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Abstract

Segmented Piezoelectric Skin Energy Harvesters

Kim, Hongjin
School of Mechanical and Aerospace Engineering
The Graduate School

Seoul National University

This work proposes segmented piezoelectric skin energy harvesters that work
effectively at any operating vibration frequencies. Unlike earlier studies to make use
of an analytical model for piezoelectric energy harvesting (PEH) skin design, this
work proposes an experiment-based method to design a skin-based PEHs in which
operating deflection shapes (ODSs) of a target mechanical system are utilized for the
design. This method is practically useful because actual vibrations of a target
mechanical system are fully considered in designing skin-type PEHs. In order to
consider actual defection shapes of a target system, in-plane normal strain values are
interpolated from discretely-measured out-of-plane deformations of a target
mechanical system. Then, information on possibly-multiple strain inflection lines is
extracted and segmented PEH skins are determined accordingly. This procedure is
devised to avoid any adverse voltage cancellation which may take place if a skin is
not segmented but used as a whole. For a test system considered in this study, which

is an outdoor condensing unit of an air conditioner, the direct-type PEH skin is
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preferred to be segmented into four pieces. The harvested energy is used to power a
wireless sensor network. The experiments with and without the segmentation
confirmed that the proposed segmentation scheme produces much larger electric

output than a single-piece scheme.

As an extension of this approach, possibly useful in some hostile environments such
as a target system having a curved surface or an available region of small in-plane
strain, a modified method using “add-on” type PEH skins is also suggested. In this
case, the ODS of a target mechanical system is considered to locate strain inflection
lines by using finite element simulation. Unlike the direct-type PEH skin cases, finite
element analysis can be effectively used for the add-on type PEH skin because the
finite element modeling is rather simple and accurate. Also, the optimal sizes of PEH
skin segments are determined to maximize the total power output. The method of
using the proposed three add-on type PEH skin segments is experimentally validated.

It is shown that this approach is effective especially when the output is rectified.

Key words: Energy harvesting, operating deflection shape, strain inflection line,

wireless sensor.
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Chapter 1

Introductions

Energy harvesting from ambient sources has been recognized as a promising
powering technology for portable or wireless electrical devices [1-10]. Among
various types of energy sources, energy harvesting from mechanical vibration has
received much attention, because of its promising power density and abundant
presence around sensor locations. Four basic transduction mechanisms are used for
vibration-to-electric energy conversion. They are electromagnetic induction [11-14],
electrostatic [15-18], piezoelectric [19-22], and magnetostriction [23-25]. Among
these mechanisms for converting ambient vibrations into electricity, piezoelectric
transduction has received much attention, because of its promising power density and
high energy conversion efficiency [26-30]. The piezoelectric energy harvesting (PEH)
has been realized in various structural forms [31-37], one of which is a well-known

simple cantilever type.

In the last two decades, researchers have investigated various problems related to
modeling [38-44] and designing [45-48] the cantilever type PEH devices. A reliable
mathematical modeling of the PEH device is very important in the sense that it allows
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to identify the effects of design parameters and predict the electrical output, moreover,
the PEH device can be optimized to have maximum electrical output for a given input.
The modeling approaches in the literature include coupled single degree-of-freedom
(SDOF) models (or so called the lumped parameter models) [7, 43, 44, 49-51],
approximate distributed parameter models (the conventional combination of the
variational principle and the Rayleigh-Ritz method based on the Euler-Bernoulli
beam assumptions) [43, 52-54], and the continuous distributed parameter modeling
approach [40, 42]. The design studies of cantilever type PEH are mainly conducted
to enhance power output and expand operating frequency bandwidth. Some
researchers have found that a trapezoidal shaped cantilever is more efficient than a
rectangular shaped cantilever, since the strain distribution of the trapezoidal
cantilever is uniformly large all over the beam surface [8, 45, 46]. Zheng et al. [47]
and Kim et al. [55] have employed topology optimization technique for an optimal
cantilever type PEH design by maximizing the energy conversion efficiency between
mechanical and electric energy. To enhance the power generation capability, some
researchers have employed permanent magnets as the tip mass of the cantilever [56-
59]. In this way, the EH device can involve both piezoelectric and electromagnetic
conversion mechanisms. To expand the operating frequency bandwidth of the
cantilever type PEH, some researchers have used arrays of cantilevers having
different resonant frequencies [60, 61]. The operating frequency bandwidth can be
easily expanded by increasing the number of cantilevers, while this cannot contribute
much to output power enhancement. Also, Challa et al. [62] reported a resonance
frequency tunable PEH device. The attractive and repulsive force of permanent
magnets are employed to modulate the resonance frequency of the PEH cantilever to

match the source frequency.



Even though most PEH devices take form of a cantilever, cantilever type PEH has
some limitations in the practical point of view. First, the cantilever type PEH device
requires more space due to a bulky tip mass and additional clamping part. Second, it
is suggested to keep the cantilever type PEH device (including the tip mass and the
clamping part) inside a protection housing, since performance of the PEH device can
be adversely affected by some environmental harm (such as dirt and moisture). Third,
after a long-term exposure to vibration, clamping conditions of the cantilever type
PEH device can become loosened. This results in a great loss of vibration energy
otherwise converted into electric power. In order to overcome the above mentioned
drawbacks of the cantilever type PEH, a skin-type piezoelectric energy harvester was
also introduced by Lee and Youn [63, 64]. In the earlier works on the PEH skin design,
a skin is formed with thin piezoelectric patches attached directly onto a vibrating shell
structure, which can be found in various kinds of mechanical systems such as HVAC
facilities, home appliances, vehicles, etc. The structure is considered as a substrate
for thin piezoelectric patches. Directly attached to a target mechanical system, a PEH

skin does not require an additional fixture unlike a cantilevered PEH device.

The voltage cancellation effect [33, 34, 48, 65, 66] should be taken into account for
maximizing the harvested power. Should a single piezoelectric patch experience the
voltage cancellation as shown in Figure 1.1, the generated power can be substantially
reduced. Separation of one patch into multiple patches is thus inevitable for power
maximization. So far two methods [65, 66] have been investigated to implement the
piezoelectric patch separation lines along with: (a) voltage phase changes and (b) in-

plane normal strain sign changes.



Material separation

Voltage cancellation

Second mode

Fig. 1.1 Phenomenon of voltage cancellation on a cantilever in the secondary

vibration mode and a material separation idea to eliminate the cancellation.

Lee and Youn [64] analytically addressed a multimodal PEH skin design by
considering multiple harmonic vibration modes. The target mechanical system was
modeled using a finite element method, and the boundary conditions were tried to be
tuned considering vibration levels measured from a few points. However, this
analytical approach to the PEH skin design is limitedly applicable because it is
extremely difficult to precisely model the vibration response of an actual mechanical
system. In this work, instead of applying the finite element analysis, experimentally
measured ODSs of a target mechanical system are employed to find strain inflection

lines for the direct-type PEH skin design.

The ODS is a very well-known technique to show the deflection of target structure at
a particular frequency [67-70]. More generally, it is a technique to express forced
motion of two or more points on a structure. Compared with a mode shape, the ODS
contains both the forced and resonant vibration information of the structure, while the

mode shape characterizes only the resonant vibration of the target structure. By using
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the ODS, the actual motion of the mechanical system can be obtained. Moreover, the
resonance frequency and mode shape can be identified from the ODS measurement.
In fact, the ODS allows an easy and quick modal investigation, since it is
accomplished by only measuring response of the structure subjected to unknown and
unmeasured input force. For this purpose, the excitation force must be applied on a
non-nodal line, near the resonance frequency (or a broadband excitation). In this work,
the ODS is utilized to obtain actual out-of-plane deflection of the target mechanical
system. Since the in-plane strain data is required to locate a strain inflection line, not
the out-of-plane deflection data, the in-plane strain of the target surface is calculated

from the second spatial differentials of the measured out-of-plane deflection [71, 72].

Multiple strain inflection lines found at specific excitation frequencies are used for
the final design of a direct-type PEH skin to enhance the energy harvesting capability.
The proposed design methodology was demonstrated on a flat surface of an outdoor
condensing unit. The effectiveness of the direct-type PEH skin was verified using
several experiments and the four PEH skin segments successfully generated sufficient
power to operate five wireless sensors (four accelerometers and one temperature

sensor).

In addition, this work proposes an add-on type PEH skin to scavenge vibration of the
target mechanical system having no appropriate surface to apply the direct-type PEH
skin. Unlike the direct-type PEH skin, the PZT area of the add-on type PEH skin is
inherently limited. Therefore resonance frequency of the add-on type PEH skin
device is tuned to match the dominant source frequency and amplify vibration
amplitude. Here, experimentally measured ODS of the target mechanical system is

used to identify actual excitation frequency and magnitude. Using the identified
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excitation frequency and magnitude, finite element analysis is employed to locate the
strain inflection lines and optimize size of the PEH skin segments to maximize the
total power output. The use of finite element analysis in designing the add-on type
PEH skin is meaningful in the sense that its boundary conditions are relatively very
easy to predict. The effectiveness of the add-on type PEH skin was verified using
several experiments and a significant power could be generated especially when the

output is rectified.

Both the two different types of segmented piezoelectric skin energy harvesters
proposed in this research utilize ODS of the target mechanical system to identify and
adopt actual vibration characteristics of the target. The type of the PEH skin can be
selected depending on shape condition of the vibrating target surface. Since the
piezoelectric material is chosen to be the PZT, its extremely brittle nature has limited
the PEH skin application to a flat surface only. So, the direct-type PEH skin is
designed to be applied onto a flat and large surface having plenty of in-plane strain
fluctuation. This direct-type PEH skin is very compact and does not require any extra
space above the vibrating target surface. Also, since the direct-type PEH skin is not
operated at resonance frequency, performance of the PEH skin is not affected by the
environmental harm (such as dirt and moisture) while the output power per unit area
could be somewhat low. In case of a non-flat and/or small surface application where
not enough in-plane strain is existent, the add-on type PEH skin can be applied. Since
the brittle PZT requires flat surface, a flat substrate is fixed to the target surface by
multiple clamping structures for structural stability. By using the resonance effect,

the output power per unit area is much higher than the direct-type PEH skin while the



protection from the environmental harm is required. Also, extra space above the target

surface is inevitable in case of the add-on type PEH skin.



