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Abstract:

Fhe paper presents the initial results achieved in the study, calculation, and establishment of an energy
harvesting model from mechanical vibrations. The calculations show the stable and unstable operating
regions, as well as the vibration range of the model. The power level of the model received from the
mechanical vibration of the environment is determined. The device model is fabricated, and its operation
is tested under the influence of mechanical vibration caused by the rotating rotor. The voltage level
generated by the device is measured and evaluated.
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Tém tat:

Bai bdo trinh bay cac két qua budc dau dat dugc trong nghién ctu, tinh toan va thiét 1ap moé hinh khai
thac nang lugng tir rung déng co hoc. Cac tinh toan chi ra ving hoat déng 6n dinh va khéng én dinh,
pham virung dong ctia mé hinh. Xac dinh miéc céng suét ctia mo hinh thu dugc ti rung déng co hoc clia
moi trudng. Ché tao mo hinh thiét bi va thit nghiém su hoat déng cua thiét bi dudi tac ddong cla rung
déng co hoc do rotor chuyén déng quay gay ra. Do va danh gia muc dién ap do thiét bi phat ra.

Tu khéa:
Nang lugng tai tao, nang lugng rung déng, chuyén déi nang lugng va may phat dién ti rung déng.

1. INTRODUCTION To overcome this disadvantage, vibrating

Nowadays, the harvesting of mechanical energy can be exploited and converted into

vibration energy from the environment has electricity. Exploiting vibration energy to

been initially studied and applied in practice. generate electricity not only provides power

On the other hand, in daily life, all devices for use but also reduces vibration-induced

require electricity to operate. damage, contributing to the prolonged life-
L span of machinery and construction structures
Therefore, the exploitation of energy from P . . i
o . . . during operation.
vibrating sources in the environment is

necessary.Infact,these vibrating sourcesalways
exist around us, such as vibrations in towers,
traffic structures, or operating machinery.
These vibration sources are primarily harmful.

Globally, the study and exploration of energy
harvesting models from vibrations to generate
electricity have garnered interest and are
beginning to be applied in practice. In [1,2],
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the authors propose models for harvesting
energy from vibrations generated by humans
The authors
piezoelectric materials and electric motors

and moving vehicles. use
to generate electricity under the influence of
vibration forces. In [3], the authors calculated
and developed a model using piezoelectric
materials to determine the power and voltage
levels obtained from mechanical vibration
energy. In [4], the authors proposed a
nonlinear vibration model using multilayer
the
received electrical energy level according

piezoelectric materials, examining
to the damping coefficient and the received
voltage level according to the oscillation
range of the model. In [5], the authors propose
a mechanical model for a vibrational energy
harvester. The authors calculate the stable
operating range of the model, the correlation
between force amplitude and the frequency
of the applied external force, and the received
voltage level according to amplitude and
frequency of the model. In [6], the model
for exploiting vibration energy installed on
vehicles is proposed. The authors calculate the
efficiency of using the the linear generator and
exploitvibrations in the resonance region of the
model to obtain the most optimal energy. In[7],
the authors present an overview of the energy
harvesting system utilizing air environment
vibrations based on the piezoelectric effect. In
[8], the authors study and test electromagnetic
shunt dampers for vibration suppression and
energy harvesting from mechanical vibrating
structures. In [9], the authors propose a model
structure to harness vibration energy from the
environment, establish the motion equation,
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and determine the optimal control of the
model parameters to maximize the received
energy. In [10], the authors review studies on
electromagnetic vibrational energy harvesters
and demonstrate their full potential. Fig. 1
illustrates various representative models of
vibration-based energy harvesting that are
currently being studied, fabricated, and tested
worldwide.

Permanent
Magnet

Coil and Housing

Damper

b. The model uses a linear generator [6]
Figure 1. Some models for harvesting energy
from environmental vibrations
In this paper, the author calculates and
analyzes a model for harvesting energy
The model is
developed using a linear generator, which is

from mechanical vibrations.

installed to capture vibration energy produced
by the rotating rotor. The generator part is set
up with a stationary coil, while the magnet

S6 37

45



TAP CHi KHOA HOC VA CONG NGHE NANG LUONG - TRUGNG DAI HOC DIEN LUC

(ISSN: 1859 - 4557)

shaft moves back and forth in the stationary
coil to generate electricity.

