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Abstract: Based on the vibration control method and energy harvesting principle in the bridge field,
this paper proposes a distributed vibration reduction and energy harvesting method for bridges.
Firstly, the analytical solutions of the induced electromotive force, output power and magnetic
damping generated by a coil in a magnetic field were deduced through an electromagnetic theory
analysis. In addition, the structural vibration equation under the magnetic damping was deduced.
Then, a new method of joint simulation and modeling analysis of vibration and energy output was
proposed. Finally, the structural vibration reduction and energy output power were analyzed and
calculated. The main research results are as follows: by calculating the instantaneous power of the
energy collection of the designed circuit, the average instantaneous power collected by the design
method is 1.093 x 10~° W; the initial vibration signal of the target node is obtained through analysis,
and the vibration signal of the node before and after applying the electromagnetic damping force
is transformed. For the energy analysis, the energy of the acceleration curve before and after the
node was calculated to be 3.1048 x 10% and 3.1044 x 108, respectively, and the reduction rate of
the node vibration energy was 0.01% and 0.02%, respectively. Thus, the feasibility and vibration
reduction effect of the designed bridge distributed vibration reduction and energy harvesting method
is verified when the electromagnetic damping force is small. This method can provide new ideas for
bridge structure vibration reduction and energy harvesting research and is of great significance to the
infrastructure construction and utilization of renewable energy.

Keywords: bridge vibration reduction; energy harvesting; numerical simulation; circuit simulation

1. Introduction

As a pivotal project in the transportation system, bridge structures play an important
role in ensuring smooth traffic and maintaining the sustainable and stable development of
the national economy. Bridge vibration is a problem that cannot be ignored in the healthy
service of bridges. Bridge vibration monitoring and vibration control are indispensable
means to improve the service performance of bridges.

Various monitoring systems and wireless sensor networks in the bridge field are
becoming more and more popular [1]. The electronic components of monitoring systems
or wireless sensor networks need to rely on their own batteries to work continuously.
Traditional batteries not only increase the size and weight of sensor devices but are also
limited by their working time, replacement environment and replacement cost. Therefore,
energy collection from the surrounding environment to solve the problem of power supply
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has attracted more and more attention. According to the principle of energy conversion, vi-
bration energy collectors are mainly divided into electrostatic type, piezoelectric type [2-6],
electromagnetic type [7,8] and magnetostrictive type [9,10].

Miao Shi [11] studied the energy collection of the wind-induced vibration of sus-
pension bridges and designed linear and nonlinear electromagnetic energy collectors,
respectively. The numerical simulation results show that a series of tuned mass dampers
installed on a bridge can form a system with both vibration reduction and energy collection.
Its peak power can reach 1.45 W and 3.63 W, respectively. Byung-Wan. Jo et al. [12] devel-
oped a device to extract energy from the vibration of urban infrastructures such as bridges
and rails. The actual measurement shows that the average power of the instrument reaches
0.2 uW under an 8 mg acceleration and 14 Hz vibration frequency. Because the wire is
wound in a small part of the cylindrical tube, the power generation of the instrument is very
small. Soon-Duck Kwon et al. [13] studied the applicability of an electromagnetic generator
with repulsive stacked magnets, which is mainly used to extract energy from the vehicle-
induced vibration of bridges. The actual test and numerical simulation of the real bridge
show that the average power can reach 0.12 mW under an acceleration of 0.25 m/s? and
natural frequency of 4.1 Hz. Iftikhar Ahmad [14] and others developed an electromagnetic
energy acquisition device with a membrane magnet suspension system as the key structure.
Under 3 g and 27 Hz sinusoidal excitation, the open circuit voltages of a single planar coil
and a winding coil of the model reached 15.7 mV and 11.05 mV, respectively. Under the
corresponding 3.6 () and 1.8 () load conditions, the load power reached 1.8 uyW and 2.1 uW.
Bin Yang et al. [15] designed and manufactured a multi-frequency distributed energy acqui-
sition device consisting of three permanent magnets, three groups of double-layer copper
coils and a support beam made of acrylic material. When the vibration amplitude between
the magnet and the coil was 14 pm and the gap was 0.4 mm, the maximum output voltage
and power corresponding to the first and second vibration modes were 1.38 mV-0.6 uW
and 3.2 mV-3.2 uW, respectively.