Chapter 2

Direct-type PEH skin design
based on ODS

2.1 Chapter overview

In this chapter, ODS based design of the direct-type PEH skin is proposed. As
mentioned, it is noted that a key step in the PEH skin design is to properly separate
piezoelectric patches so as to minimize unwanted power loss due to the voltage
cancellation effect. Among existing two methodologies (i.e. based on voltage phase
change or in-plane normal strain sign change) to separate the piezoelectric patches,
this work employs in-plane strain sign change method to design a direct-type PEH
skin. Relying on rather an experimental approach than a simulation, it is nearly
infeasible to identify strain inflection lines by output voltage phase [64], which cannot
be measured prior to the skin segmentation. A theoretical background on the
identification of strain inflection lines based on in-plane normal strains is below
explained for clear understanding of the proposed experimental skin design [73].
After the theoretical clarification, an outdoor condensing unit is selected as a target

mechanical system to apply and experimentally verify the proposed design method.
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The vibration characteristics of the selected outdoor condensing unit are analyzed and
a design process of the direct-type PEH skin is proposed to utilize the experimentally
measured ODS. The proposed design methodology was demonstrated on a flat
surface of an outdoor condensing unit. Finally, regarding the actual vibration
characteristics of the target surface, multiple strain inflection lines found at specific
excitation frequencies are used to draw a direct-type PEH skin design, to enhance the

energy harvesting capability.



2.2 Theoretical background of the strain inflection line

In this work, the direct-type PEH skin is segmented by the strain inflection lines
identified using the in-plane normal strain distributions that are calculated from the
ODS data of a target mechanical system. To explain the relationship between in-plane
normal strain and voltage generation in a piezoelectric material, three-dimensional

form of the linear piezoelectric constitutive equations will be first examined.

The piezoelectric patch used in this work (Piezo Systems, Inc., PSI-5H4E) is a
transversely isotropic material, poled along the thickness direction. To be in
agreement with the IEEE Standard on Piezoelectricity [74], the plane of isotropy is

defined as the 12-plane (or the Xy -plane) and therefore the axis of symmetry lies

along the 3-direction (or the z -direction) as shown in Figure 2.1. Four field variables

Fig. 2.1 Schematic of a direct-type PEH skin, attached onto a structure undergoing

two dimensional surface strain fluctuations.
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of the piezoelectric constitutive equations are the stress component (T; ), strain
components ( S; ), electric field components ( E, ), and the electric displacement

components (D, ).

The standard form of the piezoelectric constitutive equations can be given in four
different forms by taking either two of the four above described field variables as the
independent variables. These four different piezoelectric constitutive equation forms

are represented as follows:

T, = CaSu — € Ex (2.1a)

D, =e,,S, + &, E, (2.1b)
and

S = STy +di By (2.2a)

D, =d, T, +&E, (2.2b)
and

Sy = ST + 0 Dy (2.3a)

E =-0,Tq + 5D, (2.3b)
and
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T = c;’k, Sy —hy; Dy (2.4a)

i
B =—hySy+ ii Dy (2.4b)

where e, dy ., 0, and h, are the piezoelectric constants, ci, and cj, are
the elastic constants, and SijEk, and Siﬁ{, are the elastic compliance constants. Also,

g, and &, denote the permittivity constants while S, and S stand for the

impermittivity constants.

Among four different piezoelectric constitutive equation forms, consider the strain-
electric displacement form (i.e., Equations (2.2a) and (2.2b)) where the independent
variables are the stress components and the electric field components. This is a
preferred form of the piezoelectric constitutive equations for bounded media (i.e.,
some of the stress components can be eliminated depending on geometry and/or some
of the electric field components can be eliminated depending on the placement of the

electrodes). Equations (2.2a) and (2.2b) can be given in matrix form as

S| |s& d'||T 25)
D| |d ¢ |E '
where the superscripts E and T denote that the respective constants are evaluated

at constant electric field and constant stress, respectively, and the superscript t

represents the transpose. The expanded form of Equation (2.5) is
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m

Sl SlEl SlEz Si3 0 0 0
S| |s: si ss 0 0 0
S, S S S, 0 0 0
S, 0 0 0 s 0 o0
S;(=f]0 0 0 0 s; O
S, 0 0 0 0 0 s
D, 0 0 0 0 d; O
D, 0 0 0 d; 0 0
_D3_ _d31 d31 d33 0 0 0

o o d,T

0 0 d,|T

0 0 d,|T,

0 d, 0T,

d, 0 0T, (2.6)
0o 0 0T,

g, 0 0 |E

0 ¢, O0]|E,

0 0 & ]E]

where the contracted notation (i.e., Voigt’s notation: 11—1, 22—2, 33—3, 23—4,

13—35, and 12—6) is used for convenience. For Equation (2.6), note that the shear

strain components in the contracted notation are the engineering shear strains (i.e.,

S,=2S,, S,=2S,,and S,=2S,,).

Now, consider a piezoelectric patch attached to a thin substrate structure experiencing

two-dimensional strain fluctuations. The structure can be modeled as a thin plane (i.e.,

Kirchhoff plate). According to this assumption, the normal stress in the thickness

direction of the piezoelectric patch and the respective transverse shear stress

components are negligible:

T,=T,=T,=0

Therefore, the Equation (2.6) is reduced as

2.7)
Tl
T2
r (2.8)
E
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which can be rearranged to give
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Cee =—SE (2.14)
66
_ d,,
e = 2.15
NS =
2d;
=S _ =T 31
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Next, consider a piezoelectric patch with an external load resistance ( R, ) as shown

in Figure 2.1. The integral form of the Gauss's law for a dielectric material can be

expressed as

9 1D paa |2 YO
dt[{n ndA} - (2.17)

L

where D is the electric displacement vector, n is the unit outward normal vector,

A is the electrode area of a piezoelectric patch, and Vv(t) denotes the voltage across

the external load resistance R, .

From above Equation (2.10), the electric displacement of a thin piezoelectric patch

undergoing the in-plane strain fluctuations in the Xy -plane is expressed as
D3=§3131+§3252+<£_‘353E3=§31(51+52)+6_‘333E3 (2.18)

where S, and S, are the in-plane normal strain components, E, is the electric

field intensity in the thickness direction, €, and &, are the piezoelectric stress
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constants, and z,, denotes the dielectric permittivity at constant strain. The over-bar

denotes reduced quantities resulting from neglecting the transverse shear and
thickness stress components, considering the transversely isotropy of piezoelectric
material such as PZT. The reduced piezoelectric stress constants and dielectric

permittivity can be respectively obtained as

T _@ d31
g, =6, = 2.19a
31 32 SIE1 + SlEz ( )
2d?
=S T 3]
Epy =& — (2.19b)
S+ S

where s, and S| are the elastic compliance at constant electric field, d,,

denotes the piezoelectric strain constant, and &, denotes the dielectric permittivity

at constant stress.

For more useful form of Equation (2.17), if the only nonzero electric displacement
component shown in Equation (2.18) is substituted into Equation (2.17) and the
electric field intensity is expressed in terms of the voltage across the external load

resistance (R, ), Equation (2.17) leads to

dv(t) wv(t) &, 0
) L Y S 197 (x,y,t)+ S, (x, y,t) [4A 2.20
dt +R|_Cp Cp'/[at[ I(Xy )+ Z(Xy )] ( )

where C, =z A/ h, is the capacitance of a piezoelectric patch and hp is the

thickness of a piezoelectric patch. Therefore, the voltage response is obtained from
Equation (2.20) as follows:
16



v(t)= %e:jetf {jg[sl (% y,t)+S, (%, y,t)]dA}dt (2.21)

From the equation above, it is obvious that the output voltage of a PEH skin is directly

related to the sum of two in-plane normal strain components.

In this point, it is worth checking the directions of principal strain components and
the way they change in time. Schematic of a rectangular rosette strain gauge having
45° angle between the gauges is shown in Figure 2.2. In general, at least three
independent strain values are required to define a two-dimensional state of strain if
no other information is provided. The rectangular rosette shown in Figure 2.2 gives

three simultaneous strain measurements in A, B, and C -directions (i. e., S,,
Sg, and S, respectively). The directions of principal strain components S, and

S, are denoted by 1 and 2.

Based on Mohr’s circle [75], the principal strain components are obtained from the

following strain transformation:

S, +S 1

S :%4—_\/2\/(% —Sg )2 +(Ss - Sc )2 (2.222)
S, +S 1

s, :%__2\/(% ~Sg ) +(Ss =S¢ )’ (2.22b)

and the angle between gauge A and the direction of positive S, is

g:ltanfl Sa—25+S¢. (2.23)
2 Sy—Sc
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From Equations (2.22a) and (2.22b), note that

_Sp+S¢ +SA+SC

S, +S, 5

=S, +S¢ (2.24)
which implies that the strain resultant of two arbitrary but orthogonal directions (i.e.,

S, +S.) is equal to that of the principal strain directions (i.e., S, +S,). Although

three independent strain values are required to determine the two-dimensional strain
state of the surface, two orthogonal strain values are sufficient to estimate the
resultant of the principal strain components. So, to locate strain inflection lines based
on in-plane normal strain data of the target surface, direction of the two strains can

be arbitrarily selected only if the two strain components are orthogonal to each other.

By the way, in general a piezoelectric skin (0.127 ~ 0.267 mm) is much thinner than
a vibrating substrate structure (1.0 ~ 3.0 mm). Also, it is assumed to have a perfect
bonding between the skin and the shell structure in this study. It is thus reasonable to
say that the average strain distribution of the PEH skin is similar to that of the
substrate structure. In the proposed PEH skin design, therefore, the criteria to properly
determine strain inflection lines is simply to identify the locations on the substrate

structure, at which the sum of two in-plane normal strain components becomes zero,

ie, S, =S +S,=0.

18



Fig. 2.2 Schematic of a rectangular rosette configuration with gaugesin A, B,

and C -directions, and the principal strain directions 1 and 2.
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2.3 Target selection and vibration characterization

2.3.1 Target selection and modifications

The proposed design method enhances a practical aspect of the PEH skin so that it
can be applied to operating plant facilities. Prior to such a practical application, an in-
lab facility was devised to clearly validate the proposed idea and realize potential
challenges in a practical situation. Unlike most experimental validation works
executed with an ideal structure and an electromagnetic shaker, this work employed
the outdoor condensing unit of an air conditioner as a target mechanical system as
shown in Figure 2.3(a). Given harmonic vibrations produced by an electromagnetic
motor of the cooling fan inside (Sungsin Co., IC-9630SLF6E; operating at 1170 ~
1180 rpm), the outdoor condensing unit with a large top plate (800 x 300 x 1 mm®)

is very appropriate for the demonstration study of the direct-type PEH skin design.

