent the transducers outside and inside the wall, respec-
tively, and both are poled in different thickness directions.
The 2 outer surfaces and the interface are electroded. The
outer transducer is driven by a harmonic voltage source
to generate longitudinal acoustic waves propagating along
the x3-direction. After receiving the mechanical vibrations
from the sealed wall, the inner piezoelectric transducer
transforms the mechanical vibrations into electric energy.
To extend the closed circuit duration of the modulating
circuit artificially, an inductor Lj followed by a switch
(SSHI) is introduced in parallel with the inner transducer.
The switch inside the SSHI is always open, except when
a deformation extremum of the inner transducer occurs.
The modulating circuit is composed of a full-bridge recti-
fier to convert alternate current into direct current with a
capacitor Crect as an energy transfer station and a dec-dc
converter to match the rectified voltage Viect of Crect with
the battery voltage V5.

We note that the rectified capacitor Crect should be
much larger than the equivalent capacitance of the inner
transducer, so that Viect can be prescribed at a certain
voltage that ensures the operation of the energy transmit-
ting element at the optimal state. Obviously, the energy
transmitting element is subjected to 3 types of electric
boundary conditions: open and closed circuits and transi-
tion states from closed to open circuit. When the rectifier
is open, the electric potential difference between the 2
output electrodes of the inner transducer is smaller than
the rectified voltage Vrect, so that the inner transducer is
with null output current. When the rectifier is closed, the
output voltage of the energy transmitting element will be
maintained at Viect or — Viect.

When the SSHI is in an on stage, i. e., a transition state
from a closed to an open circuit, the inductor Ly and the
equivalent capacitance Cp of the inner transducer consti-
tute an oscillator to interchange charges between the 2
output electrodes of the inner transducer. If we choose the
closed circuit interval of the LrCjp oscillator to be just

equal to a half period of the oscillator m\/L;C ,, the switch

will be kept closed until the output voltage of the inner
transducer has been reversed.

We note that the operating process of such a wireless
energy supply system includes 2 subprocesses: the energy
transmitting process between the 2 piezoelectric trans-
ducers, and the energy storage process inside the stor-
age circuit. Once Vryect is given, both the energy transmit-
ting process and the energy storage process of the system
shown in Fig. 1 can be determined separately.

We first consider the energy transmitting process. Mo-
tions of the piezoelectric transducers are governed by the
following equations of linear piezoelectricity [16], [17]:

Tij+ pfi
Ty =cluSw—ewEr, Di=ewSu+eciEy,
Sy =(uy+u)f2, Ei=—¢,

= puza Di,i = Oa

(1)

where u;, E;, and D; are the components of the mechanical
displacement, the electric field, and the electric displace-
ment, respectively; Tj; and Sj are the components of the
stress tensor and the strain tensor, respectively; ¢ denotes
the electric potential; cgkl,, ekij, and 4§ are the elastic,
piezoelectric, and dielectric constants, respectively, where
the superscripts E and S indicate that elastic and dielec-
tric constants should be measured under the fixed electric
field and the fixed strain condition, respectively; and p is
the mass density. A superimposed dot represents time de-
rivative. The Cartesian tensor notation, the summation
convention for repeated tensor indices, and the convention
that a comma followed by an index denotes partial differ-
entiation with respect to the coordinate associated with
the index are used.

Since the dimension in the thickness direction is much
smaller than the in-plane dimensions, all variables can be
regarded as independent of the in-plane coordinates, x1
and 12, by assuming the edge effect to be negligible. In the
following, the compact notation is used and superscripts
are removed for simplicity. From (1), the governing equa-
tion and the electric displacement equation can be ob-
tained for thickness-stretch vibrations of the piezoelectric
layers as follows:
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C33U yy = Plis, 2)
D35 =0,

where ¢33 = ¢33 [1 + e§3/ (e33¢33)] is the piezoelectric
stiffened elastic constant. The linear piezoelectric consti-
tutive equations for the outside transducer can be written
as

T35 = c33us3 + €330 3, (3)

D3y = esuzs — €330 3.

Since the poling direction is opposite to the x3-direction in
the inner transducer, its constitutive equations become

T33 = c33us3 — €330 3, (4)
D3 = —es3uss — €330 3.

