MINISTRY OF EDUCATION VIETNAM ACADEMY OF SCIENCE
AND TRAINING AND TECHNOLOGY

GRADUATE UNIVERSITY OF SCIENCE AND TECHNOLOGY

Vu Anh Tuan

A STUDY OF PIEZOELECTRIC STACK ENERGY
HARVESTER IN THE LINEAR SYSTEM WITH TWO
DEGREES OF FREEDOM

SUMMARY OF DISSERTATION ON
MECHANICAL ENGINEERING AND ENGINEERING
MECHANICS
Major: Engineering Mechanics

Code: 952 01 01

Hanoi - 2024




The dissertation is completed at: Graduate University of Science
and Technology, Vietnam Academy Science and Technology.

Supervisor 1: Prof. PhD. Nguyen Dong Anh
Supervisor 2: PhD. Nguyen Ngoc Linh

The dissertation is examined by Examination Board of Graduate
University of Science and Technology, Viethnam Academy of

Science and Technology at .............cooiiiiiiiiiiiiiie,

The dissertation can be found at:
1. Graduate University of Science and Technology Library
2. National Library of Vietnam




INTRODUCTION
1. The reason for choosing the topic of the study

In recent decades, research in the field of energy harvesting to eliminate the
wasted energy available in the surrounding environment, such as vibration, heat,
light, radiation, wind and water, into electrical energy to replace the use of
power from the grid or batteries for low-power electronic devices for sensors or
measuring devices used in vehicles, construction equipment or artificial
biological parts has been receiving attention from many researchers.

One of the wasted energy sources that can be harvested for many different
applications is vibration from the surrounding environment.

Many designs and approaches have been proposed to convert mechanical
energy from vibration sources in the environment into electrical energy for small
and micro-power electronic devices. Among them, the piezoelectric mechanism
has many wide applications, from energy harvesting devices (piezoelectric
energy harvester, PEH), to sensors or actuators.

The piezoelectric stack energy harvester (PSEH) is composed of many layers
of piezoelectric ceramics installed in series, between them are electrodes, these
electrodes are connected to an external resistor (load). With such structural
characteristics, PSEH allows to reduce the distance between the electrodes and
thereby increase the efficiency of energy collection when mechanically
deformed compared to a piezoelectric block of the same size. In addition, PSEH
is also capable of withstanding large loads, so it can be applied to large structural
objects. Some typical applications of PSEH include integration with backpacks,
shoes, pavement, vehicle suspension systems, railway tracks, vibration
absorbers, etc.

In the period from 2010 onwards, researchers mostly used the 1-degree-of-
freedom mechanical model to study applications with piezoelectric energy
harvesting devices. The disadvantage of the 1-degree-of-freedom mechanical
model is that it only works effectively in the resonance region, leading to low
energy harvesting efficiency and not reflecting the reality of vibration sources.
Meanwhile, later studies have shown that the 2-degree-of-freedom mechanical
system model has a wider effective working frequency range, so it is suitable
for vibration sources from the surrounding environment that often have
frequencies that vary over time or randomly.

In addition, the integration of vibration damping with electromagnetic
energy harvesting from vibration has become increasingly attractive in recent
years due to its increasing importance in various real-world applications such as
vehicle suspension systems or vibration absorbers. Such a device is called a
dual-function device and this research direction is still under development.
Therefore, this thesis focuses on the study of a dual-function device which is a
tuned mass damper integrated with a piezoelectric stack energy harvester



mounted on an undamped primary structure subjected to harmonic excitation
based on a 2-degree-of-freedom mechanical model.
2. The goal of the study

Building a physical model and analysis method, determining parameters as
well as evaluating the vibration reduction efficiency combined with energy
harvesting of a tuned mass damper integrated with a piezoelectric stack energy
harvester mounted on an undamped primary structure subjected to harmonic
excitation.

3. The object, scope of the study and research methodology

The object of the study: tuned mass damper integrated with a piezoelectric
stack energy harvester.

The scope of the study: The electromechanical parameters of the system
include a tuned mass damper integrated with a piezoelectric stack energy
harvester mounted on an undamped primary structure under harmonic excitation.

The research methodology: The thesis uses analytical approach to obtain
theoretical results which are parameters of the research object. Then conduct
numerical examination using Matlab software to illustrate the theoretical results
found.

4. Content of the study

The thesis includes an introduction, conclusion, future work, list of published
papers related to the thesis, list of references and 4 chapters.
CHAPTER 1. BACKGROUND

In chapter 1, the thesis presents the following issues:

- An overview of piezoelectric materials and applications in vibration energy
harvesting for portable and implantable electronic devices as well as self-
powered wireless systems and sensors.

- Research on applications of piezoelectric energy harvesting from vibration
in linear 2-degree-of-freedom mechanical systems for structures subjected to
heavy loads in engineering practice, typically the application direction for
vibration absorbers integrated with piezoelectric energy harvesting;

- The research direction chosen for the thesis is the tuned mass damper TMD
integrated with a piezoelectric stack energy harvester PSEH mounted on the
undamped primary structure subjected to harmonic excitation.