The vibration characteristics of the top plate is examined. The maximum vibration
on the top plate transmitted from a cooling fan inside was measured at the level of
0.1 ~0.2 g (1 g=9.8 m/s?). This vibration level was relatively low in comparison
with that found in actual plant facilities, which was in the range of 2 ~ 3 g (measured
from a fan blower unit in the 1st power plant, Seoul National University Gwanak
Campus). So, the amount of vibration is increased to the level found in plant facilities
by adding a small degree of eccentricity to the fan rotation. After this improvement,
the vibration level of the top plate is reexamined. The vibration level was enhanced,
but it is found that the characteristics results were not reproducible as shown in Figure
2.3(b) and (c). This was mainly due to mixed and heavily random boundary
conditions. While rigidly constrained by two side walls, the plate was loosely
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Fig. 2.3 (a) The original top plate of the outdoor condensing unit examined with a
mass added to one of the three blades in a cooling fan. Fast Fourier
transformed results of vibration measured at two different time (b) from grid

point A and (c) from grid point B, showing no reproducibility.
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constrained by two other side walls and upheld at the center by an inner vertical
supporter. Especially, the inner supporter was considered to be the main cause of this
randomness, since it was loosely upholding the top plate without any solid fixing (see

Figure 2.4(a)).

Therefore, as shown in Figure 2.4(b), the outdoor condensing unit was modified to
enhance the measurement reproducibility by minimizing the randomness in the
boundary conditions, along with the increased amount of vibration level. The
modification was thus done in three-fold by: (a) adding a mass of 20 gram to one of
the three blades in a cooling fan to enhance the excitation vibration level, (b)
extending heights of the side walls so that the inner vertical supporter cannot interfere
the top plate, and (c) replacing the top plate having flat surface without any embossed
region. In summary, the top plate becomes clamped along the sides only (i.e., no
upholding inner supporters at the middle of the plate) with increased vibration level

through the modification.
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Fig. 2.4 (a) Structure inside the outdoor condensing unit with mixed and heavily

random constraints of the top plate and (b) modification of the condensing

unit with extended side walls and an added mass.
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2.3.2 Vibration characterization

After the modifications, the vibration characteristics of the top plate was again
measured and characterized. This characterization process, to be of great essence for
a successful PEH skin design, employs two measurement techniques: modal testing

and ODS characterization.

First, modal testing by an impact hammer (PCB Piezotronics, Inc., 086C03) and an
accelerometer (Briel & Kjer, Type 4394) was performed to examine vibration
characteristics of the top plate at 11 x 5 grid points [76]. In the testing, the
accelerometer was fixed near a grid location (i.e., near the grid point (4,4) regarding
the front left corner of the top plate as the origin) and the impact hammer was moved
along the 55 grid points to examine the mode shape of the top plate. The result of the
modal testing proves that the modified top plate has reproducible vibration
characteristics. A frequency response function result of a certain grid point is shown
in Figure 2.5(a). The first three resonance frequencies are found to be 32.7, 48.3, and
69.9 Hz. Also, three mode shape results of the top plate corresponding to these three
resonance frequencies can be found in Figure 2.5(b). The resonance frequencies are
very difficult to predict by simulation (such as finite element analysis) unless well-
tuned boundary conditions are used. While the tuning itself poses much challenge,
the simplified analysis with ideal fully-clamped boundary conditions predicts the
resonance frequencies of 97.7, 116.8, and 151.9 Hz, which are far off from the
experimental results. This discrepancy highlights the importance of this experimental
method because it is free from the prediction error in the analytical approach. Later
this discrepancy is found to be mainly due to the unacknowledged modeling errors in

boundary conditions and material modeling.
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Fig. 2.5 Identified inherent vibration characteristics of the outdoor condensing
unit’s top plate: (a) a frequency response function result to indicate
resonance frequencies and (b) mode shapes at the first three resonance

frequencies.
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Then, the ODS characteristics of the top plate were examined to check a vibration
response in the presence of actual excitation and select the frequencies of interest.
Known as the driving frequency of 19 ~ 20 Hz induced by the fan rotation (1170 ~
1180 rpm), the lowest peak frequency measured on the top plate was around 18 Hz
prior to the modification but slightly lowered to 16 ~ 17 Hz after the modification.
The eccentricity by the added mass has interfered the fan rotation, resulting in a
slightly lowered driving frequency. Taking this as a base frequency, the top plate was
excited at its harmonics as shown in Figure 2.6(a). The ODS results are shown in
Figure 2.6(b). In this work, a scanning laser vibrometer (Polytec Gmbh., PSV-400)
was used to measure the ODS of the top plate at 25 x 11 grid points. Three meaningful
deflection shapes having large deformation were found at 33.8, 50.0, and 66.9 Hz and
the corresponding peak acceleration levels were measured as 2.8, 2.4, and 0.9 g,
respectively. It is noted that three frequencies measured are near the harmonics of the
first peak frequency (16 ~ 17 Hz) by the cooling fan. Moreover, as compared in Figure
2.5(b) and 2.6(b), the ODS and modal testing results look very similar. This could
happen because these three frequencies are near the resonance frequencies of the top

plate by accident.
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Fig. 2.6 Identified vibration characteristics of the outdoor condensing unit’s top

plate under operation: (a) a fast Fourier transformed result to indicate

excitation frequencies and (b) three operating deflection shapes at

frequencies of interest.
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2.4 Design process for the outdoor condensing unit

Designing a direct-type PEH skin requires, two in-plane normal strain components
( Sgm) to locate the strain inflection lines. It is impossible to measure the in-plane

normal strains over a large area. This work instead measures the out-of-plane
deflection (i.e., the ODS) of a target mechanical system and then calculated the in-
plane normal strain components to locate strain inflection lines [71, 72]. Following
six design steps are proposed, and they are applied to design a direct-type PEH skin

for the top surface of outdoor condensing unit.

Step 1: Select a target mechanical system and determine grid information (i.e., size,
number of grid points, etc.) considering size of the target mechanical system and
vibration mode. In this work, top plate of the outdoor condensing unit is selected to
apply proposed design method of the direct-type PEH skin. The size of the top plate
was measured to be 800 x 300 mm?, and divided into 25 x 11 grid points to have

nearly square-shaped grids of 32.3 x 30.5 mm?, as shown in Figure 2.7.

Step 2: Measure ODS and determine frequency ranges of interest having meaningful
deflection shapes. Acquire the out-of-plane deflection data of the target mechanical
system at the frequencies of interest. The ODS of the top plate was measured using a
scanning laser vibrometer (Polytec Gmbh., PSV-400). Three meaningful deflection
shapes were found at 33.8, 50.0, and 66.9 Hz (see Figure 2.6(b)), and therefore a total
of 275 out-of-plane-deflection data can be acquired from every grid points for each

frequencies.
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Fig. 2.7 Grids on the top plate of the outdoor condensing unit to measure the ODS

and approximate location of the vibration source.

Step 3: Represent the out-of-plane deflection data using polynomial curve fitting. To
replicate the deformed shape of the top plate, continuous out-of-plane deflection data
are required. For a frequency of interest (say, 33.8 Hz), the 275 data obtained above
were employed for the polynomial curve fitting of the out-of-plane deflection. Before
polynomial curve fitting, these data must be grouped in datasets along the grid lines.
Along 11 grid lines in the x-direction, 11 datasets each having 25 values can be

obtained. Likewise, 25 datasets each having 11 values are obtained in the V-

direction. Then, MATLAB was used to approximate the datasets with 4 to 8th-order
polynomials, which could best replicate the ODS of the top plate. The polynomials
had the acceptable R-squared values of 0.990 and 0.970 in the x-and Y- direction,
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respectively. As a result, the ODS of the top plate at a frequency of interest is

expressed with 36 piecewise polynomials.

Step 4: Calculate the sum of the in-plane normal strain from the fitted out-of-plane

deflection, using the following Equation (see Stanbridge et al. [71]) as:
2 2
S, =S, +5, =E(6—W+6—Wj (2.25)

where h and w represent the plate thickness and the out-of-plane deflection,

respectively.

Step 5: Draw the strain distributions using the calculated in-plane normal strain values

over the target surface and locate the zeroes of S, for the strain inflection lines.

sum

Figure 2.8 illustrates three strain inflection lines for three frequency values (33.8, 50.0,

and 66.9 Hz) defined as the minimum of the absolute values of Sg,.

Step 6: Determine the number of the strain inflection lines of which the harmonics
are included in the frequency ranges of interest. Three strain inflection lines were
considered in the final design, because the 4th harmonic showed less than 7 %
deformation compared with the Ist harmonic deflection. Figure 2.9 shows the
segmented design of the PEH skin. The design was obtained by superposing the strain
inflection lines in the three harmonics while taking into account the manufacturability.
In the superposition, a higher weight is applied to a lower frequency mode because

the lower mode produces much energy in general.
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Fig. 2.8 The strain distribution results and corresponding strain inflection lines of

the direct-type PEH skin, at three frequencies of interest values (i.e., 33.8,

50.0, and 66.9 Hz).
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Fig. 2.9 The proposed design of the direct-type PEH skin obtained by superposition

of three strain inflection lines.
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Chapter 3

Direct-type PEH skin fabrication
and its experimental validation

3.1 Chapter overview

In this chapter, previously proposed design of the direct-type PEH skin is fabricated.
The most important component of a PEH will be the piezoelectric patch. Among
various materials having piezoelectricity, the PZT (Lead Zirconate Titanate) is
selected as the piezoelectric material for its high piezoelectric coefficients. Though
the PZT is one of the most commonly used engineering piezoceramics due to its high
energy conversion efficiency, it is sometimes very difficult to handle this material
because of the very brittle nature. Especially it is very difficult to cut PZT sheets
(Piezo Systems, Inc., PSI-SH4E) into a desired shape, if the design includes curved
edges. In this work, a CNC laser cutter (Universal Laser Systems, Inc., M-300 Laser
Platform) is used to cut PZT sheets as designed. Including the CNC cutting process,
a fabrication process of the direct-type PEH skin is proposed and will be discuss in
the next section. Also, the effectiveness of the direct-type PEH skin is validated using

several experiments.

