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The dynamic characteristics of harvesting energy from mechanical
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As an alternative power solution for low-power devices, harvesting energy from the ambient mechanical vibration
has received increasing research interest in recent years. In this paper we study the transient dynamic characteristics
of a piezoelectric energy harvesting system including a piezoelectric energy harvester, a bridge rectifier, and a storage
capacitor. To accomplish this, this energy harvesting system is modeled, and the charging process of the storage capacitor
is investigated by employing the in-phase assumption. The results indicate that the charging voltage across the storage
capacitor and the gathered power increase gradually as the charging process proceeds, whereas the charging rate slows
down over time as the charging voltage approaches to the peak value of the piezoelectric voltage across the piezoelectric
materials. In addition, due to the added electrical damping and the change of the system natural frequency when the
charging process is initiated, a sudden drop in the vibration amplitude is observed, which in turn affects the charging rate.
However, the vibration amplitude begins to increase as the charging process continues, which is caused by the decrease in
the electrical damping (i.e., the decrease in the energy removed from the mechanical vibration). This electromechanical
coupling characteristic is also revealed by the variation of the vibration amplitude with the charging voltage.
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1. Introduction

Low-power devices (such as wireless sensors and trans-
mitters, medical implant sensors, portable electronic devices)
and the relevant physical mechanisms have been the sub-
ject of a great deal of research over the past few years.[!=]
Potential applications of these low-power devices include
building and machinery status monitoring,® natural disas-
ter relief,!”l hazardous environment exploration,!!! biomed-
ical health monitoring,”! and military target tracking and
surveillance.!®) However, as low-power devices increase in
number and decrease in size, the proliferation of these devices
raises the problem of an effective power supply. The conven-
tional solution is to use electrochemical batteries for power.
The limitation of battery power is that it needs frequent re-
placement/recharging, which is costly and cumbersome for a
large quantity or in a remote area.

To tackle this issue, many research efforts have been de-
voted to harvesting energy from the ambient environment to
power and maintain these low-power devices.®~'3! Such en-
ergy transducers are termed microenergy harvesters or mi-

[14-16] Currently, the harvestable envi-

cropower generators.
ronmental sources mainly include solar power, thermal gra-
dients, and mechanical vibration. Among them, mechani-
cal vibration is ubiquitous, and is easily converted into elec-
tricity through micro-electro-mechanical systems (MEMS)

technology.!'”l The most widely used mechanism for con-
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verting mechanical vibration into electricity is piezoelectric
conversion because it has the advantages of low mechani-
cal damping, strong electromechanical coupling, appropriate
voltage and current output, and compatibility with MEMS
processes. [17:18]

A vibrating piezoelectric element in a piezoelectric en-
ergy harvester (PEH) generates an alternating current (AC),
while the low-power devices generally require a stabilized di-
rect current (DC). Therefore, an interface circuit is usually de-
manded in practical applications to ensure the electrical com-
patibility between a PEH and a low-power device. The stan-
dard interface circuit involves only a bridge rectifier for AC—
DC conversion.[!”! Significant studies have been devoted to
optimizing the interface circuit to maximize the power out-
put of a PEH. For example, DC-DC converter circuits have
been investigated to match the actual load of a low-power de-
vice to the impedance of a PEH, thus maximizing the power
output.'?°! Furthermore, a synchronous electric charge extrac-
tion method developed by Lefeuvre et al.l>!! has been shown
to increase the power output to 400% of the power output
across a matched resistive load. In the subsequent studies,

22231 proposed a new technique termed syn-

Lefeuvre et al.!
chronous switch harvesting on inductor (SSHI), which has also
been successful in increasing the PEH power output. Liu er
al.”*! reported on an optimal work cycle for a PEH, and theo-
retically showed that their method yields more power than an

SSHI. Hu et al.!*! developed a nonlinear interface circuit by
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combining an SSHI and a DC-DC converter with a bridge rec-
tifier, and found that their nonlinear interface circuit can raise
the charging efficiency of a storage battery. Recently, an im-
proved self-powered SSHI reported by Liang and Liao!'°! has
proved to harvest up to 200% more power than the standard
interface circuit. In addition, the power dissipation resulting
from the switch elements of an interface circuit was studied
by Ming and Zhou. !