Through calculations, the author establishes
the equations of motion, examines the stable
operation of the model, and determines the
range of oscillation as well as the power level
of the device model based on mechanical
vibrations. After that, the device is fabricated
and tested for operational efficiency, with
measurements taken to evaluate the voltage
level generated.

2. ESTABLISHING THE EQUATIONS OF
MOTION AND CALCULATING THE STABILITY
OF THE MODEL

The mechanical vibration energy harvesting
model is designed to utilize the permanent
magnet shaft that moves back and forth inside
the stationary coil to generate electricity. The
structure of the model is shown in Fig. 2,
where the vibration force F cosQtis caused by
the rotating rotor due to imbalance. This force
is transmitted from the machine base to the
beam, causing both the beam and the magnet
to oscillate.

Permanent magnet

Coil
Beam| /
N

Machine base ‘

FocosQt

Figure 2. Energy-harvesting model using a linear

generator

Based on the structure of the model (see Fig.
2), the mechanical model of the device is
shown in Fig. 3.

The mechanical model of the energy-
harvesting system consists of the magnet shaft
fixed on the beam, which is simplified as an
object of mass m vibrating under the influence
of the vibration force transmitted from the

machine base.

IFgcosQ.f
|

Figure 3. Mechanical model of the device

The governing equation of the model, as
illustrated in Fig. 3, can be written as follows:

d*x

" dt* (1

+ y§+k1x+k2x3 = I, cosQt
t

where m is the total mass of the beam and
the permanent magnet shaft; y is the damping
coefficient; k, is the linear stiffness coefficient;

k, is the nonlinear stiffness coefficient,

2
influenced by the interaction between the
current and the magnetic field. This interaction
results in a magnetic force acting on the
magnet shaft during its movement; and F, is
the amplitude, and Q is the frequency of the

external force.

. k, 4 k F,
We set the variables #° =—-h=-f="2iand F=—"

m

then substitute them into Eq. (1) to obtain:
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d*x

dx
+u*x=FcosQt—h—— B¢’ 2
a1 dt p )
Consider the near-resonance case, with

Q® =4° +o. By transforming Eq. (2), we
obtain:

&

ot Q’x = f(x,%,Q1)
t

€)

where the function f(x,x,Q¢) is given by the
following expression:

f(x,x%,Q1) = —h?+0x— S’ + F cosQt
t

Transform Eq. (3) into the Lagrange-
Bogolyubov standard form using
transformation [11]:

= cos(2 +a) 4)

By calculating the derivative of Eq. (4), we
obtain:

dx _ d—acos(Qt +a)- ad—aSin(Qf +a)-aQsin(Q +a)
dtdi dt

With the constraint equation [11]:

@cos(Qt +a)- ad—asin(QI +a)=0
dt dt

©)

Therefore, we obtain the following result:

5 —aQsin(Q + )
dt

(6)

Taking the derivative of Eq. (6) with respect
to ¢, we obtain:

dzx_ da . . 2 da
F——Eﬁsm(§b+a)—a9 cos(Qt+a)—aQ;cos(Qt+a) (7)

Substituting Egs. (4), (6), and (7) into Eq. (3),
we obtain:
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—aQsin(Q +a)- aQa;—acos(Qt +a)= f(x,% Q1)

(8)

From Egs. (5) and (8), we obtain the system
of equations that determines % and a‘z_"‘ as
/3

follows:

ﬁcos(QtJra)—ad—asin(Qt +ot)= 0,
dt dt
aQcos(Qr +a),

. da
7aQsm(Ql+a)faQ?cos(Q+a)—f[7aQSm(g+a)’Qt

j )

Performing the calculation, we obtain the
system of equations that defines % and a‘i—‘: as

follows:
“@__L flacos@t +@),~aQsin(Qt + ), )sin(Q + ),
o 1 (10)
a d_ = —af(a cos(Q + a),—aQ)sin(Q + a),Qt)cos(Qt +Q)
t

To determine the solution of Eq. (10), we
perform a change of variables by setting
¥ = Qr + « , thereby obtaining Qt =¥ —«. By
carrying out the calculation, we arrive at the
following result:

haQsin ¥ + oucos ¥
d—a:—i - fa’ cos’ W + F cos'W cosar [sin P,
dt Q . .
+FsmY¥sna
. (11)
haQsin¥ +oucos'¥
ai—?z—é —pa’cos’ ¥ + FcosWcosar |cos W
+ Fsin ¥sin &

We denote the expression as follows:
G(a,a,¥Y —a)=haQsin ¥ + oucos¥

— fa’cos’ W+ FcosWcosa
+ F'sin ¥sin a.