The magnetostrictive energy collector collects energy based on the magnetostrictive
effect of materials. When subjected to an external mechanical vibration force, the magneti-
zation and external magnetic field of a material will change, and an induced electromotive
force will be generated in the energy pickup coil. Saber Mohammadi [16] and others
developed a beam structure vibration energy collector with a magnetostrictive material and
pickup coil winding based on strain energy. The results show that the output power of the
collector can reach 9.4 mW under basic excitation. Amr Adly [9] and others conducted ex-
perimental research on a magnetostrictive energy acquisition device and proposed a more
effective model definition method. Marin A et al. [10] developed a magnetostrictive and
electromagnetic combined vibration energy collector, which generates 5.3 mW, 2.57 mW,
and 0.27 mW of power respectively when excited by 0.9 g,0.7 g, and 0.4 g. Mori K et al. [17]
designed an adjustable beam magnetostrictive collector based on the Terfenol-D alloy.
Toshiyuki Ueno et al. [18] designed a magnetostrictive vibration energy collector containing
a Galfenol rod, coil and bias magnetic field. Compared with the traditional piezoelectric
cantilever, the collector has better robustness and higher efficiency.

Lei Zuo et al. [19,20] believe that structural vibration control and energy recovery can
be achieved by using a Tuned Mass Damper (TMD). They replaced the viscous energy dis-
sipation elements between the TMD and the main system with electromagnetic transducers
and optimized the parameters of vibration suppression and energy acquisition using a
gradient-based method. Ryan L. Harne et al. [20] modeled and analyzed a distributed
electromagnetic oscillator with wide-band damping and concurrent energy acquisition.
Wenai Shen et al. [21] investigated the feasibility and effectiveness of synchronous vibration
control and energy acquisition using an energy regenerative TMD in high-rise buildings.

There are relatively few studies on bridge vibration control and energy collection
and power supply at the same time. Therefore, this research is composed of mainly two
aspects: on the one hand, it is concerned with the aspect of bridge vibration control to
dissipate energy with the help of control systems; on the other hand, bridge vibration
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energy collection is studied, and the bridge vibration energy is collected to supply power
for sensors.

2. Theoretical Analysis of Distributed Vibration Reduction and Electromagnetic
Energy Collection for Bridges

A distributed vibration reduction and energy collection system for bridges was de-
signed in this paper. The schematic diagram is shown in Figure 1. Its core is an array
coil permanent magnet structure. In order to realize the sensing function, corresponding
sensor elements, a microprocessor, digital-to-analog conversion, a radio frequency module,
etc., are also needed, which were not considered in this research. The vibration reduction
effect of bridge electromagnetic energy harvesting is closely related to the bridge structure
and magnetic field distribution. Combined with the principle of bridge vibration and
electromagnetic field distribution, the following analysis was carried out.

Permanent Magnet Array

Coil array

Energy
Collection
Circuit

. Output
Sensing Element

Figure 1. The system diagram.

The energy of the system comes from the movement of the coil in the permanent
magnet magnetic field to cut the magnetic induction line and generate the induced electro-
motive force, which converts the mechanical energy of the bridge structure vibration into
electrical energy. In this process, if the coil forms a loop, an induced current is generated in
the coil, and the coil is subjected to an ampere force in the magnetic field of the permanent
magnet due to the existence of the induced current. According to the principle of force
and reaction force, the coil generates an equal reverse electromagnetic damping force
on the structure. According to the conservation of energy, the electromagnetic damping
force consumes the vibration mechanical energy and converts it into electrical energy, so
the vibration mechanical energy is certainly reduced. The vibration of the structure is
weakened to a certain extent, although the amplitude is small. In this paper, the output
power is used to characterize the energy collection effect, and the energy value of the
displacement/velocity /acceleration time-history curve is used to characterize the vibration
control effect.

2.1. Electromotive Force of Magnetic Induction Coil

The calculation diagram of electromotive force is shown in Figure 2. The permanent
magnet reciprocates in the vertical direction. The coil cuts the horizontal magnetic in-
duction line. Therefore, the electromotive force is independent of the vertical magnetic
field component B;. In the xoz plane, it is only related to the horizontal component By.
The magnetic field and coil are axisymmetric, so the magnetic force on a single coil can
be calculated.
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Figure 2. Schematic diagram of magnetic field and coil.