The research work cited above focused primarily on de-
veloping an optimal interface circuit to maximize the power
output of a PEH. However, the energy harvested from the me-
chanical vibration is usually time-varying and insufficient to
power the low-power devices directly. To account for this,
most low-power devices adopt low duty cycle designs, mean-
ing that most of the time the devices are idle and periodically

(271 For a low duty cycle

turned on for very short intervals.
design, an energy storage buffer is indispensable for storing
and accumulating the harvested energy. Rechargeable batter-
ies and supercapacitors are two candidates for this energy stor-
age purpose. A detailed study showed that supercapacitors are
superior to rechargeable batteries in terms of charge—discharge
efficiencies, energy density, adaptability, and lifetime. >8] Un-
derstanding the dynamic characteristics of charging a storage
capacitor by a PEH is critical to developing a system that max-

27.29] However,

imizes the duty cycle of a low-power device.!
the most published papers generally only consider simple re-
sistive loads,**33! or only focus on the frequency response
characteristics of the output voltage and output power of a
PEH.[34-371

In the present paper, an electromechanical model is pro-
posed to study the dynamic behaviors of an energy harvesting
system. This system includes a PEH, a bridge rectifier, and
a storage capacitor to accumulate the electrical energy con-
verted from the ambient mechanical vibration. Without an ex-
ternal resistive load, the accumulation of the electrical energy
in the storage capacitor is a time-varying transient process.
To predict the dynamic characteristics related to this time-
varying transient process, an analytical model concerning the
electromechanical coupling between the energy storage and
the mechanical vibration is derived based on the in-phase as-
sumption. The comparison between this analytical model and
related experimental data indicates that the analytical model
could predict the energy harvesting and storage capacities of
this type of energy harvesting system.

2. Energy harvesting system model
2.1. PEH model

A PEH reference configuration is composed of two piezo-
electric layers and a metal shim, i.e., a triple-layer piezoelec-
tric cantilever beam as shown in Fig. 1. This triple-layer piezo-
electric cantilever beam is designed to operate in the transverse

mode (3—-1 mode), which is the general case for the bending
deformation. When the mass block affixed at the free end of
the piezoelectric cantilever beam is forced to vibrate by the
ambient mechanical vibration, an applied mechanical stress 7}
along axis-1 is produced in the piezoelectric layer, which in-
duces an electric displacement D3 along axis-3. In the mean-
time, the applied electrical field E3 along axis-3 affects the
mechanical strain S along axis-1. The coupling equations for
3-1 mode are

D3 = ds3 T + &33E3, (D
S1=s1Ti +ds E3, 2
where 511, €33, and d3; are the compliance, permittivity, and

piezoelectric coefficient of the piezoelectric material, respec-
tively.
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Fig. 1. (color online) Schematic diagram of a PEH.
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Fig. 2. Equivalent circuit model of the PEH.

The electromechanical behavior of the considered PEH
can be represented by an equivalent circuit model in which
each of the mechanical properties of the PEH is replaced by
an equivalent electric component as shown in Fig. 2. For ex-
ample, the equivalent inductor L represents the effective mass
(M) of the PEH. Similarly, G (voltage generator), C (capaci-
tor), and R (resistor) represent the stress (T'), compliance (s),
and damping (1)) of the PEH, respectively. The transformer,
representing the piezoelectric coupling, is characterized by a
turn ratio (n) that relates the stress in the mechanical subsys-
tem to the voltage in the electrical subsystem. The resulting
dynamics of the PEH operating in 3—1 mode can thus be de-
scribed by [34]

.. . S
G:LSl—i—RSl—i—El—&-an, 3)
Ip = CpVp, “)
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where Cp is the capacitance of the piezoelectric layers (intrin-
sic capacitor), Vp is the voltage across the piezoelectric layers
(piezoelectric voltage), and Ip is the resulting current.