Applying the averaging method in nonlinear
mechanics, Eq. (11) is expressed in the
following form:
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da 117
- ——— [Ga.a, ¥ -a)sin Vav,
dt Q27 5
d 11 °%F (2
a_a:___ J.G(a,a,‘{’—a)cos‘l’d‘l’
dt Q2

0

By performing the calculation on Eq. (12), we

obtain:
da = —L(haQ + Fsinq),
dt 20 13)
ad—a: _ L ou—iﬂcf + Fcosa |
dt 2Q 4

In the case where Cfl—? =0and C(li—f =0, we obtain
the expressions to determine the stationary
solution:

Fsma, =—ha)Q,

Fcosa, = ao[%ﬁaoz —O') (14)

By solving Eq. (14), we obtain the equation
that defines the relationship between amplitude
and frequency of the model in the following
form:

F* 5
——h’Q

3
O’ ==fa) +pu*+ (15)

4 a,
Fig. 4 shows graphs representing the
dependence between amplitude @, and

frequency € with the parameters set as
follows: m = 0.3 kg; ;=34 N; k,= 110 N/m,
and k,= 190 N/m’, in cases where the damping
coefficient y varies.

o
T

Linear

y=15

Amplitude a; (m)
o o o -
E=3 [=;] (*-] - N £

o
no

0 200 400 600 800
Frequency (0%

Figure 4. The resonance curve graph depicts
amplitude versus frequency Q2

From Eq. (15) and the graphs in Fig. 4, it can
be observed that for each damping coefficient
y, the amplitude curve of the system varies
as a function of frequency Q? and exhibits
complexity. Specifically, in the case of the
amplitude-frequency curve with a damping
coefficient y = 1.0, the graph shows that as Q?
increases, the stationary oscillation amplitude
a, takes values along the branch extending
from point (I) through point (II) to point (III).
At point (III), instability occurs, causing the
oscillation amplitude to drop to point (V), and
then take values along the branch extending
from point (V) to point (VI). As Q? decreases,
the stationary oscillation amplitude takes
values along the decreasing branch extending
from point (VI) through point (V) to point (IV).

At point (IV), there is a phenomenon where
the oscillation amplitude jumps from point
(IV) to point (II), then takes values along the
branch extending from point (II) to point (I).
At point (IV), there is a phenomenon where
the oscillation amplitude jumps from point
(IV) to point (II), then takes values along the
branch extending from point (II) to point (I).
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Therefore, in general, the stable oscillation
region corresponds to the branch where the
oscillation amplitude lies within the frequency
range from point (I) to point (II) and from
point (V) to point (VI). In the frequency region
increasing from point (II) to point (III) and
decreasing from point (V) to point (IV), the
oscillation of the system undergoes a level jump,
resulting in an unstable oscillation amplitude.
This is the critical region that should be avoided
when designing an operational device

On the other hand, if sufficient data on
environmental vibration is available, a model
can be fabricated to operate within the stable
frequency region near point (II), maximizing
the oscillation amplitude and the energy
harvested from environmental vibrations.
Therefore, the energy harvesting device model
should be designed to function in the stable
frequency region near point (II), ensuring that
the system receives the maximum and most
consistent amount of energy.

In addition, in practice, to ensure the long-term
operation of the device model in ever-changing
environmental conditions, the device should
be designed to function effectively within the
frequency range from point (I) to point (II) or
from point (V) to point (VI). Therefore, the
device will operate stably, safely, and efficiently.

3. INVESTIGATING THE OPERATION OF
THE MODEL

When calculating the mechanical power level
P, the power of the model obtained from
mechanical vibration is determined by the
expression [12,13]:
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17 .
P=—[n@ (16)
3 0

where 7 is the time interval.

Eq. (1) can be solved numerically to obtain
the response x = x(¢) and x=x(¢). Using the
Runge-Kutta algorithm implemented in the
Matlab programming language, we obtain the
time evolution of the response, as presented in
Fig. 5 and Fig. 6.

In the calculation, the parameters are defined
as follows: m = 0.3 kg; y =2 Ns/m; F, = 34
N; k, = 110 N/m; k, = 190 N/m’; and the
frequency /= 10 Hz is chosen based on the
stability calculation results of the model and
the steel material used to fabricate the beam.