The electromotive force generated by a single-turn coil is expressed by the
following equation:

- = 7
€ij = 7{L<v X B) +d 1 = v(t)Bx(z;, X)) - 271 M

where v(t) is the vertical vibration velocity of the magnet, B, is the radial component
of the field intensity at any point in space, 7; is the radius of the jth coil from inside to
outside, r; = 1 + (d/2) + (j — 1)d, r1 is the radius of the innermost coil, and d is the conductor
diameter. z; is the distance from the ith layer coil to the bottom of the permanent magnet,
and for z; = z. + (d/2) + (i — 1)d, z. is the vertical distance from the coil top to the permanent
magnet bottom. x; is the coordinates in the horizontal direction of the central water of the
jth coil, and x; = r;. The total induced electromotive force on the coil is as follows:

e=y ", 2;1:1 ej=0(t)- Y, 27:1 By (zi, ;) - 2717 )

where m is the number of vertical layers of coil, m = (h/d), h is the total coil thickness, n is the
number of horizontal layers of coil, n = (r; — r1)/d, and r; is the outer diameter of the coil.
Letky = Yy X7 q Bx(2i,xj) - 27rj. The value of ky is only related to the magnetic
field distribution and the relative space position between the coil and the magnet. k;
is considered to be the electromechanical coupling coefficient reflecting the relationship
between the motion speed of the magnet and the induced electromotive force of the coil.

The Equation (2) can be written as
e = kyo(t) ©)]

2.2. Coil Output Power and Electromagnetic Damping Force

The fundamental frequency of the actual bridge structure vibration is generally a few
hertz to a dozen hertz, which belongs to low-frequency vibration. Therefore, the frequency
of the vibration signal transmitted to the permanent magnet is mainly low-frequency. The
inductance of the coil is far less than the internal resistance of the coil, and the inductance
can be ignored. Assuming that the coil resistance is Ry and the external resistance is Ry,
regardless of the inductance and capacitive reactance of the external load, the current and
output power of the energy acquisition circuit can be expressed as

2
&
P=IPR;=(—— R 4
! (R0+R1> ! @)
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If we input the electromotive force € into Equation (4), then the output power P can be
expressed as
R
1 5 k2 -
(Ro + R1)

Therefore, when the coil internal resistance and external resistance are fixed, the
greater the electromechanical coupling coefficient, and the greater the output power.

The magnitude of the electromagnetic damping force F,, provided by a single group
of coils is equal to the Ampere force F; in the opposite direction, which can be represented
as follows:

N
Fuv_Fl_ﬁ(?xg).dl_kul_ku € kZ v(t) (6)

o2 (t) ®)

.R0—|—R1 — .RO+R1

where Y is the current vector, E is the Magnetic field vector and [ is the current scalar.

In general, the coil internal resistance R is a fixed value. From Equations (5) and (6),
it can be seen that as the load resistance increases, the output power and electromagnetic
damping cannot reach the maximum at the same time.

The output power and the electromagnetic damping force were normalized and
expressed as

R
po_ _ARoRi 4-g ;
N (Ro+ R R \2 @
oFRT (14 )
R 1
Fiyn = 2 (8)

Ro+ Ry _1+%

As shown in Figure 3, the energy output and electromagnetic damping could not
reach the maximum at the same time. The calculation of the electromagnetic damping force
can provide a reference for the finite element analysis of structural vibration. In order to
consider both the output power and the electromagnetic damping force, the optimum ratio
of the external resistance to the internal resistance of the coil was 1/3. The value of each
parameter was 75% of the maximum. If the electromagnetic damping force is maximized,
the resistance value of the external load is zero, i.e., the coil is closed:

e kot
Ro - o(t) N Ry

1 |

0o B 4 2 3 4 5 6
R‘IRO

Fuv = (9)

Normalized value
o
2]

Figure 3. Change in normalized value with load.

If the output power was maximized, the electromagnetic damping force was only 50%
of the maximum value, as
N ()

E,., = =
"0 2Ry - o(t) 2R,

(10)
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2.3. Calculation of Structural Vibration

If the bridge structure is considered as a single degree of freedom and subjected to
harmonic load, the vibration equation can be expressed as

mu(t) + cu(t) + ku(t) + Fuo = Fp(t) (11)

where m is the mass, u(t) is the displacement, c is the structural damping coefficient, k is the
stiffness coefficient and Fp is the external load.