CHAPTER 2. THEORETICAL BASIS FOR CALCULATION OF
TUNED MASS DAMPER WITH PIEZOELECTRIC STACK ENERGY
HARVESTER

2.1. Tuned Mass Damper

2.1.1. Undamped primary structure under harmonic base excitation

Consider the mechanical system depicted in Figure 2.1, consisting of a tuned
mass damper (TMD) attached to an undamped primary structure subjected to
harmonic base excitation.



The governing equations for the system:
MK, —Co X, + KX =Ky X, =—myZ (2.1)
m, %, +C,X, + Ky X, =—m, (X, + Z) (2.2)

. m k k C , Q
By setting: u=—%,0, = /_1, = /_d -2 pg="1 5_2° 2.3
Y Q. u m, (2] m, Wy m, S 2m, o, B N p (2.3)

where, u is the ratio of masses, @, is the natural frequency of the primary
system, w,, &, pare the natural frequency, damping and tuning ratios of of

TMD, , respectively; 4 is the ratio of excitation frequency to primary system’s
natural frequency.

Figure 2.1 Undamped primary system with TMD under harmonic base excitation
The governing equations (2.1)—(2.2) can be rewritten as:
X _Zﬂa)déx.z +a)12X1 —ya)sz =-Z (24)
X, +20,EX, + X, =—X — 1 (2.5)
Applying the fixed-points theory by Den Hartog 1965 for the system (2.4)—
(2.5), the optimal tuning and damping ratios of TMD attached to an undamped
primary structure subjected to harmonic base excitation are given in the form,
respectively:
. 2+ u

N T

- 3u
¢ = /8(1+y) (2.7)

2..1.2. Undamped primary structure under harmonic external excitation
Consider the mechanical system depicted in Figure 2.2, consisting of a tuned
mass damper (TMD) attached to an undamped primary structure subjected to
harmonic external excitation. The governing equations for the system:
Mm%, —C,%, +K X%, —K X, = F (t) (2.8)
m, X, +C,X, + K, X, =—m, % (2.9)

(2.6)
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Figure 2.2 Undamped primary system with TMD under harmonic external excitation
The first, applying the complex amplitude method to to solve the system
(2.25) and (2.26), then using the fixed-points theory by Den Hartog same as in
section 2.1.1, we get the optimal tuning and damping ratios of TMD attached to
an undamped primary structure subjected to harmonic external excitation are
given in the form, respectively:

1
Pon —m

_ | 3u
Son = /8(“#) (2.11)

2.2. Electromechanical coupling model of piezoelectric stack with a
tuned mass damper

2.2.1. Modeling of piezoelectric stacks

The structure of a common PSEH is shown in Figure 2.3a, in which the
piezoelectric element has n layers, each layer has a thickness of hp, and a total
length of L, =nh . A PSEH is subjected to an axial force f (t), according to

(2.10)

the forward piezoelectric effect, which will generate a voltage V (t) on the
external resistor R and a charge q(t) . In modeling the PSEH, the piezoelectric

stack element can be simplified as a compressible elastic bar, the influence of
the resistance is small and can be ignored, Figure 2.3b.
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Figure 2.3 The modeling of PSEH: a) structure diagram, b) electromechanical model



The governing equations describing the relationship between the applied
force and the electric charge as well as the parameters of the piezoelectric stack
assemblies is written as:

fo (1) =k, x, () +6,V (1) (2.12)

a(t) =6,x, (t) -C,V (t) (2.13)

where k, = CT]A,QP = e:]LA,Cp =n ng (2.14)
n p p p

2.2.2. Modeling of PSEH in series connection with spring
Figure 2.4a describes the mechanical structure of PSEH connected in series
with a spring, subjected to the effect of axial force f(t). In which, PSEH has

the basic parameters as mentioned in section 2.2.1, the linear spring has stiffness
K, . The deformation of the piezoelectric elements and the spring are x, and x,,

respectively. The electromechanical model of this PSEH-spring combination
connected in series is shown in Figure 2.4b.

Figure 2.4 The modeling of PSEH in series connection with a spring
a) structure diagram, b) electromechanical model, c) equivalent model.
The governing equations of equivalent PSEH is is written in the form:

f =k x+6,V (2.15)
q=6,x-C.V (2.16)
k.k K, o?
where k . 6, C,=C,+—" (2.17)

Wk kG k, k, +k,
2.2.3. Modeling of PSEH in parallel connection with spring
Figure 2.5a describes the mechanical structure of the PSEH connected in

series with the damper element, subjected to the effect of axial force f(t). In
which, the PSEH has the basic parameters as mentioned in section 2.2.1, the
linear viscous damper element has a damping coefficient ¢ . The
electromechanical model of this series PSEH-damper combination is shown in
Figure 2.5b. Mechanically, the PSEH is equivalent to a spring with stiffness k,



so this combination is equivalent to a Maxwell element with a connecting node

in the middle.
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Figure 2.5 The modeling of PSEH in series connection with a damper
a) structure diagram, b) electromechanical model, c) equivalent model.
The governing equations of equivalent PSEH is is written in the form:

Xg+HXp

X=]

X1

o .
f =keq(xz—x1)+ceq()'<2—)'<1)+¢9&qv+ =TV (2.18)
T W
Oy o .
q= geq (XZ - Xl) +ﬁT(X2 - X:L)_Ceqlv +Ceq2TV (219)
T W
where
2 2 2 2
Tzi'keq = T(;) zkp’geq = Ti) 2 Ypo
kp l+7°w 1+7°w
) ) (2.20)
1 1 6 1 0,

c,=———¢C,, = —— P2 C,,=——5—

SRR G k, ™ 1+7%0° K,

2.3. Modeling of PSEH with a force amplification frame

When combining multiple single PSFAF in a main force amplification frame,

we will obtain a dual amplification frame called 2sPSFAF (Piezoelectric Stack

Energy Harvester and Two-stage Force Amplification Frame) as described in
figure 2.6.

fu®
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Figure 2.5 The modeling of PSEH with a two-stage force amplification frame
a) 3D model, b) physical model, c) equivalent Physical Model.




It can be seen that 2sPSFAF can be modeled as an equivalent PSEH with the
following system of equations:

fa2 = Keap X2 + OneV (2.21)
0=0 %, —CV (2.22)
k.. 6. .
where ke =——F5"—— 6y =————,V =V, cot 2.23
" Neot’(g)cot(p) ™ cot(p) cot(y) p COLP (2.23)

Since 2sPSFAF can be modeled as an equivalent PSEH, its series connection
with the spring has stiffness described by the equations:

fy =KXy + 0,V (2.24)
q=0,% —CgV (2.25)
2
where Ko = KoKene 0, = k, Oepe Coq =C, + O (2.26)

kd +kFAF o kd + kFAF

The conclusion of chapter 2

In chapter 2, the thesis presents the following issues:

- Den Hartog's fixed point theory as a basis for determining the optimal
parameters of TMD.

- Model of tuned mass damper TMD mounted on the undamped primary
structure under base and external harmonic excitation. Determination of optimal
parameters of the model based on Den Hartog's fixed point theory.

- The model of piezoelectric stack in mechanical systems.

- The integration options of piezoelectric stack assemblies and a two-stage
force amplification frame with TMD.

CHAPTER 3. THE OPTIMIZATION DESIGN OF TMD-PSEH
BASED ON THE FIXED-POINT THEORY

3.1. TMD-PSEH attached to an undamped primary structure subject to
harmonic base excitation.

3.1.1. Response analysis of the system subjected to harmonic base
excitation.

Figure 3.1 shows an undamped primary structure with TMD-PSEH subjected
to harmonic base excitation. Applying the theoretical basis in section 2.2.1, for
the case of a piezoelectric stack assembly connected in series with a spring, the
electromechanical equations for the system is written as:

kd + kFAF

£, = kX, +OV 2.27)
q=6x—CV (2.28)
K,k k 6?
where: k, =———.,0 “—0,C=C,+—F" (2.29)

koK, kg +k ke +K,

The governing equations for an undamped primary structure with TMD-
PSEH subjected to harmonic base excitation are:



m X —C, X, + K x —K,x, —N =-m,7 (2.30)
M, X, +C,%, + K, X, + N =—m, (% +Z) (2.31)
cV +\é = 0%, (2.32)

By setting:

f k m c 1) Q0
a):l: ﬁ,a)zz _2’#:—2’522 2 ,ﬂ:—zllz—’
m, m, m, 2m,w, @, @,

(2.33)

Figure 3.1 The modeling of an undamped primary structure with TMD-PSEH
subjected to harmonic base excitation
a) physical model, b) free-body diagram.
Then the equation system (2.30)—(2.32) is rewritten as:

K = 200, % + O X — H@; X, — P, KN =~ (2.34)
X, + 20, BE, %y + W5 X, + KN =% — 1 (2.35)
V+ 0V = X, (2.36)

Applying the complex amplitude method to solve the system of equations,
we obtain the magnification factors, voltage amplitude and dimensionless
averaging power of the system as follows:

a [Pt P+ P
K, =—t= [foTHo2 ™ For 237
Y2\ 0408 + 0, (2.37)

v, A

I 2.38
Zy Oy+0& +0,E (2.38)
Q >2yv?2 /R 1 ﬂaﬂszﬁs
Po=7" | ——dt=- ; (2.39)
27[ 0 a)l mle 2 qO + ql§2 + q2§2



where
Py = A4 (B2t k)Wt )~ 22) + a2 (B2t )~ A2)
Py =4arB20(L+ p)?, pp = 45225 (L+ o)L+ p)?
2
0o = (22U 27) + B2 (A*(L+ 1) - D)) (2.40)
HA2A-22)+ PO+ KA 1) D))
0y = 4arAf (A L+ ) =1)7,0, = 4F° 22 (L+ @) (A7 (L+ p) = 1)?
3.1.2. Optimization of parameters of the system based on fixed-point theory
Generally, two main basic requirements for the effective performance of a
TMDPSEH system are technically posted: the first, perhaps also the priority, is
to suppress the vibration of the primary structure, the second is to enlarge as
much harvested electric energy as possible.