The boundary conditions of this structure are

qf)(hl,t):VlSinth, T33<h1,t):0, T33(—h2,t>:0,

(5)

where wo is the circular frequency of the harmonic voltage
source with period Tp = 27/wo. The interface between the
outside and inner transducers is connected with the earth;
the continuous conditions here are

H07)=¢07) =0,
Ts3(07) = T30 7).

The electric charge @)y per unit area on the bottom elec-
trode surface of the inner transducer is given by

The electric boundary condition acting on the inner trans-
ducer is determined by the on/off state of the rectifier as
follows:

1) During an off state, | V| < Vrect and
i, = 0. (8)
2) During an on state,

‘Vp‘ = Vieet: (9)

3) During a transition stage from closed to open circuit,
we obtain the governing equation of charge inter-
change between the 2 output electrodes of the inner
transducer by analyzing the L; — () oscillator as
follows:
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Fig. 2. Output voltage, Vp, of the inner transducer versus time over a
transition stage.
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c, 4+ Veesinwpt = 0,

(10)

where Voc is the voltage amplitude of the open cir-
cuit. Since the transition stage is far shorter than the
other stages (m/L;C', < Tp), a transition process is
plotted alone in Fig. 2 to show inversion of the out-
put voltage, Vp, of the inner transducer, where Viect
=2V, Lr=1 pH. We note that the voltage inversion
is not perfect because a part of the energy stored on
the inner transducer capacitance is lost by the high
frequency radiation due to the sharp edges of the
voltage signal. Therefore, a quality factor @) can be
defined for this degrading in the inversion oscillating
network. We set the quality factor @) equal to 2.6,
which corresponds to a preliminary experimental
setup [13]. During a transition stage from a closed to
an open circuit, output voltage of the inner trans-
ducer changes from Viect to — Vrecte_(”/ QQ), or from
— Viect t0 Viecte™(7/ QQ), after charge interchanging
between the 2 output electrodes of the inner trans-
ducer. Because | + Viecte™(7/ QQ)\ < Vrect, an open
circuit stage of the rectifier follows the transition
stage.

In addition, we need to take into account the continu-
ous conditions of displacements and velocities of the struc-
ture at the transition point from the off to the on state,
or from on to off of the rectifier. Obviously, ¢t = Tp/4 and
3Tu/4 are the instants of the rectifier from on to off. Des-
ignating ¢1 and t1 + To/2 as the moments of the rectifier
from off to on, we therefore have

ws(zsty) =a§(zsty),

(11)

u§(zsty) = u§(zsty),
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and

Wf(25Tof4) =0, 0f(z53T/4) =0,  (12)

where superscripts “0” and “¢” represent the quantities of
the off and on states, respectively.
We define the output power of this structure as

1 pTo_ .
P = ﬂj; Vi dt, (13)

and define an average rectified current, for the require-
ment in designing proper circuit parameters, as follows:

1

T
<Irect> = Tioj(‘) [)‘ip‘dt‘

(14)

Next, the charging behavior of a chargeable battery is
analyzed. The charging current and voltage of a charge-
able battery versus time are as follows [3], [4]:

Vb(S) - Voo + (V() - Voo)e_as7

Iy, when s < s,

. (15)
i(s) = [Ioe —als=sc)

when s > s,

where s denotes the charging time, and s¢ represents the
moment when the charging current transfers from a con-
stant state to an exponential attenuation function. Follow-
ing the theory for a storage battery, sc can be determined
with the condition that at s = s, in general, the stored
charge in the battery reaches 80 percent of the maximum
capacity Qm. Vo and Vi stand for the initial and the final
voltages of the battery, respectively, « is a constant, and
Ip stands for the charging current at the initial charging
stage. From the energy conservation theory, (14) and (15),
we have

(Vrect/vc)<1rect>/Ka for IO Sjrm

Iy = 16
0 1, otherwise, (16)

where I, is the maximal allowable charging current of the
rechargeable battery, and K =1 + 5(V. — V0)/[Qm(e* —
1)].

In general, Vyiect should be fixed at an optimal value
to make the inner piezoelectric transducer output maxi-
mal power. The battery voltage will be increased gradu-
ally with charging the battery, especially for the charging
time before 80 percent of the battery maximum capacity
is reached. A dc-dc converter is installed to match the
optimal rectified voltage Vrect with the battery voltage V3
through modulation of its duty cycle.

In the next section, we will focus on analyzing the ef-
fect of the energy transmitting process on the performance
of the wireless energy supply system in detail in this re-
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search; the effect of the dc-dc converter has already been
carefully studied by Hu et al. in [3], [4].