For the convenience of calculation, the electromechanical coupling coefficient was
simplified as a fixed value. It was considered that the electromechanical coupling coefficient
was unchanged within the range of coil motion. In this way, the electromagnetic damping
becomes a viscous damping only related to speed, so it can be written together with the
original viscous damping;:

k>

miu(t) + (c + ——
B+ (+ e

Ju(t) + ku(t) = Fp(t) (12)

Based on the damped steady state, the dynamic magnification factor B is

B = ! (13)

V(1 =12+ 20p)?

where y is the ratio of load frequency to natural frequency, { is the equivalent viscous
damping ratio.

Therefore, the electromagnetic damping force will increase the equivalent damping
ratio and decrease the dynamic amplification coefficient so as to reduce the dynamic
displacement and control the vibration.

The actual situation is much more complex, as the dynamic magnification factor
of each degree of freedom is not the same, and the application of control force at one
point may cause the strengthening of vibration at other points. Therefore, this paper
focused on the vibration of the corresponding point of the coil permanent magnet structure.
After obtaining the vibration response of the point, the damping effect is characterized by
calculating the energy value. When a homogeneous beam with a uniform cross-section
is calculated with an infinite degree of freedom, the dynamic equation of the beam is
expressed as follows:

%u(x,t) u(x,t)  u(x,t)
Hd T e T
where E is the elastic modulus, I is the moment of inertia, u(x,t) is the displacement of mass
point vibration, m is the mass per unit length of the fixed beam and F,(x,t) is the applied
loads of varying magnitude with location and time.
Assuming that the electromechanical coupling coefficient at each coil position was
almost the same with the displacement distribution and each given value, then F,,(x;,f)
could be expressed as follows:

+ Fup(xi, t) = Fp(x, t) (14)

k2. n
Fup(xi,t) ZFuvz = Z RO 111{1 o(x;,t) = RO +R1 ZU xi, t) (15)

i=1

In the energy acquisition stage, the external resistance is a dynamic variable, which
makes the calculation of the electromagnetic damping force very complex. Therefore, it
needs to be directly converted into the current value, as follows:

n n
Fup(xi,t) Z Fuoi = Zkuili = ky Z I (16)
i=1 i=1
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Each current can be obtained by a circuit simulation and solution through the electro-
motive force at the corresponding coil. In the closed stage of the coil, the electromagnetic
damping force can be directly calculated as follows:

n 2 n
Fuv(xi/ t) = Z Fioi = kl ’ Z Z)(xir t) (17)
i=1 Ro S

When calculating the magnetoresistive force, the obtained initial dynamic response
of the control point without forming a closed loop can be substituted into the trial calcu-
lation. When the calculated electromagnetic damping force is very small relative to the
applied load, it indicates that the vibration reduction effect is not obvious. The calculated
electromagnetic damping force can be input into the finite element software to calculate the
dynamic response. If we want to obtain more accurate results, we can carry out an iterative
calculation, that is, use the first calculated electromagnetic damping force to calculate the
second node dynamic response. Then, we use the second dynamic response to calculate the
second electromagnetic damping force and then use the second electromagnetic damping
force to calculate the third dynamic response, in a continuous iterative calculation. When
the difference between the last two dynamic responses is less than the convergence con-
dition, the iteration terminates, and the dynamic response is the final dynamic response.
If the calculated damping force relative to the external load cannot be ignored, then this
approximate calculation is no longer applicable and will produce a very large error, and it
is only through experiments that the dynamic response can be determined. In this study,

the dynamic response changed minimally, and no iterative calculation was carried out.