a) The first requirement involves optimizing the stiffness and damping of the
TMD-PSEH, represented by the tuning ratio g and damping ratio &, . From this

requirement, we apply Den Hartog's fixed point method to determine the
optimal parameters g, and &,,, as follows:

| 1+a®
Po =P \Traon
N N (2.41)
ot i
520p=\/ T T = Gy ()

b) The second requirement involves optimizing the output electrical power.
From this requirement, we consider the electric part of PSEH that is represented
by a resistor-capacitor parallel circuit, as shown in Eq. (2.36). Neglecting the
coupling effect on the circuit, under excitation by a sinusoidal current source
with a magnitude I and frequency Q, the power dissipated by the resistive

load R is as follows:
IZR
p—— 0% 2.42
" 2(1+RQ%C?) (242)
Solving the condition oR, /¢R =0 using (2.42), it is found that the circuit has
a maximum power output at the optimal resistive load of R=1/(QC). So, one

gets the optimal resistance ratio:
a, =1 (2.43)

op
3.2. TMD-PSEH attached to an undamped primary structure subject to
harmonic external excitation.
3.1.1. Response analysis of the system subjected to harmonic external
excitation.
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Figure 3.2 shows an undamped primary structure with TMD-PSEH subjected
to harmonic external excitation F(z). The electromechanical equations for the
system of the PSEH and TMD series assembly can be deduced from section
2.2.2 as follows:

f, =k,u, + v (2.44)
q=0u,-CV (2.45)
kyk 0:
where: k,=——"— 0= ks 6,,C=C,+—" (2.46)
kg +K, kg +K, kg +K,

TMD-PSEH TMD-PSEH

Figure 3.2 The modeling of an undamped primary structure with TMD-PSEH
subjected to harmonic external excitation
a) physical model, b) free-body diagram.
The governing equations for an undamped primary structure with TMD-
PSEH subjected to harmonic external excitation are:

m,U, —c,U, +ku, —K,u, —&V = F, cos Q2r (2.47)
my U, +C,U, + KU, + NV = —m, U (2.48)
cv ﬂé—auz ~0 (2.49)

where the over dots denote the derivatives with respect to time 7. Let us

denote:
a)Z /U_ 2 52 1ﬂ=&|l=£:
\/ \/ 2m2 A @, 10} (2.50)

v oL
k c’ o QORC
and make the change of variables:
t=awr,u =x,0 =aX,l = w125(.1’u2 =X, U, =%, U, = a)lz)-(-z (2.51)
Then the equation system (2.47)-(2.49) can be transformed into the
following dimensionless system:
K= 2UPE % + % — "%, — pf’ K"V = X cos At (2.52)
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X, +2PEX, + X, + KV =X, (2.53)
V+Aav =X, (2.54)

where the over dots now denote the derivatives with respect to
dimensionless time t, X, is the static deflection of the primary structure.

X, =F, Ik (2.55)

Applying the complex amplitude method to solve the system of equations,
we obtain the magnification factors and voltage amplitude of the system as
follows:

2
K1 — i — Py + p1§2 + pziz (2.56)

X qO +q1§2 +q2§2

a 1+a?
K =—2=%|——""%= 2.57
L Xy Uy +0&, +0,8 (@57)
2(2
Vo = XyVyVy = e (2.58)
\] qO + ql‘fz + q2§2
where
=[P+ &) - AP+’ (B - A%, p, = dax’ A%, p, = 4A° B2 (L+ &),
0 ={(2% DA A+ &%)~ 22+ g2 F A+ %))+

(2.59)

vat[(AF-1)(B7 - 22) + ur? ]
0, = 4ax® 2B [ A2+ 1) -1] 0, = 42282 U+ ) A2t 1) -1
3.2.2. Optimization of parameters of the system based on fixed-point theory
Generally, two main basic requirements for the effective performance of a
TMDPSEH system are technically posted: the first, perhaps also the priority, is
to suppress the vibration of the primary structure, the second is to enlarge as
much harvested electric energy as possible.
a) The first requirement involves optimizing the stiffness and damping of the
TMD-PSEH, represented by the tuning ratio g and damping ratio &, .

b) The second requirement involves optimizing the output electrical power.
Using the same method as section 3.1.2, we determine the optimal
parameters:

1+ a?

ﬁop ﬂDH a2 2 (260)

1+ 0% + 2

2
_, + _
ézap = \/4:2(1) ILAP 252(2) |l_AQ = ézup ((Z:,U,Kz) (261)
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a, =1 (2.62)

3.3. TMD-PSEH with a force amplification frame attached to an
undamped primary structure subject to harmonic external excitation.