In order to study the effects of electromechanical cou-
pling on the mechanical vibration of the piezoelectric can-
tilever beam, we need to return the equivalent circuit model
of the mechanical subsystem to a vibration equation. Using
the expressions for G, L, R, C, n, Ip, and S; (see Ref. [34]
for detailed discussion), equations (3) and (4) can be rewritten
respectively as

Mzi+ni+Kz+OVp =F(t), ()
0,z =CpVp, (6)

where z is the displacement of the beam tip, K is the effec-
tive stiffness of the beam, F(z) is the external excitation, @
and O, are the effective piezoelectric coefficients, represent-
ing force factor and current factor, respectively. K, @1, and ®,
are determined respectively by

Yp
K= @,
. ads Yp
n 2tpk; ’
. awlds Yp
Tk

where Yp is the elastic constant of the piezoelectric material,
« is equal to 1 or 2 for piezoelectric layers connected respec-
tively in series or parallel, k; and k, are two constants related

34 and [ are

to material properties and structural geometry,
beam width and length, respectively.

The effective piezoelectric coefficient @;, also called
backward electromechanical coupling coefficient, describes
the effect of the generated piezoelectric voltage on the me-
chanical vibration of a PEH by the term @;Vp in Eq. (5). In
the meanwhile, the forward electromechanical coupling coef-
ficient ®, depicts the relationship between the generated cur-
rent and the mechanical vibration of a PEH by the term 0,7 in
Eq. (6). Moreover, @ and @, depend not only on the material
properties and structural geometry of a PEH, but also on the
connection mode of the two piezoelectric layers. In some pre-

[17.27.29] How-

vious studies, @; was chosen to be equal to ©,.
ever, different modeling methods or load conditions could lead
to the case that @ is different from 0, (including the case that
O, is assumed to be zero)3%3%¥1 as shown by Egs. (5) and
(6). Therefore the PEH model proposed here could be consid-
ered as a generalized version of the model in which 0 is equal

to .

2.2. Energy harvesting system model

The energy harvesting system includes a PEH, a bridge
rectifier, and a storage capacitor as illustrated in Fig. 3. The
AC electrical energy generated by the vibrating piezoelectric

cantilever beam (i.e., PEH) is converted into DC electrical en-
ergy by a standard interface circuit (bridge rectifier), and then
is stored in a supercapacitor. The governing equations of this
energy harvesting system can be described by

Mi+n:+Kz+0,Vp =F(t), (7
—Oz+CpVp = —1, (8)

where [ is the rectified output current, and F(¢) is the external
mechanical excitation. Note that in most vibration-based en-
ergy harvesting systems, F(¢) originates from the mechanical
vibration of the base.
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Fig. 3. Schematic diagram of the energy harvesting system.

During the charging process, the charging voltage (i.e.,
the voltage across the storage capacitor) increases continu-
ously, whereas the piezoelectric voltage generated by the PEH
vibrates periodically as shown in Fig. 4. In the i-th half cycle
defined by in < wt < (i+ 1)« and shown in Fig. 5, the piezo-
electric voltage Vp(¢) is smaller in magnitude than the charg-
ing voltage V¢ (¢) from iz to P;, and thus the rectifying bridge
is blocked. At the phase P;, the magnitude of Vp(¢) reaches that
of Vc(¢), and then the rectifying bridge begins to conduct and
the magnitudes of Vp(¢) and of V¢ (¢) increase simultaneously
due to the continuous bending of the beam. At the end of the
i-th half cycle, the rectifying bridge is blocked again since the
beam deflection and the generated piezoelectric voltage begin
to decrease. Thus, the output current charging the storage ca-
pacitor is

for in < wt <P,

for P<owt<(i+1)x. ©
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Fig. 4. Schematic diagram of the charging process.
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Fig. 5. The i-th half cycle of the charging process.