3. Joint Simulation Process and Modelling of Vibration and Circuit
3.1. Simulation Process

This research used the general-purpose finite element software ABAQUS (version
6.14-5, 3DEXPERIENCE Company, Waltham, MA, USA), the circuit design and simulation
software Tina-TI (version 9.3.30.248, Texas Instruments, Dallas, TX, USA) and the program-
ming and numeric computing platform MATLAB (version 2020b, MathWorks. Inc., Natick,
MA, USA) for the numerical modeling and simulation. The co-simulation of the structural
vibration simulation and electromagnetic energy harvesting process was realized through
user-defined programs. The simulation process is shown in Figure 4. Firstly, the vibration
signal of the bridge under a moving load was obtained by using the finite element model of
the ABAQUS software. Then, the program for calculating the electromechanical coupling
coefficient of the magnetic induction coil was compiled on the MATLAB software platform
and the electromotive force of the magnetic induction coil was obtained by inputting the
vibration data extracted from ABAQUS. Then, the calculated electromotive force data
was imported into the Tina-TI software for the circuit simulation to obtain the current
signal in the coil. Finally, according to the current signal to calculate the electromagnetic
damping force, the calculated magnetic damping as a load was inputted into the ABAQUS
finite element model and then simulated to obtain the vibration signal and then extracted,
repeating the above steps until convergence.

3.2. Finite Element Simulation of Vibration Signal

ABAQUS software was selected for the bridge vibration analysis. The main process
was as follows: Firstly, the bridge model was simplified as a rectangular flat plate, and the
vehicle movement was simplified as a moving load on the beam plane. The length, width
and height of the model were 600 mm, 100 mm and 2 mm, respectively. The total number of
the elements was 6902. The element type was the 8-node linear brick (C3D8R). The material
properties of the model are shown in Table 1. Secondly, three-dimensional deformable solid
components were selected for the fixed beam, and the bottoms of both ends were fixed as
shown in Figure 5a. The constraint length on each side was 30 mm. Finally, the DLOAD
subroutine was used to load the bridge. This subprogram is suitable for dynamic implicit
calculations. On the upper surface of the model, a uniformly distributed moving load was
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applied. As shown in Figure 5b, the loading area was x x z=2mm x 10 mm and the load
moved uniformly along the central axis. The load value was 0.0147 MPa and the moving
speed of the load was 0.5 m/s.

Vibration signal

compara
analysis

Vibration reduction
effect

baaus

Abaqus str

Extraction of vibration signal
of control point

Calculation of coil
electromotive force of
vibration control point

Calculation of coil self-closing
electromagnetic damping
force

Abaqus structural dynamics
analysis

Control point vibration signal
re-extraction

Tina-Ti circuit
simulation

Derivation of voltage
and current signals

Energy harvesting of
electromagnetic
damping calculation

Figure 4. Combined numerical simulation and circuit simulation flow.

Output power
calculation

Energy harvesting
effect

(b)

Figure 5. Fixed-beam model. (a) The boundary conditions. (b) The load conditions.
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Table 1. The material properties of the model.

Parameters Symbol Unit Value
Young’s modulus Y MPa 3000
Poisson’s rate v / 0.4
Density p g/cm3 1.18
Rayleigh damping o / 0.267
coefficients & / 0.001

An implicit dynamic analysis step was set after the initial analysis step, and the time
parameters of the analysis step were calculated from the length and moving speed of the
beam. The incremental step adopted a fixed incremental step, and the time of a single
incremental step was selected as 0.002 s, that is, 600 calculations were performed in one
analysis step. The algorithm of the numerical modeling is similar to the authors’ previous
studies [22-25], and the reliability of the model has been proved. After calculation, the
vertical vibration displacement nephogram of the fixed beam at 0.3 s, 0.6 s and 0.9 s was
obtained as shown in Figures 6-8.

145 Tue Nov 05 21:00:23 GMT+08:00 2019

Figure 6. Vertical vibration displacement map diagram at 0.3 s.

% ODB: 444.0db  Abaqus/Standard 6.14-5  Tue Nov 05 21:00:23 GMT+08:00 2019

0DB: 444.0db  Abaqus/Standard 6.14-5 Tue Nov 05 21:00:23 GMT+08:00 2019

Figure 8. Vertical vibration displacement map diagram at 0.9 s.
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3.3. Design of Array Energy Acquisition Circuit

In this energy acquisition system, the energy of the vibration generator came directly
from the relative motion between the coil and the permanent magnet fixed on the bridge.
The power output of a single generator is very small; however, it has good scalability and
can be expanded from multiple generators into an array form, as shown in Figure 1. In
this research, four groups of generators constituted the 2 x 2 array. These generators were
connected in a series to increase the output voltage.