33



3.2 Fabrication process of a direct-type PEH skin

As can be seen in Chapter 2, the proposed design of the direct-type PEH skin includes
a lot of curved edges. To realize this design, one of the most challenging part of the
PEH skin fabrication is the PZT cutting, since the PZT sheets are extremely brittle.
In this work, a CNC laser cutter is employed to cut PZT sheets into exactly desired
shapes. The following steps are proposed to fabricate the direct-type PEH skin, and

this process is also illustrated in Figure 3.1.

Step 1: Prepare a two-dimensional CAD file of the skin design in an actual size using
a drawing software such as AutoCAD. This CAD file is necessary not only to use the
CNC laser cutter, but also to sketch the exact location of PEH skin segments on the

target surface.

Step 2: Load the CAD file to the CNC laser cutter and cut PZT sheets using the laser
cutter. Since the size of proposed direct-type PEH skin design is much larger than a
single PZT sheet (72.4 mm square sized), each PEH skin segment must be composed
of multiple PZT sheets. In this step, therefore, it is very important to make sure that
the poling direction of the PZT sheets are aligned consistently, as shown in Figure

3.1.

Step 3: Sketch the PEH skin design on the top plate surface of outdoor condensing
unit to locate the piezoelectric patches machined in Step 2. To find exact location of
the PEH skin segments, actual sized hard copy of above prepared CAD file is very
useful, because the size of this hard copy exactly matches the design area of target

surface.
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Step 4: Attach the laser-machined PZT sheets to the top plate using a conductive
epoxy (ITW Chemtronics, CW-2400). Make sure to deploy the PZT sheets
consistently, to have the poling direction aligned. Also, the conductive epoxy should
be evenly spread on the target surface. In this step, it is very difficult to control proper
amount of the conductive epoxy, which is easily overflowed. Moreover, since the
PZT sheets are very thin (0.267 mm), overflowed conductive epoxy frequently
reaches the top surface of the PZT, which causes an electric short. Therefore, every
side edges of the laser-machined PZT sheets are coated with enamel. In this way,
little overflowed conductive epoxy can be blocked to reach the top electrode of PZT

sheet.

Step 5: Check if any PZT sheet is electrically short or not. Redo Step 4 for the PZT

sheets identified to be in electrically short state.

Step 6: Cure the epoxy for 6 hours at room temperature with a uniformly distributed
weight of around 2 kg on the PZT sheets. This curing step is very important since the
thickness of the conductive epoxy can be uniformly adjusted, and therefore, the PZT
sheets are firmly bonded to the substrate structure through this process. After the
curing process is over, some retouch might be required on PZT sheets, which are

newly discovered to be electrically short.

Step 7: Connect the PZT sheets in one PEH skin segment using an electric tape. Now,
the PZT sheets in each PEH segments share the equipotential surface, and therefore

can be treated as a single unit.
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Fig. 3.1 Proposed fabrication process of the direct-type PEH skin design.
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3.3 Experimental validation of the direct-type PEH skin

The concept of a smart plant has been developed for optimal process, risk, and asset
managements. This requires monitoring of many process, risk, and logistics
parameters by using advanced sensor technologies. It is thus expected to use wireless
sensors extensively for remote and multi-purpose monitoring. However, one of the
major concerns to use wireless sensors is a sustainable power source. In this work,
the proposed direct-type PEH skin is intended to as a sustainable power source to the

wireless sensor network.

The objective of this section is to validate the effectiveness of the proposed
experimental method in designing the PEH skin. The validation was done in four
steps: (a) comparison of in-plane normal strain values on a strain inflection line with
those on a non-inflection line, (b) examination of the voltage cancellation effect
between PEH skin segments divided by strain inflection lines, (c) power measurement
and its rectification to obtain maximum output power form the PEH skin segments,
and (d) operation of a wireless sensor network using the power output of the direct-

type PEH skin.
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3.3.1 Validation 1: Strain inflection line

To validate the strain inflection lines, two strain gauges are attached at different
locations; one on a strain inflection line and the other on a non-inflection line. As
shown in Figure 3.2, strain gauge #1 is located on the middle of 2nd strain inflection
line, which is near the center of the top plate. Though this location is turned out to be
a strain inflection line, it is actually a location where the largest out-of-plane
deflection is existent (see Figure 2.6(b)). Therefore, it is meaningful to measure actual
in-plane strain of this location and compare with its counterpart, to show that the out-
of-plane deflection magnitude and strain inflection line location are not directly
related. As the counterpart of strain gauge #1, strain gauge #2 is located outside the
Ist strain inflection line. Unlike the strain gauge #1 location, this location experiences
much smaller out-of-plane defection. The measured in-plane normal strains in the
x - and Y-directions are tabulated in Table 3.1. The value of S_,, on the inflection
line was identified to be far smaller than that on the non-inflection line. So, it is valid

to say that the strain inflection line is well selected with the negligibly small value of

S

sum *
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Fig. 3.2 Location of two strain gauges to validate the strain inflection lines of the

proposed direct-type PEH skin design.

Table 3.1 Measured strain values from two strain gauges shown in Figure 3.2.

Strain gauge #1 Strain gauge #2
(on inflection) (NOT on inflection)
X-dir 7 9
y-dir 6 75
(unit: pe)
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3.3.2 Validation 2: Voltage cancellation effect

The voltage cancellation effect was examined by observing the output voltage phase
of the PEH skin segments divided by the 1st and 2nd strain inflection lines in the time
domain, as shown in Figure 3.3(a) and (b), respectively. On the left graph of Figure
3.3(a), the solid red and dotted blue curves indicate experimentally obtained voltages
from two PEH skin segments divided by the 1st strain inflection line. Here, the blue
colored PEH segment is optionally added to the target surface only to examine the
voltage cancellation effect, not for vibration energy harvesting usage. It is apparent
that the voltage signals tend to be out-of-phase although the two PEH segments are
not in comparable size (see the dashed line box in Figure 3.3(a)). The voltage
cancellation effect becomes more clear when two PEH skin segments are electrically

connected to form V.4 +V, .

. In this way, top electrodes of the two PEH skin
segments share the equipotential surface, and therefore the voltage cancellation is
deliberately induced. For comparison, the voltage subtraction is mathematically

performed to yield V, , -V,

blue *

The dotted black curve is the resultant voltage of

V. +V,

red blue

(see the right hand side of Figure 3.3(a)), and the solid green curve is the

resultant voltage of V., -V,

bie - The green curve generates higher peak-to-peak value
of output voltage, which are also tabulated in Table 3.2. By applying this 1st strain
inflection line, the red and blue PEH skin segments recorded 28.14 and 47.90 %
voltage enhancement respectively, compared to the voltage cancellation situation. It

can be concluded that, when designing a PEH skin, consideration of the voltage

cancellation effect helps increase its power output.
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For PEH skin segments divided by the 2nd strain inflection line, the observations
made above become more apparent. Two PEH skin segments on the left side of the
2nd strain inflection line (the segment 1 and 2, as indicated in Figure 3.1) are grouped
to form the red segment, and the segment 3 and 4 are grouped to form the blue
segment (see the left hand side of Figure 3.3(b)). In this way, the two PEH skin
segments can occupy comparable area, while divided by the 2nd strain inflection line.
The solid red and dotted blue voltage curves obtained from two PZT segments are
clearly out-of-phase from each other. Also, the voltage cancellation effect becomes

more clear when V,_, +V,,

and V,, -V,

e are compared. The peak-to-peak
voltage results can be found in Table 3.2. By applying the 2nd strain inflection line,
the output voltage of red and blue PEH skin segments are enhanced by 71.85 and
90.34 %, respectively, compared to the voltage cancellation situation. From these

observations, it is concluded that the proposed direct-type PEH skin is well

segmented across the inflection lines.

Table 3.2 The peak-to-peak voltage values from Figure 3.3 validating the voltage

cancellation effect.

Ve Viwe Vit Voe  Veea ™ Voiue
Ist inflection 4.28 4.94 3.34 5.16
2nd inflection 4.09 4.53 2.38 5.50
(unit: Vyp)
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Fig. 3.3 Validation study and its result for the voltage cancellation effect — Voltage
phase of the direct-type PEH segments divided by (a) 1st inflection line and

(b) 2nd inflection line.
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3.3.3 Validation 3: Output power and its rectified results

The output power of PEH skin segments are obtained by measuring applied voltage
at a series of external load resistance. The well-known electrical power equation
written below is applied to calculate power for each resistance value, and the

maximum power output is found for each four PEH segments.

p=Y_ 3.1)

In general, it is very difficult to find optimal resistance values for all four PEH skin
segments at the same time, due to electro-mechanical coupling nature of the PZT.
That is, the change in external resistance value of one PEH segment affects
mechanical characteristics of the whole system, altering optimal resistance value of
neighboring PEH skin segments. So, in this work, the PEH skin segments other than
the voltage measuring segment are maintained to be in open circuit state, assuming
that the generated power from the other PEH skin segments are not in use. The output
power results from each four PEH skin segments are depicted in Figure 3.4. Using
the peak-to-peak voltage results, maximum power of 12.82, 14.85, 11.66, and 18.05
mW were obtained from four PEH skin segments, respectively. These results are
tabulated in Table 3.3, along with measured voltage and the corresponding resistance
value. The four PEH skin segments were verified to generate very large output power

from vibration of the outdoor condensing unit’s top plate.

In many practical situations, it is more worth using a rectified output rather than an
alternating output power of a PEH. Therefore, two rectifier circuits shown in Figure

3.5 are used to rectify output voltage of the PEH skin segments. The schematic shown
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Fig. 3.4 Measured output power of the direct-type PEH skin segments with respect

to external load resistance.

Table 3.3 The maximum output power results from each four PEH skin segment and

its corresponding voltage and external load resistance values.