The energy harvesting system model described by
Eqgs. (7) and (8) captures the electromechanical coupling char-
acteristics of the piezoelectric energy harvesting system. For
example, equation (7) describes the effect of the generated
piezoelectric voltage on the mechanical vibration by the term
O, Vp, whereas equation (8) depicts the conversion of mechan-
ical vibration to a current source via current factor ®. When
the electromechanical coupling is strong, which is the case
considered in this study, the in-phase assumption has proved to
be accurate at identifying the electromechanical coupling char-
acteristics of the piezoelectric energy harvesting system.[2%40]
The in-phase assumption will be elaborated in the following
subsection.

2.3. In-phase analysis of the energy harvesting system
2.3.1. In-phase assumption

In-phase assumption supposes that the applied excitation
F(t) is in phase with the vibration velocity z(¢) of the piezo-
electric cantilever beam. Precisely, the in-phase assumption is
described by!!7:4%]

(10)
(1)
where 7 is the vibration amplitude of the piezoelectric can-
tilever beam, F' and ® are the magnitude and angular fre-
quency of the applied excitation, respectively.

Using the in-phase assumption, the coupling term ©,7 in

Eq. (8) can be modeled as a current source Ip, i.e.,
I (t) = @z (1) = @ zwsin () = Ipsin(wr).  (12)

Then the output current charging the storage capacitor can be

determined by
0, for in < wt <P,
1=, cc |- (13)
Ip;sin(wt for ,<ot<(i+1)x.
CC"‘CP‘ p;sin(wt)|, for P,<owt<(i+1)

Here the subscript i is used in the term /I\p_’,’ to show that the
current flowing into the storage capacitor varies with each half
cycle.

2.3.2. Charging voltage

The charging voltage increases as the charging process
proceeds. In order to obtain the ever-increasing charging volt-
age in the i-th half cycle, integrating Eq. (8) over the interval
in < ot < P, yields!?’!

P/w Pjo
—@2/ z’(t)dt+Cp/ Ve (2)dt

/o in/®
Pi/o
- / o Tpesin(@0) e+ ColV (01 = ) Ve (01 = ix)
in/w

— Ial;,i [cos () — cos (irt)] +Cp [Vb (P) — Vi (iT)]

(14)

If the storage capacitor is initially discharged, then
Wo(P) = —Vc,i and Vp(im) = V; during the odd half cycles,
whereas Vp(P;) = V¢ ; and Vp(im) = —V; during the even half
cycles, where V(; is the charging voltage at the end of the i-th
half cycle as shown in Fig. 5. According to the foregoing dis-
cussion and Eq. (14), the critical point that the bridge rectifier
initiates conducting in the i-th half cycle can be determined by

ZwCV,-
B ket AAS T TS O S
Ip;
cos(P) = ' (15)
20CVe.;
|- =S 202,40
Ip;

From the critical point P; to (i + 1), the bridge rectifier
conducts, and the current flowing into the storage capacitor
can be calculated by

(i+1)m/o (i+)mw/o
/ I(r)dr = CC/ Ve(t)dt
P P

e i/ ©
= Cc [Ve,iv1 —Ve,il - (16)
Substituting Eq. (13) into Eq. (16) yields
Ip; 1 .
Vei+ — [1—cos(R)], i=1,3,5,...,
k o Cp+C
Veist = e (17)
Ip; 1
Vit —24 [1+cos(P)], i=0,2,4,....

Then by combining Egs. (15) and (17), we can obtain the

charging voltage by
Cc—Cp 2 ~
Ve = Ve Ip:
C,i+1 Co+Cp cit P (CC +CP) P,i
Cc—Cp 20,
Cc+GCp C.1+CC+CP21 (18)
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2.3.3. Average power harvested during each half cycle

The average power harvested and stored in the storage ca-
pacitor during the i-th half cycle can be determined by

B Cc (V(%.m - Vé.,i) /2

iael]

T/2
oC, Ce—Gp\? 460, (Cc — G m
- {(&52) - e P
2r Cc+Cp (Cc+Cp)
402
+22zf}, (19)
(Cc—|—Cp)

where T is the vibration period of the piezoelectric cantilever
beam. In order to store the harvested power as much as pos-
sible during each half cycle, it is fairly reasonable to assume
that Cc > Cp. Thus, equation (19) can be simplified into