0.04
0.03-
0.02

Oj2 0|.4 0?6 0?8 1
Time (s)

Figure 5. The oscillation of the model versus time
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Figure 6. The oscillatory velocity of the
model versus time

49



TAP CHi KHOA HOC VA CONG NGHE NANG LUONG - TRUGNG DAI HOC DIEN LUC

(ISSN: 1859 - 4557)

From the obtained graph results (see Fig. 5 and Fig.
6), we can determine the oscillation range of the
system and the oscillatory velocity of the magnet
shaft when designing the experimental model.

To determine the mechanical power level Pofthe
model, Egs. (1) and (16) are solved numerically
using the Runge-Kutta and Simpson methods,
with the external force of the rotating rotor,
which is set at a frequency of 10 Hz, acting
on the model. Calculations are performed for
different cases where the damping coefficient y
changes. Fig. 7 shows the graph of mechanical
power received by the model as a function of
the amplitude of the applied external force.

14 .

0 5 10 15 20 25 30 35
Force amplitude (N)

Figure 7. The graph of mechanical power
versus the amplitude of the applied external
force

From the obtained results, it is evident that at
small external force amplitudes, the difference
in mechanical power received between the
cases is small. However, at larger external
force amplitudes, the power levels received in
different cases exhibit significant differences.

4. TESTING AND DISCUSSION

Based on the numerical simulation results,
the device model was fabricated and tested
to evaluate the voltage level generated by the
mechanical vibrations of the rotating rotor. The

parameters of the model are set up as follows:
the beam receives vibration energy from the
rotating rotor, with the following specifications
- length: 750 mm, width: 20 mm, thickness: 2
mm, mass: 0.3 kg, and material: SKD 11 steel.
The permanent magnet shaft on the beam is
positioned 450 mm from the machine base.
The NdFeB N52 cylindrical magnet has a
remanence of 1.4 T, a diameter of 30 mm, and
a length of 32 mm. The coil is 25 mm in length
with a diameter of 42 mm and consists of 500
turns using copper wire with a diameter of 0.64
mm. It operates with a load of up to 1.54 A,
with a maximum temporary increase to 2 A.

b. LED load output voltage

Figure 8. Fabrication and testing of the
device prototype
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In the experiment, the author used the
Picoscope USB oscilloscope 2204 A and signal
processing software to analyze the output
voltage obtained from the device model. In
Fig. 9, the output voltage waveform on the load
is observed in both the time domain (see Fig.
9a) and the frequency domain (see Fig. 9b).

2

Voltage (V)

05 1 15 2
Time (s)

a. Output load voltage versus time

15

Voltage (V)

0.5

M

5 10 15 20 25 30 35 40 45
Frequency (Hz)

b. Spectrum of the output load voltage

Figure 9. Output voltage waveform on the
load of the device model
From the obtained results, it can be seen that
the received voltage level is stable over time
and contains multiple frequency components.
Specifically, the voltage level is primarily
concentrated at a frequency of 9.7 Hz, with
the largest frequency spectrum amplitude
reaching 1.47 V and a current of 0.5 A.
Additionally, there are also other voltage
components at frequencies of 4.9 Hz, 14.6
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Hz, and 19.1 Hz, with very small voltage
amplitudes.

Based on the experimental results obtained,
the author found that the device model can
harness the vibration energy of operating
devices, particularly high-speed rotating
rotors. Additionally, the device model can
be installed on high-rise buildings and air
traffic towers to generate electricity from
mechanical vibrations. The harvested power
will serve as an energy source for operating

signal lights.
5. CONCLUSIONS

In this paper, the author presents the structure of
a model for energy harvesting from mechanical
vibrations. This energy harvesting model not only
generates electricity for practical use but also
mitigates harmful vibrations, contributing to the
protection and longevity of machine operating life.

The calculation results have identified the
stable and unstable operating regions, the
oscillation range, and the power level of the
device model, which harnesses mechanical
vibrations from the environment.

Based on the obtained calculation results,
the author fabricated the device model and
tested its operation under the influence of
vibrations caused by the rotating rotor. The
device generated electricity with a received
voltage spectrum amplitude of 1.47 V and a
current of 0.5 A. The study results presented
in this paper will serve as the scientific basis
for calculating, designing, and fabricating
for

energy-harvesting devices practical

applications.
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