Max. power Voltage Resistance
[mW] [Vl (kQ]
Segment 1 12.82 11.88 11
Segment 2 14.85 12.19 10
Segment 3 11.66 4.563 5
Segment 4 18.05 9.500 5
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in Figure 3.5(a) is a circuit to rectify the output voltage from each four PEH skin
segments. Among four PEH skin segments, output power of the segment 1 and 4 are
selected to be rectified for further comparison. The electrical state of PEH skin
segments other than the voltage measuring PEH segment were maintained to be in
open circuit state, as mentioned above. Also, the rectified voltages from all four PEH
skin segments are electrically summed to obtain single output having a larger capacity.
The schematic of rectifier circuit used for this purpose is shown in Figure 3.5(b). The
four PEH skin segments are inevitably connected in parallel. Since the PZT sheets
are bonded to the target surface by using the conductive epoxy, the four PEH skin
segments inherently share the bottom electrode. So, the series connection between
PEH segments were impossible to implement, which might have resulted in higher

voltage output.

The obtained output power results are shown in Figure 3.6(a) and (b). Two different
methods are used to obtain and compare the output power results. First, the peak-to-
peak voltage measured at a series of resistance is used to obtain the result shown in
Figure 3.6(a). This method will be named to be Case 1. The maximum output power
values were 0.851, 1.31, and 0.825 mW from segment 1, segment 4, and sum of all
four segments, respectively. These results are tabulated in Table 3.4, along with the
corresponding resistance value. Compared with the maximum output power values
listed in Table 3.3, significant decrease of values can be observed. This decrease is
due to the rectification process, which is carried out by using a bridge diode. Also,
note that the output power from parallelly connected four PEH skin segments is
smaller than the power obtained from a single PEH segment (i.e., the segment 1 and

4). This is due to the voltage cancellation effect, which is still existent after the
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rectification. Although all the voltage signals are converted to positive polarity after
the rectification, the inextricable phase difference of the output voltage signals from
each PEH skin segments resulted in this voltage reduction, behaving similar to the

voltage cancellation effect.

A P AW
@@ @)
a) (b)

%
.3

Fig. 3.5 Schematic of two rectifier circuit for the direct-type PEH skin, (a) rectified
output power from each PEH skin segments and (b) parallelly summed

output power rectified from all four PEH skin segments.
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Fig. 3.6 Validation study and its result for the summation of rectified power output
— Measured output power of the direct-type PEH segments by using (a) the
peak-to-peak voltage (Case 1) and (b) the root-mean-squared voltage value

(Case 2).
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Table 3.4 The maximum rectified output power results of the direct-type PEH skin
segments by using two different methods (calculated from (i) Case 1:

peak-to-peak voltage and (ii) Case 2: root-mean-squared voltage).

Case 1 Case 2
Max power  Resistance Max power  Resistance
[mMW] [kQ] [mW] [kQ]
Segment 1 0.851 5 0.173 5
Segment 4 1.31 5 0.235 12
All four 0.825 5 0.310 5
segments

For Case 2, the root-mean-squared voltage values are used to calculate output power
of the PEH skin segments. Figure 3.6(b) shows the output power result of Case 2,
with respect to the external load resistance change. The maximum output power
values were 0.173, 0.235, and 0.310 mW from segment 1, segment 4, and sum of all
four segments, respectively. Here, the four PEH skin segments are also connected in
parallel to obtain the power sum. These results are also tabulated in Table 3.4, along
with the corresponding resistance values. By using the root-mean-squared voltage
values, note that the output power from parallelly connected four PEH skin segments
exceeds the power obtained from a single PEH segment. By parallelly adding the
rectified voltage signals from each four PEH skin segments, voltage peaks of one
signal can fill the voltage valleys of other signals, due to the phase difference between

output voltage signals from each PEH segments. Therefore, while the maximum peak
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value is reduced by voltage valleys of other signals, the overall average value can be
improved. Here, the parallelly summed output power was observed to be enhanced
by at least 31.9 % compared to the power obtained from segment 4, which was the

largest among the four PEH skin segments.

3.3.4 Validation 4: Self-powered operation of a wireless sensor network

For the final verification of the proposed direct-type PEH skin design, five wireless
sensors (AmbioSystems, LLC.) were employed. The specifications of the wireless
sensors used in this verification is tabulated in Table 3.5 [77]. Each sensor was
connected to the wireless platform (AmbioSystems, LLC., AmbioMote24) of which
the operating input voltage is informed to be between 5 to 80 V. To determine the
lower limit of the operating voltage, a simple experiment was conducted using a
function generator (Agilent, 33220A) and the sensor was found to operate at over 2.3

V,

rms °

The experimental setup to check sensor powering capability of the fabricate direct-
type PEH skin is shown in Figure 3.7(a). Four three-dimensional acceleration sensors
and one analog temperature sensor were connected to the PEH skin and the wireless
platforms were used to transmit sensor signals to a laptop computer. In addition, two
receivers, each of which is connected to a different laptop, were used because one
receiver could treat up to four sensor signals. So, the real-time signal from two

acceleration sensors (ID: 19 and 41) were carried by a wireless platform
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(AmbioMote24-A), and two acceleration sensors and one temperature sensor (ID: 48,
52, and 40) were connected to the other platform (AmbioMote24-B). When the
outdoor condensing unit was in operation and each output power from the arbitrarily
chosen four PEH skin segments was provided, it was observed that all five sensor
signals were successfully transmitted to two laptops. The screenshots of two laptops
are shown in Figure 3.7(b). The sensor signal from the temperature sensor is
highlighted with the orange solid lined box, while the blue dashed line boxes indicate
the acceleration sensor signals. All five wireless sensor signals were successfully
transmitted in real-time, proving that the fabricated PEH skin can supply sufficient

power to operate the wireless sensor network.

An oscilloscope (LeCroy, LT354M) was also used to observe the output voltage in
real-time. The output voltage signals from the four PEH skin segments are shown in
Figure 3.8(a) and their Fourier transformed pairs are shown in Figure 3.8(b). The five
wireless sensors being connected to the PEH skin, output voltage from each PEH skin

segment was measured as 4 ~5 V. Four frequency peaks in Figure 3.8(b) and the

ODS results in Figure 2.6 also confirms the consistency of the experiments.
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Table 3.5 Specifications of wireless sensors provided by manufacturer.

Model

Image

Specifications

Acceleration
sensor

Temperature
sensor

Wireless
platforms

SENS-00003

SENS-00001

AmbioMote24-A
AmbioMote24-B 9

.

n

5

=

+ Range: +3g
+ Sensitivity: 300 mV/g

(Accuracy: =10 %)

* Number of axes: 3
* Supply Current (max):

0.18 mA

* Need lower energy

in comparison with
digital sensors.

* Freq. band: 2.4 GHz
* Raw data rate: 2 Mbps

(500 kbps pure data)

* Input voltage: 5~80 V
* Unique ID for each

S€nsor

+ 80 m open air

transmission range
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Fig. 3.7 (a) Experimental setup for a self-powered operation of a wireless sensor
network (four accelerometers and one temperature sensor) through its
integration to the direct-type PEH skin and (b) real-time monitored sensory

data from self-powered wireless sensor network.
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Fig. 3.8 (a) Output voltage histories harvested from four PEH skin segments and (b)

the fast Fourier transformed result of the voltage signals.
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Chapter 4

Add-on type PEH skin design
and its experimental validation

4.1 Chapter overview

In this chapter, an add-on type PEH skin is proposed. For an actual mechanical system
with plenty of vibration, it is sometimes impossible to apply the direct-type PEH skin,
because of no presence of appropriate surface. Two different situations can be
envisioned. First, the shape of the surface could be non-flat. Application of the
proposed direct-type PEH skin on this non-flat surface is very difficult mainly due to
the very stiff nature of the PZT. This problem seems to be easily solved by
substituting the PZT with a piezoelectric material having flexibility, such as PVDF
(PolyVvinyliDene Fluoride) or MFC (Macro-Fiber Composite). Here, instead of
substituting the piezoelectric material, another solution is pursued to utilize the high
energy conversion efficiency of the PZT. Second, not enough in-plane normal strain
could be present, although considerable out-of-plane vibration is observed. The

surface area could be too small, or the structure might be too stiff to have any shape
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deflection. To harvest vibration energy from these situations, an add-on type PEH

skin is devised as an alternative.

The PZT is attached on a flat substrate of the add-on type PEH skin, which is clamped
to the target mechanical system with minimum spacing. Compared with the
cantilevered PEH, the add-on type PEH skin can utilize larger area and be more stably
fixed to the target surface by multiple clamping structure. Especially if the target
mechanical system is vibrating at very low frequency, it is undesirable to apply a
cantilever type PEH, since the vibration mode of a long cantilever might be interfered
by touching the target surface. Moreover, unlike the direct-type PEH skin, finite
element analysis can be easily applied to design the add-on type PEH skin, since the
boundary conditions are simple and easy to predict. Therefore, ANSYS simulation
(ANSYS, Inc.) is conducted to design the add-on type PEH skin by: (a) tuning the
resonance frequency of the PEH skin unit to the actual vibrating frequency of the
target surface and (b) optimizing the size of PEH skin segments to generate maximum
electric power from given vibration condition. Here, the ODS of target surface is
utilized to characterize actual excitation frequency and magnitude. Then, the add-on
type PEH skin is fabricated as designed. The effectiveness of the add-on type PEH

skin composed of three PEH segments is validated using several experiments.
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4.2 Design of add-on type PEH skin based on ODS

As mentioned, there exists a situation where the above proposed direct-type PEH skin
cannot be applied. Since the PZT patches of direct-type PEH skin are directly attached
to the target surface, proper condition of the mechanical system can be limited. The
limitation is mainly due to existence of curvature and/or not enough presence of in-
plane normal strain on target surface. Although a considerable out-of-plane vibration
is observed on the target surface, the PEH skin could not generate sufficient power
because of not enough area. Also, if the structure is too stiff to have any shape
deflection, very small in-plane normal strain is present, and therefore resulting in

insufficient power generation.