20 (@22;‘ + Cch,,) (@22,‘ - CPVC,i)

p—
7 (Cc+2Cp)

(20)

The power accumulated in the storage capacitor can then be
calculated by

Pc = ZE. (1)

2.3.4. Vibration amplitude of the piezoelectric can-
tilever beam

To determine the effects of energy conversion and stor-
age on the mechanical vibration of the piezoelectric cantilever
beam, let equation (7) be multiplied by z(¢) and equation (8)
be multiplied by Vp(¢), and integration of the addition of these
two equations during each half cycle gives the equation of the
energy balance

(i+1)7/o
/ F(t)z(t)dr
iT/w
(i+1)w/o ) (i+1)m/o
= nz-(t)de+ (©1 —0,) Vp(1)z(t)dr
iT/w ir/o

Jr%CP VB ((i+1)m/w) -V (in/w)] +P,-§ (22)

Noting that Vp(¢) = £V () at the beginning and end of each
half cycle, and using the in-phase assumption, equation (22)
can be reduced to

(i+1)m/o
/ F(0)2(t)dr
in/®
(i+1)m/o O -0 (i+1)m/w
= Nz (t)dt + ———> / V() Ip(1)dt
in/w ©, in/w
1 T
+5Ce [VE, — V2] +F. (23)

For the energy harvesting system shown in Fig. 3, a por-
tion of the input energy that sources from the external mechan-
ical excitation F'(¢) is dissipated by the structural damping, and

the remainder of the input energy is stored in the intrinsic ca-
pacitor and the storage capacitor. Therefore, the energy stored
in the two capacitors in the i-th half cycle can be obtained by

(i+)7/w (i+)rm/w
Esi— / Ft)2(r)di — / nie)2d. (24)

/o /o
In terms of circuit theory, the energy stored in the intrinsic ca-
pacitor and the storage capacitor in the i-th half cycle can also
be determined by

* Jo e [Ve(t) - CoVi(1) + Ve (1) - CcVe (t)] dr.(25)

Using Eq. (8), and taking into consideration V¢ (7) = £Vp(¢)
during the interval P, < ot < (i+ 1)7, equation (25) can be
simplified into
(i+1)7/o
Es; = / Vo (1) Ip(1)dr. 26)
iT/o
According to Egs. (24) and (26), equation (23) can be ex-
pressed as

20, — O, (i+1)m/w )
6 Jwe F(t)z(t)dt
20, -0, [lthr/o 1 5 5
= e /o nz-(t)dt + ECP [Véi1 —Véi
_T
+P’E’ 27

Substituting Egs. (18) and (20) into Eq. (27), and solving
for 7;, we have

A= /A2 ~16BO,CcCoVE,
i =

2B ’
where A and B are given respectively by

(28)

A = TFO,; (Cc+Cp) —21F O, (Cc +Cp)
+4Vc,i03 (Cc—Cp),
B = a0, (Cc +Cp) —2xM @O, (Cc +Cp) — 405,

If the force factor @ is chosen to be equal to the cur-
rent factor ®,, the analytical model given by Eqgs. (18), (20),
and (28) reduces to the model represented by Wickenheiser
et al.'*! In addition, the effective piezoelectric coefficient ©;
given by Wickenheiser er al.!*®! was obtained by the experi-
ment, which poses a challenge to the structural optimization
of a PEH since the relationship between the effective piezo-
electric coefficient and the structural parameters was not pre-
sented. In contrast, the effective piezoelectric coefficients ®;
and @, given in this paper are determined by the structural pa-
rameters and material properties, which can facilitate the de-
sign and optimization of a PEH.