II1. ANALYSIS OF THE ENERGY TRANSMITTING
ELEMENT

We assume the analysis of the 2 piezoelectric transduc-
ers for open and closed stages consist of particular and
general solutions, as follows:

ug(mg,t):ugp(mg,t)—i—ugg(xg,t), (17)
3

'(xg,t) ugp(xg,t) + ugg(xg,t),

where and following the superscripts or subscripts “o” and
“¢” refer to open and closed circuit stages, respectively.
The solutions of these 2 stages can be obtained one by
one as follows:

U 4

A. Solutions for an Open Circuit Stage

The energy transmitting element is driven to vibrate
by the external voltage source with some remaining static
amount of charge, @s, on electrodes of the inner transduc-
er, at the instant of entering an open circuit. We construct
the solution by superimposing the Qs(tp) component of
the solution upon the component caused by the harmonic
voltage source. We list below these 2 components:

1) The Qs Component (ugl(:zzg),VpOl): From (2)—(7), we
can get the solutions of an open circuit stage:

u§t(x3) =0, ¢ (z3) =0,

- €33 s 1— Qs (18)
u§(zs) = ——2" g “zg) = — x
3 ( 3) ngcphg 3 ¢ ( 3) Ophg 3
where superscripts “+” and “—” represent the quan-

tities of the outside and inner portions, respectively.
Cy = 533/ ho is an effective capacitor of the inner

transducer in Fig. 1, and Z33 = e33(1 +k3), k33 =
eds/lcaess), V' = ¢ 91 (—h2) = Qs/Ch.
2) The Component (u$X(x s, t),V;Z(t)), caused by V;sin

wot, is obtained as follows: without static charge at
the electrodes, from (2) and (3), we have

U§2+($3,t) = (ajsinfoxg + bocosfoxg)sinwot,

ué’z_(:zzg,t) =(a,sinéyxrs + bocosggxg)sinwgt,

where §0 = wy /p;Egg. The terms aF and by are

undetermined constants, and can be solved from (5)
and (6). Therefore voltage V () can also be written
in harmonic form with amplitude Vo as



= Ve sinwt,

<
RS
i
—

~
—

Vee = —eﬁ(tangohﬁmfohg + cosEgha — 1),
€33

(20)

The total displacement and output voltage of the
transmitting structure at an open circuit stage are
obtained by

uP* (zyt) = uf™(z

vir() =

3)+ UgZi(x?nt)v
VI V2 (1) = Qu(to)/Cp + Veesinwyt.
(21)

3) General Solutions: General solutions of an open cir-
cuit stage u$/*(zs3,t) should satisfy (2)-(4), so we
take the general solution as

ogix?n ZTon )
Tfﬁ(t) = C(?;Lsmw(mt + D cosw pt,
Us(zs)=

(22)

+ .
Aon sin gonl‘ 3 + cos gonx 3

where £op = / pw En/an,g . The equations C\, = C,,
= Copand D, = D,, = Don can be obtained from

(6). The n-th natural frequency won and coefficients

AZ can be gotten from homogenous boundary con-
ditions and the charge condition. We can solve the
output voltage of this part from (4).

B. Solutions for a Closed Circuit Stage

1) Particular Solutions: Since the output voltage of the
inner transducer keeps a constant Vp(t) = Viect in the
closed stage, particular solutions consist of a static part
and a dynamic part as

ugpi<x3 t) = U’§Si< 3) + u§di<m37t)7

us :( 1n§0x3+bccosfoz3>sinwot,
op— 633Vrect
u(x3t) = o T3
332
+(ac_sin£0x3 +bccos§0x3)sinw0t,
Vp = VpCS = Vrectv

(23)

where coefficients aF and be can be obtained in a way

similar to that for (18) and (19), except that electric con-
ditions are changed to V,* = Viect, @, # 0 for the

static part and V2 4t) = 0, Q5%(t) # 0 for the dynamic

part; the static charge @}’ and dynamic charge Qul posinw,t

can be obtained from (7).
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2) General Solutions: General solutions of a closed cir-
cuit stage (u§/*(z3,t), u§ (r3,¢t)) have the same form as
the open circuit stage:

Cgi 37 3t 2 Tcn )

Ten (t) = C’m Sinw et + D ¢y COSW il (24)
Ucin(w3) = AsgLSingcnmS + cos & nl 3,
where £cn = /pw?2,/C33 . The terms wen and A2 can be

solved in a way similar to that for woep, and Agn, except
that the homogenous condition, ¢(h1,t) = 0, for the closed
stage in (5) replaces @ = 0 for the open stage in (7).