In this work, an add-on type PEH skin is proposed as an alternative of the direct-type
PEH skin, to harvest vibration energy from these situations. Basically, the PZT is
attached on a flat substrate of the add-on type PEH skin, which is clamped to the
target mechanical system with minimum spacing. Since the add-on type PEH skin
cannot occupy a large area compared with the direct-type PEH skin, the output power
might be insufficient. So, the add-on type PEH skin is designed to utilize resonance
effect to amplify incoming vibration energy. For an add-on type PEH, one can easily
recall a cantilevered PEH. Compared with the cantilever type PEH, the add-on type
PEH skin can utilize larger area, and more stably fixed to the target surface especially
when the incoming vibration is characterized in very low frequency range. Also, since
the boundary conditions of the add-on type PEH skin are simple and easy to predict
compared with the direct-type PEH skin, finite element analysis is applied to design
the add-on type PEH skin. Designing by using the finite element analysis, the

experimentally measured ODS of target surface is utilized to extract actual excitation
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frequency and magnitude, which are used to characterize the incoming vibration to

the add-on type PEH skin unit.

4.2.1 Target selection and vibration characterization.

The previously selected outdoor condensing unit is reexamined to inspect existence
of appropriate location to apply the add-on type PEH skin. Among several surfaces
of outdoor condensing unit, the side post shown in Figure 4.1(a) seemed to have
suitable condition, and therefore it is intensively examined. This side post is a very
rigid structure to support top plate of the outdoor condensing unit. So, although plenty
of out-of-plane vibration is observed on this structure, existence of enough in-plane
normal strain cannot be guaranteed. Moreover, the surface area of the side post is too
small to apply the direct-type PEH skin. For these reasons, the side post is selected as

an appropriate target surface for the add-on type PEH skin application.

The vibration characteristics of the side post is examined. Ten grid locations are
selected along the center of the side post to have 50 mm uniform intervals, as shown
in Figure 4.1(a). From these grid locations, an accelerometer (Briiel & Kjer, Type
4394) was used to measure vibration level of the target surface. The fast Fourier
transformed result of measured vibration at a grid location is shown in Figure 4.2(b).
Similar to the result shown in Chapter 2, the side post was vibrating in harmonics of
the driving frequency induced by the cooling fan rotation (i.e., the harmonics of 16.5

Hz). Although the excitation frequencies were identical, maximum vibration level
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Fig. 4.1 Side post of the outdoor condensing unit, which is chosen as the target
surface to apply the add-on type PEH skin: (a) Ten locations to examine
vibration characteristics, (b) the fast Fourier transformed result to identify
excitation frequency and vibration level, and (c) the ODS result of the target

surface at 16.5 Hz.
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was shown in different frequency. Here, the maximum vibration level was observed
at 16.5 Hz, where relatively very low level of vibration could be found on the top
plate of the outdoor condensing unit (see Figure 2.6(a)). Now, the ODS of the side
post is measured. Two accelerometers were used, one as a reference located below
the lowest grid location, and the other accelerometer was moved along the grid
locations to measure acceleration of the target surface in out-of-plane direction.
Along with these two accelerometers, a dynamic signal analyzer (Agilent, 35670A)
was used to process the measured data from each ten grid locations into three data
forms of APS (Auto Power Spectrum), CPS (Cross Power Spectrum), and FRF
(Frequency Response Function). Post processing these data by using STAR Modal
(Spectral Dynamics, Inc.) software, the ODS of the target surface can be successfully
obtained. Figure 4.1(c) shows the ODS of the side post at 16.5 Hz, which is the
frequency having the highest vibration level. Near the 16.5 Hz frequency band, the
side post was identified to move in rigid body motion, instead of having any
significant shape deflection. This rigid body motion was harmonic in X -direction,

with displacement of the bottom grid point (indicated as U, ) being about 2.5 times
smaller than that of the top grid point (i.e., u, ). The relative displacement data of

the grid points will be considered in the finite element analysis aided design of the

add-on type PEH skin in the following section.
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4.2.2 Finite element analysis aided design optimization.

The finite element analysis is conducted to design the add-on type PEH skin.
Regarding the long and narrow shape of the target surface, basic outline of the add-
on type PEH skin design is decided to be in a long and narrow shape having two
clamping structures. Based on this outline, the modal analysis is conducted using
ANSYS to find appropriate dimensions of the add-on type PEH skin, to have
fundamental resonance frequency tuned to the frequency of incoming vibration (i.e.,
16.5 Hz) [78]. The schematic of the add-on type PEH skin is shown in Figure 4.2(a)
and (b). Aluminum plate with 0.5 mm thickness and 35 mm width was selected as a
substrate, fixed at both end to the clamping structures. Both the substrate and
clamping structure are modeled with SOLIDS5 elements having three degrees of
freedom (i.e., ux, uy, and uz). Also, the 0.27 mm thick PZT is uniformly attached on
the aluminum substrate, and modeled with SOLIDS5 elements to have four degrees of
freedom (i.e., ux, uy, uz, and volt). This SOLIDS5 element is a 3-D coupled-field solid
element, which has 3-D magnetic, thermal, electric, piezoelectric, and structural field
capability with limited coupling between the fields. In this work, the SOLIDS element
is used in structural and piezoelectric analysis, since it has large deflection and stress

stiffening capabilities.

First, the modal analysis is conducted using the PEH skin unit structure without any
PZT segmentation, as schematically shown in Figure 4.2(a). All the node points of
PZT elements on top and bottom surfaces of the PZT layer are set to compose
equipotential surface, respectively. Two electric state of the PZT layer (i.e., short
circuit and open circuit state) are considered in this analysis. The short circuit

condition of the PEH skin unit is realized by fixing the electric state of the top and
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Fig. 4.2 Schematic of the proposed add-on type PEH skin: (a) The PZT layer
uniformly attached to the aluminum substrate without any segmentation and

(b) segmented PZT with respect to the incoming vibrations having different

magnitude and/or phase (i.e., u, and ug).
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Table 4.1 The lowest three resonance frequencies of the add-on type PEH skin,

depicted in Figure 4.2(a) and (b).

No segmentation Segmented PZT

Short circuit ~ Open circuit ~ Short circuit ~ Open circuit

f1 15.58 15.58 15.80 16.54

f 42.93 42.93 41.68 42.37

f3 84.20 84.21 80.54 81.78
(unit: Hz)

bottom surface of the PZT layer in a ground state (i.e., volt = 0). For the open circuit
condition, the bottom surface of the PZT layer is fixed in the ground state, while the
electric condition of the top surface is remained in equipotential state without any
additional definition. The fundamental resonance frequency of the add-on type PEH
skin was found to be 15.58 Hz. The lowest three resonance frequency results are
tabulated on the left hand side of Table 4.1. Without the PZT segmentation, the short
circuit and open circuit resonance frequencies of the add-on type PEH skin did not
differ from each other, which is due to the voltage cancellation effect (see Figure
4.3(b)). Here, since the resonance frequency of the add-on type PEH skin is more
interested after the PZT segmentation, harmonic analysis is conducted to separate the
PZT layer (i.e., locate the strain inflection lines) [78], and then redo the modal

analysis to find short circuit and open circuit resonance frequencies.

62



()

Segmend] Segments2

Strain inflection line

_ Segments) |

AN

G

g = -1
(0.01 Sy )

Fig. 4.3 (a) The finite element model of the add-on type PEH skin and (b) its open

circuit voltage results without PEH skin segmentation, proving existence of

voltage cancellation. (¢) Different PEH skin segmentation results according

to different combination of two incoming vibrations.
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The harmonic analysis starts with the same structure shown in Figure 4.2(a). Two
different vibration source are induced at each base of the clamping structure. Here,

the ratio of these two vibration magnitude is chosen to be u, :u, = 1:0.4, regarding

the ODS of the target surface, obtained in the above section. While harmonically
excited at 16.5 Hz, the strain inflection line was searched within range of
|S | <1x107. After locating the strain inflection line, the PZT elements on the strain

sum
inflection line are deleted as schematically shown in Figure 4.2(b). The finite element
analysis model of this schematic diagram is also depicted in Figure 4.3(a). To exclude
these PZT elements for further analysis, a special option of “Ename = 0” is used on
PZT elements, which are identified to be located on the strain inflection lines. By
using this special option, the selected elements can be ignored during solution without
actually removing the element from the model. Now, the modal analysis is conducted
again using the PEH skin unit with segmented PZT layer. The resonance frequencies
of segmented add-on type PEH skin are tabulated on the right hand side of Table 4.1.
Since the voltage cancellation is prevented by the PZT segmentation, the difference
between the short circuit and open circuit resonance frequencies are now obvious.
Also, note that the fundamental open circuit resonance frequency of the add-on type

PEH skin unit is tuned to the excitation frequency of the incoming vibration.

Now, the dimensions of the add-on type PEH skin is decided. Based on this
dimensions, open circuit voltage of the add-on type PEH skin is analyzed regarding
various possible combination of incoming vibration. The relative magnitude and
phase of two incoming vibrations are changed to inspect for all possible vibrating
situations. The PEH skin segmentation results according to different combination of

incoming vibrations are shown in Figure 4.3(c). Here, the magnitude and phase of
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incoming vibration on the left side (i.e., u, ) of the add-on type PEH skin was fixed,
while the magnitude and phase of incoming vibration on the right side (i.e., ug ) was
varied from Uz =u, (same magnitude and phase) to U, =—-U, (same magnitude

with opposite phase). Here, the red and orange areas are showing positive electric
potential state and blue and light blue areas are in negative potential state, while the

yellow areas indicate the ground state (V,

ot = 0). The strain inflection line of these

results were located to have in-plane normal strain value within range of

|S |S1><10’5 , except the u; =-u, case (the strain inflection line of u, =-u,

sum

case could be found below the in-plane normal strain range of |S | <1x107). For

sum

most of incoming vibration combinations, the add-on type PEH skin was observed to
possess three PEH skin segments. Also, although the size of PEH segment differed
according to different combination of two incoming vibrations, the center locations
of the strain inflection lines were detected to have not much movement, especially

when the two incoming vibrations were in-phase.