Other topics such as the conversion efficiency!*!! and
optimization[33! of the piezoelectric energy harvesting system

will be studied and elaborated in separate papers.
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3. Results and discussion

The energy harvesting system, illustrated in Figs. 1 and 3,
is used to demonstrate the dynamic characteristics of harvest-
ing energy from mechanical vibration via piezoelectric con-
version. The piezoelectric material is PSI-5A4E ceramic, and
the metal shim is made of brass. The structural parameters
are given in Table 1. The intrinsic capacitor and the storage
capacitor are originally discharged, and the charging process
is initiated at 1.38 s (in accordance with the experiments[?”))
after an external sinusoidal excitation with amplitude 2.5 mN
and frequency 371 rad/s has been applied to the system. Other
detailed experimental parameters can be found in Ref. [29].

Table 1. Structural parameters of the energy harvesting system.?°]

Structure size/mm a mn/(N-s/rm) M/g CpmF Cc/uF

28.575%3.175%0.190 2 0.0115 1.1 13.48 13.29

In practical applications, the attainable charging voltage
level is crucial for reducing the conduction loss and the qui-
escent power dissipation of a load circuit.*?! For the struc-
tural parameters adopted in this study, the variation of charg-
ing voltage V() with time 7 and half-cycle number i during
the charging process is shown in Fig. 6. It is obvious that
the charging voltage V(¢) increases as the charging process
progresses. However, as the charging process continues, it
takes more time for the piezoelectric voltage Vp(¢) to reach
the present voltage level of the storage capacitor during each
half cycle, i.e., P, — (i+ 1)7 as i — oo, as illustrated in Figs. 4
and 5. As a result, the net charge stored in the storage capac-
itor during each half cycle decreases, and consequently, the
charging rate slows down over time. The charging process
terminates when the storage capacitor is charged to the peak
value of the piezoelectric voltage. In this situation, the cur-
rent passing through the bridge rectifier is zero, and the piezo-
electric cantilever beam vibrates in an open-circuit condition.
This charging process has also been experimentally observed
by Wickenheiser et al.>*! using the same structural parameters
as those used in this simulation. It can be seen that the charg-
ing voltage calculated in this study is in reasonable agreement
with that obtained by the experiment.

Another key performance parameter of the energy har-
vesting system is the charging rate at which the power in the
storage capacitor is accumulated to a desired level. The charg-
ing rate determines the duty period of a low-power device.
For example, a typical industrial transceiver consumes around
0.1 W, and thus the energy harvesting system designed in this
study can afford the transceiver to run every 4 s as shown in
Fig. 7. Although the accumulated power in the storage capaci-

tor increases with time increasing, the harvested power during

each half-cycle (i.e., charging rate) decreases as the charging
process proceeds as shown in Fig. 8. However, the initial part
of the curve shown in Fig. 8 indicates that the charging behav-
ior is not so simple, especially at the beginning of the charging
process. A further study on the charging process shows that
the charging rate is dependent on a combination of two factors:
charging voltage V¢ ; and vibration amplitude z; as described
by Eq. (20). Therefore, the different developing trends of V¢ ;
and z;, and the strong coupling between V¢ ; and z; shown by
Eqgs. (18) and (28) complicate the charging behavior.

i/103
1 2 3 4 5 6 7

0
25

simulated charging voltage
2071

1571

10t

VeV

experimental charging voltage(29]

4 i L i i i i s s I

0 4 8 12 16 20
t/s

Fig. 6. (color online) Variation of charging voltage V(¢) with time 7
and half-cycle number i.

i/103
0 1 2 3 4 5 6 1
0.4}
0.3}
2
>
& 0.2
0.1}
0 1 I I I I I I I I
0 4 8 12 16 20

t/s

Fig. 7. (color online) Variation of accumulated power Pc with time ¢
and half-cycle number i.