Tina-TI software was used for the circuit design and simulation. In the circuit design,
the electromotive force generated by the coil was equivalent to the series connection of
a voltage generator and a resistance, and the resistance in the series is used to represent
the internal resistance of the coil. Since the electromotive force signal generated by the
coil was an alternating current, a voltage source and battery pack were used as the signal
source. The common full bridge rectifier was adopted, and the large capacitor was used
as the energy storage element. A voltmeter was set at both ends of the capacitor, and the
voltmeter can also be replaced by an oscilloscope.

Each coil voltage signal in the array was rectified first and then connected in a series
to both ends of the capacitor. The designed circuit is shown in Figure 9. The function of
the switch was to ensure that the coil could be closed after the capacitor was charged (the
voltage will not change). At this time, the external resistance is zero, the electromagnetic
damping force is at a maximum and the system will work with the best damping effect.
Through calculation, it can be concluded that the coil internal resistance in the system
energy acquisition circuit simulation is 15.45 (). The model of the diode is 1N1183 and the
energy storage capacitor is 1 uF.

e im e Al o S ]
<1< <)
[ L.._TJ [ L..JJ

”I—"_l j Tr“ﬁ ]

Sowii A m s E e
e R

Figure 9. State-switched array energy harvesting circuit.

4. Results and Discussion
4.1. Vibration Signal Extraction and Electromotive Force Calculation

The displacement, velocity and acceleration time-history curves of the three nodes
(node 1, node 2 and node 3) that were in the middle of the loading position at 0.3 s, 0.6 s
and 0.9 s were recorded, as shown in Figures 10-12. The location of node 1 was x = 161 mm,
y =2 mm, z = 51 mm. The location of node 2 was x = 300 mm, y = 2 mm, z = 51 mm. The
location of node 3 was x = 441 mm, y =2 mm, z = 51 mm.

It can be seen from the node displacement curve in Figure 10 that the node displace-
ment of the fixed beam includes static displacement and dynamic displacement. When the
load was directly above node 2, the static displacement peak appeared, and the dynamic
displacement fluctuated within a smaller range on the basis of the static displacement. It
can be seen from Figure 10 that the fluctuation of the total displacement was very small,
basically between —2.5 mm and 0.5 mm. Therefore, when a fixed value is selected for the
electromechanical coupling coefficient k;, the error will be very small.
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Figure 10. Node displacement time-history curve.
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Figure 11. Node velocity time-history curve.
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Figure 12. Node acceleration time-history curve.

As shown in Figures 11 and 12, from the velocity and acceleration curves, it can be
seen that when the load passed over the node, the vibration frequency changed greatly,
and the velocity and acceleration fluctuation also increased to a certain extent.

The selected coil sizes were height & = 10 mm, inner diameter r; = 10 mm, outer
diameter r, = 12 mm and wire diameter d = 0.22 mm, and the permanent magnet sizes
were height hj; = 10 mm and radius g = 9 mm. The relationship between the calculated
electromechanical coupling coefficient k;, and z. is shown in Figure 13.

8000 T T T T T T T T

I —A-Ku AKAA
6000 |- " " ! — . .
- A \
4000 / BN
* a
L 1 a,
2000 |- ! ! ! I ! TAa 4
- L Ay
S /
o = I I | re I | | -
X A |
= As /
X7 2000 -—4a 1 a ! 1 ! 4
L S /
A
-4000 - LA A 4
\ /
A /
L \L 4
-6000 . &
L hiy A‘
_8000 1 1 1 1 | 1 1
30 25 20 15 -10 5 0 5 10 15

Z/mm

Figure 13. Variation of electromechanical coupling coefficient with z.

If a group of generator arrays is placed at the position of each node, the electromotive
force at each coil of the bridge distributed damping and energy acquisition system can
be calculated according to the maximum electromechanical coupling coefficient and the
velocity time series of each point obtained by a finite element simulation, as shown in
Figure 14.
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Figure 14. The coil electromotive force at the nodes.

4.2. Simulation Analysis of Energy Harvesting Circuit

Assuming that the generator was installed in the middle of the span, the energy
collection analysis was carried out. In the energy harvesting phase, the four coil closing
switches of the acquisition circuit were disconnected, and the calculated value of the
electromotive force was input into the four voltage generators. The simulation results are
shown in Figure 15. The output voltage of each coil is E1, E2, E3, E4. The output current of
each coil is 11, 12, I3, I4. The input current of the storage capacitor is I and the voltage of the
storage capacitor is U.
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Figure 15. Array energy harvesting circuit simulation.