3.3.1. Response analysis of the system

The proposed system in the Patent deals with a TMD incorporating a
2sPSFAF (TMD-2sPSFAF) which is depicted in Fig. 3.3a. The primary
structure has a mass and a linear spring of stiffness , it is undamped and
subjected to harmonic external excitation F(f)

TMD-PSFAF TMD-PSFAF TMD-PSFAF

My

kg
| ——— Cd*df T tfu
i BT L o Ca IR MR+
s ; *F(t) ‘ fy
_ A 1
. o L
primary .
a) 7 b) 7 C) ksXST structure Tmsxs

Figure 3.3 The modeling of an undamped primary structure with TMD-2sPSFAF
subjected to harmonic external excitation
a) physical model, b) equivalent model, c) free-body diagram.
The governing equations of the considered system are given by:
Mm%, —C, %, +K X, —K X, =6,V = F, cos(£2t)

M, X, +Cy%, + Ko X, + 6,V =-m,X (2.63)
Y, )
CoV + =¥,
By setting:
t=o8,% =X, % =X, 0, = Jk /M, 0, = [kq /My, 1 =m, /m,
67 C.V (2.64)
R T . B L L Xy -5
2m, oy o, o, kequq Heq a)RCeq K,

The equation system (2.63) can be transformed into the following
dimensionless system:

X, = 20P8,%, + X, _ﬂﬂzxz - iy = X4 COS At
X, +2BEX, + B7X, + oKV =—K, (2.65)
V+Aav =X,
Applying the complex amplitude method to solve the system of equations,
we obtain the magnification factors K, K, and voltage amplitude v, as follows:

2 2
st 1 2




C2+C2
KZZ;\Z - [ (2.67)
st 1 2
_ A _ [Di+D: 2,68
Yo T TV EL R (2.68)

3.3.2. Determination of the system parameters

To investigate the undamped primary structure with TMD-2sPSFAF in
considering x* — 0, the results of the optimal mechanical TMD obtained by the
fixed point theory in section 2.1.2 are adopted for g and of TMD-2sPSFAF:

1
= = - 2-
B=Po =1 (2:69)
£ = by = | (2.70)
2 DH 8(l+/1)
From (2.69) one has:
k, =—2% 271
A+ p)? (@.11)
Substituting (2.71) into the first equation in (2.26), one gets:
kK .
kY 2.72)

kg = 2 2
@+ )k, — uN cot”(g,) cot(p)k,

The conclusion of chapter 3

Based on the theoretical basis in chapter 2, the thesis presented the issues in
chapter 3 as follows:

- Building a physical model and establishing the corresponding differential
equations for the electromechanical system including the undamped primary
structure integrated TMD-PSEH subjected to base excitation and external
excitation.

- Based on the two main technical requirements of eliminating vibrations of
the primary structure and increasing the energy harvesting capacity, the
coefficients such as tuning ratio f,,, damping ratio &,,, and resistance ratio «,,

were determined by analytical method.

- In the final part, a model of a piezoelectric stack energy harvester mounted
in a two-stage force amplification frame 2sPSFAF was built. Then, the
governing equations of the system was established to determine the
electromechanical responses by the complex amplitude method.
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CHAPTER 4. POWER FLOW ANALYSIS OF TMD-PSEH SYSTEM
AND NUMERICAL EXAMINATION
4.1. Distributions of power flow and efficiency of TMD-PSEH
4.1.1. Distributions of power flow
In the model considered in Figure 3.2, an equivalent resistive load is used
to represent the entire harvesting electrical module and to provide an estimation
of the harvesting electrical energy obtained.
The energy per cycle is defined as the integral of power over a period as
follows:
Ein = Ed + Eout
. (2.73)
< 7K, |-sing,| = 2zuApE,K; + mupi’av,

where

27l A

E, =X, _[ cos At[-Aa, sin(At +¢,)]dt = X a, |-sin g | = 7|-sin g | K X2,
0

7 [Aasin(t+ )] 2= pi?[-a,sin(At+ @) —a,sin(it+,)] 2=
- 0

1 2 o :0,172 = 2 :0,
V) :M %:OJ :#ﬂz[azcos(/lpr(pz)]2 27:0
1 0 1Yo K ’
2 2
_ _/,lﬂZK.Z [VO COS(/1t+(pV)]2 27”_
S = > ¥ =0,

27l A

E, =2ups, [ [-4a,sin(it+p,)] dt = 27uApg,8] = 2mui e K X2
0

27l A

E, = up’c*la J [V0 cos(At +q)\,)]2 dt = up’K’aNy = muf’’avi X2
0

4.1.2. Average input and output powers, and efficiency
The average power as the average amount of energy performed per cycle.
From that we can determine:

5 - En _ Al-sing | X2 <. - Al-sing| X2 /po +pé, + p2§222 (2.74)
2712 2 2 0o + 0., + 0,8,
_ E 1+ a?)é
p—_—d _ 42 XZKE= A4 upX2 =~ /o2 2.75
0 =g PR KK =4 b YO+ GE, + 0, (&.15)
D _ Eout _ ruﬁzkzaﬂ’xsi VZ _ luaﬂzl(zﬂ’sxszt