Piezoelectric energy harvesting systems are generally de-
veloped to convert mechanical energy into electrical energy,
and thus they exhibit prominent electromechanical coupling
characteristics. This can be revealed by the effect of elec-
trical condition on the vibration amplitude of the piezoelec-
tric cantilever beam as shown in Fig. 9. Initially, the bridge
rectifier is blocked, and the piezoelectric cantilever beam vi-
brates in an open-circuit condition. Upon initiating the charg-

ing process, a sudden drop in the vibration amplitude can be
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observed. As the charging process proceeds, the charging volt-
age approaches to the peak value of the piezoelectric volt-
age, and the decreasing energy is extracted from the vibra-
tion during each half cycle since it takes more time for the
piezoelectric voltage to reach the present voltage level of the
storage capacitor. This leads to decreased electrical damping
and, consequently, increased vibration amplitude. Particularly,
the piezoelectric cantilever beam returns to the initial open-
circuit vibration status when the charging voltage reaches the
peak value of the piezoelectric voltage. An experimental study
conducted by Wickenheiser e al.**) showed that the vibra-
tion amplitude of the piezoelectric cantilever beam could be
reduced by over 40% after the piezoelectric layers had been
connected to the interface circuit, and then the vibration am-
plitude increased as the charging process progresses as shown
in Fig. 10. Wickenheiser ef al.**! argued that the sudden drop
in the vibration amplitude was caused by the change in the
system natural frequency when the energy harvesting system
was changed from open-circuit condition to short-circuit con-
dition. A further study on the harvested power P, indicates
that electrical damping could also reduce the variation ampli-
tude significantly since P; is pronounced even after 7000 half
cycles as shown in Fig. 8.

i/10°

0 4 8 12 16 20
t/s

Fig. 8. (color online) Variation of harvested power P; with time ¢ and
half-cycle number i.

/103
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0.80 3 : 5 6 7
0.6
E 04
Z
)
0.2
O L 1 L L L L L L L
0 4 8 12 16 20
t/s

Fig. 9. (color online) Simulated variation of vibration amplitude 7 with
time ¢ and half-cycle number i.

z/mm

0 4 8 12 16 20
t/s

Fig. 10. Vibration of the piezoelectric cantilever beam obtained by
experiment. [?]

The electromechanical coupling characteristics of this en-
ergy harvesting system can also be revealed by the variation of
the vibration amplitude with the charging voltage as shown in
Fig. 11. Due to the added electrical damping and the change
in the system natural frequency, the vibration amplitude de-
creases as the charging voltage increases from 0 V to 5.6 V.
As the charging process proceeds, the energy removed from
the vibration during each half cycle decreases, resulting in re-
duced electrical damping. In addition, the frequency change is
only significant at the beginning of the charging process and
decays over time.[?°! Therefore, the vibration amplitude in-
creases gradually after the storage capacitor has been charged
t0o 5.6 V.
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Fig. 11. (color online) Simulated variation of vibration amplitude z
with charging voltage V(7).

4. Conclusions

Technological advances in power electronics and micro-
fabrication have opened up the possibility of self-powered
low-power devices.[*3#71 To facilitate the realization of this,
current research trends call for harvesting energy from the am-
bient environment, especially from the ambient mechanical vi-

bration. In most cases, the energy harvested from the mechan-
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ical vibration is time-varying and insufficient to power low-
power devices directly. Thus a storage device is usually re-
quired to accumulate the harvested energy for the intermittent
use of low-power devices. In this paper, the transient charg-
ing behavior of an energy harvesting system including a PEH,
a bridge rectifier, and a storage capacitor is modeled and ana-
lyzed under the in-phase assumption. It is found that the charg-
ing voltage and the accumulated power increase as the charg-
ing process proceeds, but the charging rate decays over time.
Moreover, due to the added electrical damping and the change
in the system natural frequency when the charging process is
initiated, a sudden drop in the vibration amplitude is observed,
which in turn affects the charging rate. In addition, the vibra-
tion of the piezoelectric cantilever beam begins to strengthen
as the charging voltage approaches the peak value of the piezo-
electric voltage, which results from the reducing of electrical
damping or charging rate. This electromechanical coupling
characteristic can also be demonstrated by the vibration am-
plitude versus the charging voltage.

The output power of the piezoelectric energy harvesting
system can be further increased by optimizing the configura-
tions of the piezoelectric cantilever beam. Work on the con-
version efficiency and optimization of the piezoelectric energy
harvesting system is currently underway, and will be elabo-

rated upon in separate papers.
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