It can be seen from Figure 15 that the voltage of the capacitor increased gradually.
The alternating current signal in each coil was always at a small value, indicating that
the voltage dropped on the internal resistance was very small. The voltage of the energy
storage capacitor was also much higher than that of a single rectifier circuit, indicating
that the system had a good boost function and energy collection effect. The voltage on the
capacitor was much smaller than the input signal.

The instantaneous power of the circuit energy collection was obtained by multiplying
the voltage and current values of the capacitor. The calculated instantaneous power is
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shown in Figure 16, and the average power is 1.093 x 10~ W. Based on the current value in
each coil, the damping force provided by each coil in the system energy acquisition phase
can be calculated, as shown in Figure 17.
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Figure 16. Energy harvesting power.
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Figure 17. Coil electromagnetic damping force during the energy harvesting.

If the four coil closing switches are closed, the output power is 0. At this time, the array
circuit of the system becomes four independent circuits, and the electromagnetic damping
force of a single coil can be directly calculated. As shown in Figure 18, the current in the
circuit increased significantly, and the electromagnetic damping force was significantly
enhanced. Compared with the applied moving surface load, the damping force cannot be
ignored, so the approximate calculation is no longer applicable.
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Figure 18. The coil electromagnetic damping without the energy harvesting.

4.3. Finite Element Simulation Analysis of System Vibration Reduction

According to the previous theoretical analysis, the electromagnetic damping force was
calculated for the vibration reduction analysis. Two kinds of electromagnetic damping force
were obtained through the circuit simulation. Because the electromagnetic damping force
was too large when the coil closed the switch, which would lead to unreliable results, the
total electromagnetic damping force (four times the damping force of a single coil) during
the energy acquisition was imported into ABAQUS for calculation. The concentrated load
applied at a node in the middle span area at the bottom of the beam is shown in Figure 19.

5

Electromagnetic damping force F'

Figure 19. Schematic diagram of electromagnetic damping force loading.

After the ABAQUS analysis, the vibration curve of a node in the middle span was
extracted again. The comparison between the two acceleration and velocity curves is shown
in Figures 20 and 21. The signals of the acceleration and velocity were irregular. There
was no great difference between the vibration signals before and after the electromagnetic
damping force was applied. In this paper, the effect of magnetic damping was evaluated
by the signal energy that was time integral of signal squared over a period of time [26]. The
energy of the aperiodic signal can be expressed as follows:

_ [ a2
Ee= [ (o) (18)

The acceleration signal energies of the node before and after magnetic damping were
3.1048 x 108 and 3.1044 x 10%, respectively. The velocity signal energies of the node before
and after magnetic damping were 5.9764 x 10 and 5.9750 x 102, respectively, and the
reduction rates of the vibration energy of the node of the acceleration and velocity curves
were 0.01% and 0.02%, which verifies the vibration reduction effect of the bridge distributed
vibration reduction and energy acquisition system.
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5. Conclusions

In this research, a bridge vibration reduction technology was proposed using a joint
simulation method and energy harvesting. The main results are as follows:

1.  Through the theoretical analysis, the calculation formulas of the electromotive force,
output power and maximum electromagnetic damping force of the energy acquisition
circuit were obtained.

2. By programming MATLAB, based on the study of the composition of the energy
acquisition circuit, the corresponding array energy acquisition circuit was designed
according to the structure of the array coil permanent magnet. By calculating the
instantaneous power of the energy collection of the design circuit, the average instan-
taneous power collected by the design method was 1.093 x 10~ W.

3.  The initial vibration signal of the target node was obtained through analysis. The
vibration signals of the node before and after the electromagnetic damping were
obtained through a joint simulation. The acceleration signal energies before and
after energy harvesting were calculated to be 3.1048 x 108 and 3.1044 x 108, and
the reduction rate of the vibration energy before and after the node was 0.01%. The
velocity signal energies before and after energy harvesting were 5.9724 x 10% and
5.9750 x 102, and the reduction rate of the vibration energy before and after the node
was 0.02%.

Based on the array coil permanent magnet structure and the energy acquisition circuit,
the system realized the distributed bridge vibration energy acquisition. At the same time, by
adjusting the load of the circuit, it has the function of vibration control in different degrees,
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which provides a new idea for vibration reduction research and the energy collection of
civil structures such as bridges.
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