P = = = .
" 2mla 27 20+ +9.E) (2.76)
The efficiency of mechanical-electrical conversion can be calculated by the
ratio of average output and input powers. Therefore, the efficiency formulation
for the PSEH system is as follows:
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2 .2 2 2. 2194
5= yﬁ.ic aVe _ : 770750 ) 2.77)
|_Sm(p1| Ky |_5m(91|\/( Py + P&, + pzfzz)(qo +0.5, +q2§22)
4.2. Numerical examination of TMD-PSEH attached to an undamped
primary structure subject to harmonic base excitation
Here, a numerical examination of the undamped primary structure with the
TMD-PSEH is carried out with:
u=0.05x* =005 a=a, =1 B=4,
Figure 4.1a depicts curves K, (1) with five values of &,. Clearly, the curve
related to &, = ¢&,,, has the lowest peaks in comparison with the curves related
to four other values of £, . Figure 4.1b depicts four curves K (1) with &, =&,

and five values of « . This case corresponds to adjusting the external resistor R
for the optimal TMD-PSEH in use.

1 ' 1 ]
14r Ty [---&=0
[ |—& =02
12+ P =& =&
e

1 /\0 1.1 115 1.2 4 ?lm 1r;< \/‘ | \” Lol I\‘
A - A
a) b)
Figure 4.1 K (1) with: a) a =«,,, &, varies, b) &, =&,,,, a varies

3 —— o6 — 7 =001

—a=05 — k% =0.025

023 = 05 0 SN iy

—a=5 — k=01
0.2 . 04
/-\_/_\
Sols 2503
0.1 0.2
o —

0.05 0.1 / \
0 0/ \
0.8 0.86 Ap 1 /\Q 1.13 1.2 0.8 0.86 /\,, 1 /\Q 1.13 1.2

A A
a) b)
Figure 4.2 P,, with: a) x* =0.05, « varies, b) a =a,,, x* varies
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Hinh 4.2a depicts the average output power P, (1) of TMD-PSEH with
Boorér0p @Nd  varies. Clearly, the curve related to « =1 is the enveloped curve

and shows the largest amount of electrical harvest energy in a period. Hinh 4.2a
depicts P, (1) of optimal TMD-PSEH with the variations of x?. Obviously, the

higher the value of «?, the larger the value of P, .

4.3. Numerical examination of TMD-PSEH attached to an undamped primary
structure subject to harmonic external excitation

In this section, we carry out a numerical investigation of the undamped
primary structure-TMD-PSEH system. Initial input parameters are taken so that
1=0.05,x? =0.05.

Figure 4.3a and 4.3b depict magnification factorsK,(1),K,(4). It is seen
that the curve K, has two fixed points P(4,,K,;),Q(4,,Ky,) independent of
damping, while the curve K, also has a fixed point S(4,K,s) . The optimal
tuning and damping ratios ,, and &,,, keep the two peaks of equal magnitude

of the curve K, always lower when compared to that involving non-optimal

values.

Besides, in comparison with the same undamped primary structure with the
optimal mechanical TMD (namely, x* =0, 8,, = Boy» &40 = Son While the other
parameters are fixed) as illustrated in Figure 4.c va Figure 4.d, it is seen that the
curves K, and K, related to a TMD-PSEH differ from the curves K, and K,

related to a mechanical TMD for non-optimal values of g and &, .

a)K, b) K,
H : —g=0 %0 T

;
! I

L Rt L (N
! & = 62/2| 35 [
i = !N

1.15
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O, d)K,
6 : . 40
— A0 & = Eap/2
4 —H?#OZ&ZZ{%F
»cf #0: & =26,
S R N K2 =0:& = &pu/2
=0:& = bpn
kP =0:& = 26pn

0.8 /\P /\S 1 /\Q 1.15 0.8 /\P /\S 1 /\Q 1.15
Figure 4.3 KAl,K2 versus with ©=0.05,a =, an(; &, varies
a) K (x*=0.05), b) K,(x*=0.05), ¢) K (x*=0) ,d) K,(x*=0)

Figure 4.4 and Figure 4.5 show the effects of piezoelectric and electrical
parameters «*and « on K; and K, along with the frequency axis. In Figure 4.4,
the values of x,a are unchanged, but the values of g, and &, are considered
to vary with «°. In other words, different piezoelectric material relates to
different optimal tuning and damping ratios. Although the variations of «* have
little effect on both K, and K, in amplitude due to its small value, it is
remarkable that K, has two fixed points independent of «* and K, also has
such a fixed point, which is exactly P(4;,K;.),Q(4,,Ky) and S(4,K,) ,
respectively.

a)K; zooming in at ¢ b) K>
65— : ; : 2
f P o i
[ 6.42 A
| R \ /
f 64 f 215
4 | \
6.38 | \ /
e ] 8 e‘
1.045 AQ 1.055 “'
/ 2
5.5 20.5
0.85 /\P /\<l ,\Q 1.1 0.85 /\P ,\ql /‘U 1.1
A A

Figure 4.4 K,,K, versus with x=0.05,a =«,, and «* varies
a) K, b) K,
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0.8 Ap Ag 1 /\Q 1.15 0.8 Ay Ag 1 AQ 1.15
A A
Figure 4.5 K, K, versus with x=0.05,x*=0.05 and & varies
a) K, b) K,

In the Figure 4.5, the values of x,x* are unchanged, also the values of g,
and &,, change accordingtoa . It is easy to see that, any change in the value of
a deviating from «,, leads to one of the two peaks of K, K, being higher than
the other.