C. Solutions of Coefficients Con, Don and Ccn, Den

From (11) and (12), coefficients of Con, Don and Cep,
D¢y, can be solved; now the current flowing out of the inner
transducer at a closed circuit stage can be written as

ip(t) = —(Q +Qy)$

o N cd
= —Q,"Swocoswl

en S W cnt - Dcn cosw cnt ]7

+ Y QSwa|C
i=1
(25)

where S denotes the electroded surface area of the inner
transducer and (g% can be gotten by substituting (24)
into (7).

IV. NUMERICAL RESULTS

Consider PZT-5H as an example. Its mass density p
= 7500 kg/m3, and the material parameters are as given
below [18]:

(12.6,7.95,8.41,11.7,2.30)
x 10 N/m?,
(e1s,e31,e33) = (17.0,—6.5,23.3)C/m?,
(5117533) = (1700,1470 ),
g9 = 8.854 x 10 ' farads/m.

(011,01270137033’044) =

(26)

The frequency of the sinusoidal voltage source is set at fo
= 1 MHz, and the input voltage amplitude V; = 10 V. In
our calculations, -1 = 1 mm, k2 = 2 mm, and S = 0.01 m?2
are fixed. For the rechargeable battery, Qm = 100 mAh, I,
=10mA, Vp =18 V,and Voo =231 V.

The vibration period of the transducer system is 7Ty
= 2n/wp. We take t = Tp/4 as the beginning point of
calculation on an energy transmitting process, because it
is known that the deformation of the piezoelectric ele-
ment arrives at its first positive extremum at ¢t = Tp/4 in
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Fig. 3. (a) Comparison of output voltage, Vjp, of the inner transducer
versus time over one period Tp between the energy transmitting element
with and without an SSHI. (b) Comparison of output current, iect, of
the rectifier versus time over one period Tp between the transmitting
element with and without an SSHI.

one period Tp; that is, ¢ = To/4 is a transition point of
the rectifier from closed to open circuit [3], [4], [13], [14].
Fig. 3 shows the comparison on the output voltage, V), of
the inner transducer and the output current, drect, of the
rectifier versus time over one period Tp with and without
an SSHI, where Viect is fixed at 2 V. It should be noted
that we have shifted the dependence of V} and rect upon
t inside (27/wo, 57/2wo) to (0, 7/2wo) because of the peri-
odicity. It can be seen in Fig. 3 that employing an SSHI in
the energy transmitting element largely shortens the open
circuit interval and extends the closed circuit interval of
the rectifier. Thus, we will focus on studying the energy
transmitting element system with SSHI in the following.
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Fig. 4. (a) Output voltage, Vp, of the inner transducer versus time over
one period Tp. (b) Output current, irect, of the rectifier versus time over
one period Tp.

Fig. 4 plots Vp and irect versus the time over one period
To. We note that a larger Vyect results in a shorter closed
circuit stage of the rectifier and, conversely, a smaller Vyect
corresponds to a longer rectifier closed circuit.

Fig. 5 represents the output power of the energy trans-
mitting element versus Viect. There exists an optimal out-
put voltage Viect at which the maximal output energy
can be transferred by the energy transmitting element.
Considering that this optimal voltage may not be identi-
cal to the battery voltage in general, we employ a dc-dc
converter following Crect that can match Viect with the
battery voltage effectively. Dependence of charging volt-
age and current upon time are drawn in Fig. 6. It follows
from Fig. 6 that there is a time point sc that divides the
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Fig. 6. The current i, and the voltage Vi of the battery versus time in
the whole charging process.

process of charging the battery into 2 stages. A more de-
tailed discussion on energy storage can be found in [4].

V. CONCLUSION

Electric energy is wirelessly transmitted through a
sealed thin metal wall with the thickness-stretch vibra-
tion mode of an energy transmitting system consisting of
2 piezoelectric transducers in parallel with an SSHI, and
is stored into a rechargeable battery; both are integrated
as a whole through a modulating circuit. The process of
transmitting energy is computed in detail. Numerical re-
sults show that the SSHI can artificially extend the closed
circuit interval of the rectifier, and there exists an optimal
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rectified voltage to make the battery recharge more ef-
ficiently.
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