The proposed add-on type PEH skin is well segmented regarding the experimentally

obtained ODS information, and successfully tuned to resonate at the frequency of

incoming vibration. By the way, from analysis conducted above, the range of |S

sum |

to locate the strain inflection lines were arbitrarily chosen. To clarify this ambiguity,
the open circuit voltage of the add-on type PEH skin is analyzed with respect to the
|S | value as shown in Figure 4.4(a). The blue line indicates simulated open circuit

sum
voltage from segment 2, and red and magenta lines are the voltage outputs from
segment 1 and 3, respectively. The red and magenta lines showed almost same

voltage values, since the size of two PEH segments were almost the same. The strain
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inflection lines were identified to be existent only within the in-plane normal strain

range between |S | <4x10"and |S | <3x107° . Within this in-plane strain range,

sum sum

two voltage peaks were observed at S, [<8x10° and |[S,|<1.7x107 .

sum sum

Although the selected in-plane strain ranges were different, and therefore the size of
PEH skin segments were different, these two design cases showed similar output
voltage values. Exact dimensions of these two design cases are shown in Figure 4.4(b).
Since these two optimized design cases show similar output voltage, the
|S

| <1.7x107° case having smaller PEH skin segment is chosen as the final design

sum

of the proposed add-on type PEH skin, considering economic efficiency.
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4.3 Experimental validation of the add-on type PEH skin

The previously selected optimized design of the add-on type PEH skin is fabricated
as shown in Figure 4.5(a). The PSI-SH4E piezoceramic sheets (Piezo Systems, Inc.)
are selected as the piezoelectric material, and an automatic dicing saw (DISCO
Corporation, DAD3350) is used to cut PZT sheets as designed. Unlike the PEH skin
segments of the direct-type PEH skin design, the three PEH segments of the add-on
type PEH skin are in rectangular shape without any curved edges. Therefore, the
automatic dicing saw is used instead of the CNC laser cutter, since a more precise
and fast processing is possible by using the dicing saw. Also, a two-part epoxy
adhesive (3M, Scotch-Weld DP-460) is used instead of the conductive epoxy (ITW
Chemtronics, CW-2400). Although the DP-460 epoxy is not an electrically
conductive material, it is discovered by some experiments that the voltage
measurement of a PEH is not interfered if the thickness of the epoxy layer between
the PZT and substrate is kept below 30 um. Compared with the use of conductive
epoxy, fabrication of a PEH by using the DP-460 epoxy is much comfortable. This is
mainly due to following two reasons: (a) it is much easier to evenly spread the DP-
460 epoxy on the substrate surface, because of the very low density and longer
worklife compared with the conductive epoxy and (b) it is much safer in situations
having overflowed epoxy, because it does not cause electrically short state between
the top and bottom electrodes of the PEH skin segments. The full cure of DP-460
epoxy requires 48 hours at room temperature (i.e., at 22 °C) [79]. In this work, an
electric oven (UNOX S.p.A., XF006) is used to cure the epoxy used to fabricate the
add-on type PEH skin. Heated at 80 °C, curing process of the DP-460 epoxy could

be accelerated and finished within an hour.
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The fabricated add-on type PEH skin is installed at the target surface of outdoor
condensing unit as shown in Figure 4.5(b). Then, the effectiveness of this add-on type
PEH skin is experimentally validated. Since a very thin aluminum plate is chosen as
the flat substrate of this add-on type PEH skin, it was very difficult to apply strain
gauges directly on the strain inflection line. Also, the add-on type PEH skin unit does
not have any bare surface without PZT, which is discovered as a non-strain inflection
line. So, a counterpart of strain gauge on the strain inflection line has no appropriate
surface to be located. For these reasons, the validation of strain inflection line by
using the strain gauges is omitted for the add-on type PEH skin case. Instead,
effectiveness of the strain inflection line is verified by demonstrating the voltage
cancellation effect and comparing the output power results from each PEH skin

segments.
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Fig. 4.5 (a) The dimensions of selected optimized add-on type PEH skin design, and
its fabricated result having three PEH skin segments. (b) The add-on type
PEH skin installed at the target surface of outdoor condensing unit (the three

PEH skin segments are highlighted for better visibility).
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4.3.1 Validation 1: Voltage cancellation effect

The voltage cancellation effect was examined by observing the output voltage phases
of the three PEH skin segments divided by the strain inflection lines in the time
domain, as shown in Figure 4.6. For each PEH segment, the open circuit voltage is
measured by connecting the top and bottom electrodes directly to an oscilloscope
(LeCroy, LT354M). Since the internal impedance of the oscilloscope is set to be
1 MQ, directly measured voltage from a PEH segment can be regarded as open circuit
voltage. Three output voltage signals measured from the PEH skin segments are
shown in Figure 4.6(a), with respect to the time domain. Unlike the voltage signals
of direct-type PEH skin segments, the voltage signals of the add-on type PEH skin
segments are in simple sinusoidal shape. This signal shapes are mainly due to
utilization of resonance phenomenon, in designing the add-on type PEH skin. Also,
an obvious phase difference between the three signal can be observed. The output
voltage signal of segment 1 and 3 were in phase, while the voltage measured from
segment 2 showed out of phase alone. This phase difference is consistent with the
simulation result identified above, where the output voltage value of segment 2 in the
middle showed different sign compared with the other two output voltages from

segment 1 and 3 (see Figure 4.3(c)).

For more clear validation of voltage cancellation effect, the three PEH skin segments

are electrically connected to form V , +V,,. +V In this way, all three PEH

red blue magenta *

skin segments can share the top electrodes to form a equipotential surface, and
therefore the voltage cancellation is deliberately induced. For comparison, the voltage

subtraction is mathematically performed to yield V,,, -V, . These two resultant

lue ~ Vr
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Fig. 4.6 Validation study and its result for the voltage cancellation effect — (a) The

output voltage signals measured from the three PEH skin segments of the

add-on type PEH skin. (b) The voltage cancellation effect demonstrated by

using the three PEH skin segments.

Table 4.2 The peak-to-peak voltage values from Figure 4.6 validating the voltage

cancellation effect.

red Vblue magenta red * Vblue * Vmagenta Vblue B Vred
15.63 12.81 13.91 2.63 27.97
(unit: Vpp)
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voltage signals are shown in Figure 4.6(b). The black curve is the resultant voltage of

Vo +V. +V, and the green curve indicates the resultant voltage of V, . -V,

red blue magenta lue red *

Although the V is not involved to mathematically calculate the green curve,

magneta

the peak-to-peak value of this resultant voltage was distinctively higher than the
others. The peak-to-peak voltage results are tabulated in Table 4.2. By applying the
strain inflection lines, the voltage enhancement of the three PEH skin segments were
494.3, 387.1, and 428.9 %, for red, blue, and magenta segments, respectively,
compared to the voltage cancellation situation. These enhancement levels are
surprisingly high, since the voltage cancellation effect of the add-on type PEH skin
was very intense. According to this observation, it is concluded that the proposed add-

on type PEH skin is well segmented across the inflection lines.

4.3.2 Validation 2: Output power and its rectified results

The output power of add-on type PEH skin segments are obtained by measuring
applied voltage at a series of external load resistance, in the same way as in Chapter
3. Using the measured voltage values from each three PEH skin segment, the output
voltage is calculated by Equation (3.1). Here, since the add-on type PEH skin is
composed of multiple PEH segments, it is also very difficult to find optimal resistance

values for all three PEH skin segments at the same time, due to electro-mechanical
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coupling nature of the PZT. Therefore, the PEH skin segments other than the voltage
measuring segment are maintained to be in open circuit state, assuming that the
generated power from the other PEH skin segments are not in use. The output power
results from each three PEH skin segments are shown in Figure 4.7. Using the
measured peak-to-peak voltage values, maximum power of 3.53, 1.88, and 1.98 mW
were obtained from three PEH skin segments, respectively. These results are also
tabulated in Table 4.3, along with measured voltage and the corresponding resistance
value. Although the peak-to-peak output voltage values measured from PEH
segments of the add-on type PEH skin are analogous to those from direct-type PEH
skin segments, the output power values are calculated to be much smaller due to larger

corresponding external load resistance value.

Now, two rectifier circuits shown in Figure 4.8 are used to rectify output voltage of
the PEH skin segments. The schematic shown in Figure 4.8(a) is a circuit to rectify
the output voltage from each three PEH skin. While measuring the rectified output
voltage of a selected PEH skin segment, the other two PEH segments were maintained
to be in open circuit state, as in the measurement process above. Also, the rectified
voltages from all three PEH skin segments are electrically summed to obtain single
output having a larger capacity. The schematic of rectifier circuit used for this purpose
is shown in Figure 4.8(b). Similar to the direct-type PEH skin, the three PEH skin
segments of the add-on type PEH skin are inevitably connected in parallel, since the
bottom electrodes of all PZT sheets are bonded to the substrate structure of the add-
on type PEH skin. So, the series connection between PEH segments were impossible

to implement, which might have resulted in higher voltage output.
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Fig. 4.7 Measured output power of the add-on type PEH skin segments with respect

to external load resistance.

Table 4.3 The maximum output power results from each three PEH skin segment

and its corresponding voltage and external load resistance values.

Max. power Voltage Resistance
[mW] [Vl [kQ]
Segment 1 3.53 13.3 50
Segment 2 1.88 9.69 50
Segment 3 1.98 9.94 50
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The obtained rectified output power results are shown in Figure 4.9, with respect to
the external load resistance change. For the rectified power of individual PEH
segment, the result measured from segment 1 and 2 are selected as a representative
among the three PEH segments. The root-mean-squared voltage values are used to
calculate output power of the PEH skin segments. The maximum output power values
were 0.115, 0.099, and 0.258 mW from segment 1, segment 2, and sum of all three
segments, respectively. These results are also tabulated in Table 4.4, along with the
corresponding resistance values. Compared with the rectified output power results of
the direct-type PEH skin, the rectified output power values of the add-on type PEH
skin seem quite competitive (see Table 3.4). Although the measured output power of
the add-on type PEH skin without the rectification showed relatively very small
values, the competitive values of the rectified power are thought to be mainly due to
simple sinusoidal shape of the output voltage signal. Here, the parallelly summed
output power was observed to be enhanced by 124.3 and 160.6 % compared to the
power obtained from segment 1 and 2, respectively. According to this observation,
effectiveness of the add-on type PEH skin was verified and a significant power could

be generated especially when the output is rectified.
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Fig. 4.8 Schematic of two rectifier circuit for the add-on type PEH skin, (a) rectified

output power from each PEH skin segment and (b) parallelly summed output

power rectified from all three PEH skin segments.
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Fig. 4.9 Validation study and its result for the rectified power output of the add-on

type PEH skin, calculated by using the root-mean-squared voltage values.

Table 4.4 The maximum rectified output power results of the add-on type PEH skin

segments calculated by using the root-mean-squared voltage values.