Figure 4.6a shows the time histories of dimensionless responses of
mechanical displacements and voltage at the frequency ratio 1=[1,4,]. The
responses are sinusoidal with the period of 27/ 4 . Figure 4.6b shows the phase
angles between x1, X2, v and the excitation at different frequency ratios for two
critical values of the resistance ratio « =[0,,,]1. Through the graph we see that,
there is always a large phase difference between x1 and x2. Such a phase
difference produces a large energy dissipation contributed by the TMD-PSEH
inertia force.

a) b)

30 0.5

1 A 1
Lo o poco
Ss s

-0.5
0 0.5 1 1.5 2 05060708 A, AAJ1 1213 14 15
P s
T/2m b

Figure 4.6 Displacement and voltage responses
a) Time histories, b) Phases versus frequency
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4.4, Numerical examination of power flow and efficiency
Figure 4.7 depicts dimensionless voltage amplitude V, as well as the average

powers along with the frequency axis, P, ,P,,P,, . It is clear that v, and P, c6

d?"out * out

have a fixed point independent of damping at A = 4, while P, va P, ave no
such a fixed point. Like the curve K,, both curvesv,, P, related to &, =¢&,, déu

07" out

have two peaks of quite similar height appearing in the vicinity of 4,4, .
Meanwhile, the curves P, va P, also have two peaks occurring around 4,, 4, .

It is noted that at critical values of &, isv, - o,P, —o,P, =0,P,, -« khi

1 hin ' 7 out
& —0 va v,=P,=P, as & —wo since the two vibration masses are
“interlocked”. Therefore, this shows again that it is not possible to increase the
electrical harvesting power by reducing damping too small because it conflicts

with the priority requirement of vibration suppression for the primary structure.

a)vo b)Pi
H H 8

35

30

0.8 Ap Ag 1 /\Q 1.15
A
C) Py d)P()ut
8 1.5 — T
€y = 0 e €y = 0

T e & = Ea0p/3 I & = Ea0p/3

& = bap/2 1.25 & = b2
6|8 =& —& = op

----- §o = 2620p Tl = 2
. 1 : &2 = 320p

-=€y — 00

A Ag 1

P

A
Figure 4.7 Voltage amplitude and average powers per cycle versus A with
u=005x>=0.05a=a,,Xi=1and ¢& varies

a) vy, b) B, .c) R d) R,

ut
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of
—

0 bemes 0 5 ; :
0.8 A /\Sl A 1.2 0.6 0.8 A, /\5] /\Q 1.2 1.4

»
A A
Figure 4.8 Average powers and efficiency versus A with x* =0.05, = 0.05, X2 =1
and a varies
a) o Py P D) P 77
Figure 4.8a depicts average powers P, ,P,,P,, per cycle versus frequency
with the variation of « . All average power curves have two peaks whereas the

right peak of P, P, near 4, is always higher than the left one near 4, .

in?

Figure 4.8b illustrates the correlation between the average output power P, ,
and the efficiencyn with various values of « in the frequency domain. The left
and right peaks of P, are equal asa = 0.4¢,, . It can be seen that small values of
a reduce the power P, very quickly than Iarge values. The closer the value of
a is to , the higher the electrical power obtained. Clearly, P, (a =q,) is the

enveloped curve.
Any change in the value of « deviating from «,, leads to a decrease of 7.

Nevertheless, the efficiency is quite low, even in the resonance region the
maximum value is only about 10%. Besides, the efficiency r is a decreasing

function along with the frequency. As we can see in Figure 4.8a, most of the
vibrational energy is transferred to the dissipated energy to reduce the vibration,
and the rest is converted to electrical energy which accounts for a small portion.
In other words, the dissipated energy is close to the input energy as the
frequency increases, resulting in a decrease in efficiency.

out



b)Pmm n

(=2 = 0.01)
(k? = 0.025)

n(s* = 0.05

n(r? = 0.075)

Figure 4.9 Average powers and efficiency versus A with u = 0.05,a = &, X2 =1 and

op!

x° varies
a) By Py P, b) P77
The effect of the electromechanical coupling coefficient «* on the
P..P,,P, and 7 is illustrated in Figure 4.9. One can see from Figure 4.9 that

the effect of x* on P, can be negligible but is significanton P,,P,,. As «’ gets

in

larger, the curve P, is further away from the curve P, and vice versa. As

out

shown in Figure 4.9b, the larger the value of «*, the higher the peak and the
wider the coverage of the curve P, will be. P, is almost linearly proportional

out out

to x* and the variation of 7 with respect to «* is similar. Physically, it is clear

that the better electromechanical coupling, the higher the electrical power.
4.5. Numerical examination of TMD-2sPSFAF attached to an undamped
primary structure subject to harmonic external excitation
In this section, we carry out a numerical investigation of the undamped
primary structure-TMD-2sPSFAF system.

a)K, b)vy

0.8 0.9 1 1.1 1.2 0.8 0.9 1 1.1 1.2

Figure 4.10 K,,v, versus 4 with x=0.05x* =0.0242,a =1 and Kk, varies
a) K., b) v,
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Figures 4.10a and 4.10b depict the curves of the mechanical magnification
factor K,and the voltage amplitude factor v, in the frequency domain A with
k, varies.

In the figure 4.10a, it is seen that the curve K, always has two peaks,
however, it is not optimized due to the heights of those two peaks are not equal
in the case k, =ky, /2, ky =k » Va ky =2k, - Meanwhile, we can optimize
K, by changing the value of k, empirically, say k, =0.946k,,, that is a little
smaller than kg,

At the first glance, the curve v, has the same properties as that of the curve
K., as shown in figure 4.10b. With the value k, =0.946k,,, , the curve is
almost optimized. Furthermore, it is seen that the curve has a fixed point
independent of the TMD spring stiffness k, . Therefore, one can see a good
matching between the mechanical domain and the electrical one with the

effective value of k, , i.e. k; =0.946k,, .

a)K;y b)vo
35 35 T
——K1(2sFAF)

30 K\(0sFAF)||

25

20
B
15

10 %
(()J.X ()i‘) 1 1:1 112 0.8 0.9 1 1.1 1.2
A A
Figure 4.11 K,,v, versus 1 with x=0.05x% =0.0242, =1 and k, =0.946k,, in
different cases
a) K;,b) v,
The graph in figure 4.11a makes it clear that there are differences in the
TMD spring's equivalent stiffness between the three scenarios, namely
Keq-psen = 4292 > Koy yiar =4.025> Ko 5 ipsear = 2.622.. As the result, installing

an FAF lessens the TMD spring's stiffness, improving the system's ability to
lessen vibrations. The TMD-2sPSFAF provides the best results in terms of
spring stiffness. Furthermore, we can observe from figure 4.11b that among the
three scenarios, the voltage amplitude of TMD-2sPSFAF is the least.
Nonetheless, the mechanical gain parameter K1 will take precedence in the
TMD design problem, making the TMD-2sPSFAF scenario the best option.
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The conclusion of chapter 4

In chapter 4, the thesis conducted energy flow analysis and numerical
examination to evaluate the theoretical analysis results performed in chapter 3.
The numerical examination showed that:

- The system of an undamped primary structure with TMD-PSEH
demonstrates a very good agreement between theory and calculation. The two
peaks of the curve K (1) are very close to P and Q and have almost equal

coordinates, resulting in the largest amount of collected power P, in one cycle

out

and the highest efficiency 7, with the obtained optimal parameters.

- The system of an undamped primary structure with TMD-PSEH and with
TMD both provides good vibration suppression for the main structure, provided
that the optimal natural frequency ratio coefficients and damping coefficients
are derived from fixed point theory.

- In addition, the electromechanical system of TMD-2sPSFAF shows that the
voltage amplitude curve has a fixed point that is unaffected by the stiffness of
the TMD spring. In addition, the TMD spring's effective stiffness would be
determined to guarantee that the voltage amplitude and mechanical
maghnification curve peaks are at the same heights.

CONCLUSIONS AND FUTURE WORK

CONCLUSIONS

This thesis studies the tuned mass damper TMD integrated with a
piezoelectric stack energy harvester PSEH mounted on the undamped primary
structure under harmonic excitation and has achieved the following main
results:

- First, based on the two main technical requirements of eliminating
vibration of the main structure and increasing the electric energy collection
capacity, together with Den Hartog's fixed point theory, it helps to determine
the optimal parameters of TMD-PSEH such as tuning ratio g,,, damping ratio

&,, and resistance ratio «,, .

- Next, the study of mechanical-mechanical and electromechanical energy
conversion was conducted through power/energy flow analysis which showed
that in one oscillation cycle, a part of the vibration suppression ability comes
from the energy dissipation ability of the TMD, the rest comes from the energy
dissipation ability of the PSEH and is converted into electrical energy by the
resistor R.

- In addition, a model of a stacked piezoelectric energy harvester mounted
in a two-stage force amplification frame 2sPSFAF integrated on the undamped
primary structure subjected to external excitation was also studied. The
electromechanical system of the TMD-2sPSFAF showed good vibration
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reduction ability for the primary structure but also led to a significant reduction
in the harvestedvoltage.

- Finally, it can be seen that the fixed point theory has great potential for
research application to TMD systems that harvest energy from vibration.

FUTURE WORK

Based on the research results obtained in this thesis, it can lead to the future
work following:

- The model of a piezoelectric stack installed in series with the damper
element of TMD, or installed in series with both the damper and the spring, or
between 2 springs, or located between the damper and the spring;

- The model of a piezoelectric stack installed in series with the spring of the
primary structure, or installed in series with both the springs of the primary
structure and TMD;

- The model of TMD with the damped primary structure;

- The model of TMD with nonlinear spring or nonlinear damper;

- The model of TMD installed on the primary structure with nonlinear spring.
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