Max power [mMW]  Resistance [kQ]

Segment 1 0.115 100
Segment 2 0.099 100
All three 0.258 20
segments
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Chapter 5

Conclusions

This work proposes two practical methods to design the PEH skin based on
experimentally measured ODSs. Depending on shape condition of the vibrating target
surface, one can choose a type of the PEH skin to apply: (i) the direct-type PEH skin
for a flat and large surface application and (ii) the add-on type PEH skin for a non-
flat and/or small surface application, where not enough in-plane strain is existent.
This classification of the PEH skin regarding the shape of the target surface is mainly
due to the utilization of PZT as the piezoelectric material. Although the energy
conversion efficiency of PZT is very high, the extremely brittle nature has limited its
application to a flat surface only. The design and fabrication process of the two PEH

skin types are introduced and their effectiveness is experimentally validated.

For the direct-type PEH skin, the PZT patches are designed to be directly attached to
the target surface. Directly applied onto a flat and large surface, the direct-type PEH
skin is very compact and does not require any extra space above the vibrating target
surface. The key step of ODS based direct-type PEH skin design is to extract
continuous in-plane normal strain values from measured out-of-plane deformations
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of the target mechanical system, which are generally discrete. To replicate the actual
deflection shape of the target surface, a polynomial curve fitting is applied to obtain
continuous out-of-plane deflection data from the discrete ODS measurement data.
Then, continuous in-plane normal strain values are calculated to locate strain
inflection lines. For final design of the direct-type PEH skin, multiple strain inflection
lines found at specific excitation frequencies are used to enhance its energy harvesting
capability. The proposed design procedure was applied to design a direct-type PEH
skin for an outdoor condensing unit’s top plate. Compared with an analytical method,
this design method is advantageous since it is free from unacknowledged modeling
errors, and therefore readily applicable to engineering facilities having complex
boundary conditions. The fabrication process was proposed and the performance of
the direct-type PEH skin was experimentally validated. The validation was conducted
in four steps. First, the in-plane normal strain values on a strain inflection line were

measured and compared with those on a non-inflection line. The value of S, on

sum
the inflection line was turned out to be far smaller than that on the non-inflection line,
verifying the location of strain inflection line. Second, apparent voltage cancellation
effect was examined between PEH skin segments divided by strain inflection lines,
proving that the direct-type PEH skin is well segmented across the inflection lines.
Third, the output power of the PEH skin segments are measured along with their
rectified values. Calculated from the root-mean-squared voltage values, the
electrically summed output power was enhanced compared to output power from a
single PEH segment. Finally, the fabricated direct-type PEH skin is applied to operate
a wireless sensor network, which is the most common but a still challenging
application of the energy harvesting. The PEH skin could supply enough power to

operate the wireless sensor network consisting of five wireless sensors.
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For the add-on type PEH skin, the PZT is attached on a flat substrate, which is
clamped to the target mechanical system with minimum spacing. Compared with the
cantilevered PEH, the add-on type PEH skin can utilize larger area and be more stably
fixed to the target surface by multiple clamping structure. On the other hand, the add-
on type PEH skin cannot occupy a large area compared with the direct-type PEH skin,
which might result in insufficient output power. So, the add-on type PEH skin is
designed to utilize resonance effect to amplify incoming vibration energy. Also,
unlike the direct-type PEH skin, finite element analysis can be easily applied to design
the add-on type PEH skin, since the boundary conditions are simple and easy to
predict. Therefore, the ANSYS simulation is conducted to design and optimize the
add-on type PEH skin. Here, the key step of add-on type PEH skin design is the
utilization of ODS information to characterize incoming vibration to the simulated
model. The proposed design procedure was applied to design an add-on type PEH
skin for a side post of the outdoor condensing unit. The fabrication process was
proposed and the performance of the add-on type PEH skin was experimentally
validated in two steps. First, the voltage cancellation effect was demonstrated using
the three PEH skin segments, proving that the add-on type PEH skin is well
segmented across the inflection line. Second, the output power of the PEH skin
segments are measured along with their rectified values, proving that a significant

power could be generated especially when the output is rectified.

The proposed PEH skin designs are targeted to be readily applicable to existing
engineering facilities with vibration. By applying the proposed design methods to an
outdoor condensing unit, which is an example of small scale actual mechanical

system, the practical aspect of the two PEH skin designs are experimentally verified.
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Especially, The generated power from the fabricated PEH skin successfully operated
a wireless sensor network, proving the effectiveness of the proposed PEH skin design.
Applied to a larger plant facilities, the generated power from the PEH skin is expected
to be supplied to various types of wireless sensors, which are utilized for risk
management, asset management, and process management, and therefore

contributing to realize a smart plant.
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Appendix A

Harvestable vibration energy map

A.1 Appendix overview

In general, to avoid unwanted failures and/or accidents, a lot of sensors are in use to
monitor plant facilities. Recently, as the wireless sensor technology has improved to
require lower power, the energy harvesting has received much attention supplying
power to these sensors. To realize a smart plant, various types of sensors are utilized
for risk management, asset management, and process management, as schematically
shown in Figure A.l. Since the ultimate goal of the energy harvesting is to
successfully operate wireless sensors on actual plant facilities, this work analyzed the
vibration energy level of a fan blower unit, which is a common facility in various
plant sites. Also, the vibration energy level is reorganized to constitute a harvestable
vibration energy map. Considering the shape and vibration energy level at the same
time, it is expected to be very helpful deciding an appropriate type and location of an

vibration energy harvester.
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Fig. A.1 Schematic of a smart plant realized using various wireless sensors [80].
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A.2 Target selection and vibration characterization

A target mechanical system is carefully selected based on following three criteria: (a)
the mechanical system is required to have appropriate vibrating surface, (b) the
facility should be at easily accessible location, and (c) the target is preferred to be a
common facility which can be found in various plant sites. Four mechanical systems

are considered as candidates, as shown in Figure A.2. All these candidates were found

Fig. A.2 Four candidates of target mechanical system in Seoul National University
Gwanak Campus: (a) cooling water pumps in Building 301, (b) hydraulic
pumps in Building 301, (c) a boiler unit in Building 313, and (d) a fan blower

unit in Building 68 (i.e., the 1st power plant).
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in building machine rooms of Seoul National University Gwanak Campus. Among
the four candidates, the fan blower unit was selected to be the target mechanical
system, since this facility possesses largest flat surfaces with plenty of vibration. Also,
the fan blower unit is a very common facility in many plant sites, which is used to

circulate cooling air to a larger facilities such as an industrial steam boiler.

While the fan blower unit is under operation, an accelerometer (Briiel & Kjar, Type
4394) with a dynamic signal analyzer (Agilent, 35670A) is used to collect vibration
level data from various surface. Large vibration level was measured mainly at 38 and
450 Hz, which are originated from electromagnetic motor operation and cooling fan
blade rotation, respectively. Figure A.3 shows the vibration characteristics of a drive
belt housing. The drive belt being directly connected between the electromagnetic
motor and the cooling fan rotor, the surfaces of the belt housing were vibrating at
both 38 and 452 Hz. The vibration characteristics of the cooling fan blade housing
are shown in Figure A.4. Due to the cooling fan rotation, the fan blade housing was
mainly vibrated at 452 Hz, with a highest vibration level of maximum 7.2g (g = 9.8
m/s?). Also, the vibration characteristics of the blast pipe was identified as shown in
Figure A.5. Similar to the cooling fan blade housing, the blast pipe was vibrating
mainly at 452 Hz. This is due to the air fluctuation flowing inside the blast pipe,

generated by the cooling fan blade rotation.
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Fig. A.3 Identified vibration characteristics of the drive belt housing.
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Fig. A.4 Identified vibration characteristics of the cooling fan blade housing.
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A.3 Harvestable vibration energy map

The harvestable vibration energy map is constructed using vibration characteristics
of the target mechanical system identified above. Based on the vibration levels, the
surfaces of interest were divided into 6 sections as shown in Figure A.5. With the
highest vibration level shown on a curved surface of the cooling fan blade housing, a
large surface including the drive belt housing and the blast pipe showed acceleration
around 2g level. By using this harvestable energy map, it will be very helpful to
decide an appropriate type and location of an energy harvester, since the shape of

surface and its vibration energy level can be considered at the same time.

Fig. A.6 Harvestable vibration energy map.
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Appendix B

Numerical data for
PSI-SH4E piezoceramic

PZT-5H is the most commonly used engineering piezoceramic for a PEH fabrication.
The PZT-5H piezoceramic sheet used in this work is PSI-SH4E, manufactured by
Piezo Systems, Inc. The three-dimensional piezoelectric properties of PSI-SH4E is
provided in Table B.1. In addition to these data, the mass density is reported as 7800
kg/m® [81]. The PSI-SH4E piezoceramic sheets are available in the standard 72.4 mm
square size, and poled along the thickness direction. Also, three different thickness

are provided as 0.127, 0.191, and 0.267 mm.
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Table B.1 Three-dimensional piezoelectric properties of PSI-SH4E

Descriptions Value Units
S5 16.1 pm?*/N
S5 -4.84 pm?*/N
S5 -6.00 pm*/N
s, 20.00 pm*/N
s, 52.00 pm*/N
St 41.9 pm?*/N
ds, -320 pm/V
d,, 650 pm/V
ds 741 pm/V

g\ /g, 3800
el /g, 3800
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According to the piezoelectric properties of PSI-SH4E provided in Table B.1, the
elastic compliance matrix of the PZT sheet at constant electric field (poling direction

is chosen to be the thickness direction) can be rewritten as:

[ 1.61E—-11 —4.84E-12 —6.00E—-12 0 0 0
—484E-12 1.61E-11 —6.00E—12 0 0 0
e |—6.00E-12 -6.00E-12 2.00E-11 0 0 0
5T 0 0 0 520E-11 0 0
0 0 0 0 520E-11 0
| 0 0 0 0 0 4.19E-11|
(B.1)

Also, the piezoelectric matrix (d ) and the permittivity matrix at constant stress (&' )

are as follows:

0 0 0 0 741E-10 0
d= 0 0 0 7.41E -10 0 0| (B.2)
-320E-10 -3.20E-10 6.50E-10 0 0 0
and
3.36E -8 0 0
g = 0 3.36E -8 0 (B.3)
0 0 3.36E -8

where the relative permittivity matrix at constant stress (EI )is

3800 0 0
g = 0 3800 0 (B.4)
0 0 3800
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