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A B S T R A C T

In this work, a self-powered wireless health monitoring system (SP-WHMS) combined with the Internet-of-
Things (IoT) is proposed and implemented for a long-term and long-distance health monitoring of railway
bridges. This system frees the wireless sensor nodes (WSNs) from their dependence on chemical batteries by
using the piezoelectric energy harvester (PEH) to harvest the vibration energy from bridges to power the
WSNs. The whole-process of the SP-WHMS including energy conversion, energy storage, energy management
and application is analyzed at the first time through theory, simulation and experiment. For the energy
conversion, a reported PEH model with high energy conversion efficiency (called D-M PEH) is refabricated,
which can achieve a maximum average output power of 0.9 W under unit harmonic acceleration excitation.
For the energy storage, a high-precision iteration analysis procedure (IAP) is proposed to predict the charging
process of the strong-coupled PEHs and the charging process under non-harmonic excitations. The comparison
results show that the IAP’s prediction deviates less than 3% from the experiment result and even less than 1%
from the simulation result. For the energy management, an AP64500 chip with two adjustable input voltage
thresholds and a stable output voltage ensures the normal operation of the SP-WHMS and makes the SP-WHMS
suitable for different types of WSNs. For the application, the synergies between energy conversion, storage and
management are considered, and the effectiveness of the SP-WHMS used on railway bridges is tested through
an activation experiment. This work provides a technical guidance and framework for the implementation of
the self-powered wireless monitoring on railway bridges.
. Introduction

Railway bridges play an important role in the railway system. In
ome urban rail transit lines of China, bridges even have occupied more
han 90% of the total length of the rail line. However, the continually
ynamic action of train loads leads to deterioration of bridge health. To
nsure the safe operation of the railway system, it is necessary to build a
ong-term and long-distance health monitoring for railway bridges, so
he wireless health monitoring systems (WHMSs) are widely used on
ailway bridges [1,2]. However, providing a reliable and stable power
upply for the wireless sensor nodes (WSNs) is still an engineering chal-
enge. Conventional WSNs used in civil engineering are mainly powered
y chemical batteries [3,4] or cables [5]. The chemical batteries have
short lifespan, and replacing the batteries for the WSNs is a laborious
nd costly task when the bridges are located in remote or hard-to-reach

∗ Corresponding author.
E-mail address: hjxiang@bjtu.edu.cn (H. Xiang).

areas. Powering the WSNs through cables is also undesirable because
it reduces the flexibility of the WHMS. Therefore, the concept of self-
powered WHMS (SP-WHMS) has been proposed by harvesting vibration
energy from bridges to power the WSNs. Although the SP-WHMS has
been wildly investigated in the civil engineering, there are few reports
of its application in railway bridges [6]. In general, the application of
bridge vibration energy to power the WSNs involves the following three
processes: energy conversion, energy storage and energy management.

Over the past decade, many researchers have investigated differ-
ent forms of energy transducers to harvest the vibration energy from
railway bridges, including electromagnetic transducers [7,8] and piezo-
electric transducers [9–11]. Compared to the electromagnetic transduc-
ers, the performance of the piezoelectric transducers is better because
of their simpler design and higher power density [12]. Therefore, the
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application of the piezoelectric transducers on railway bridges has
received great attention, and many structural types for the piezoelec-
tric transducers have been proposed to improve energy conversion
efficiency. Based on the cantilever beam structure, Zhang et al. [13] de-
signed two PEHs with different frequencies to test piezoelectric energy
harvesting from bridge vibration on a vehicle–bridge coupling platform.
The test results show that when the PEHs are designed to match the
natural frequency of bridge or the vibration frequency of vehicle–bridge
coupling system, the voltage output is considerable. By combining the
cymbal PEH and multilayer stacks, Hou et al. [14] proposed a novel
PEH model (PE-VEH) with high bearing capacity and high energy
harvesting efficiency for harvesting the vibration energy from the
steel-spring floating slab track system on railway bridges. Theoretical
predictions and FE simulation results indicate that the total harvested
energy would reach up to 31.4 kJ per day when 144 PE-VEHs are
arranged on the example bridge. Recently, by incorporating a dynamic
amplifier and four cymbal piezoelectric transducer cells (PT-cells),
Sheng et al. [15] proposed a dynamic-magnified piezoelectric energy
harvester (D-M PEH). Under a real bridge acceleration excitation, the
maximum output power of the D-M PEH can reach 0.728 W, which
basically meets the power requirement of most commercial WSNs [16].
In additional, many researchers also attempted to harvest other forms
of ambient vibration energy using the piezoelectric transducers, such
as track vibration [17,18], train vibration [19] and ambient wind
energy [20–22]. However, above studies are limited to the energy
conversion process, where only the energy harvesting efficiency of
the transducers connected to a pure resistor or an open-circuit was
investigated, and the harvested energy had not been used to power the
WSNs.

Since most commercially available WSNs are powered by direct
current (DC), the alternating current (AC) generated by the PEHs
subjected to vibrations cannot directly power the WSNs. Therefore,
suitable energy storage circuits (ESCs) with rectifiers are needed to
convert the AC power into a stable DC power and store the harvested
energy. The standard energy harvesting (SEH) circuit [23], consisting
of a rectifier bridge and a storage capacitor, is the simplest energy
storage circuit. The AC power generated by the PEHs is converted to
DC power by the rectifier bridge and the harvested energy is stored
in the storage capacitor. Wang et al. [24] proposed a compressive-
mode high-power-density PEH and interfaced it with a SEH circuit for
harvesting vibration energy from spring suspension systems. A 1 mF
storage capacitor was charged to saturation within 18.1 s and 420 low
power-dissipation LED diodes were successfully lit. Zhang et al. [25]
presented a semi-analytical solution for the charging process of the PEH
interfaced with the SEH circuit. This semi-analytical solution is able
to accurately predict the charging process under harmonic excitation,
but it is not applicable to the case of non-harmonic excitation, such
as the train-induced bridge vibration excitation. In additional, many
researchers [12,26–28] tried to improve the energy storage efficiency of
the PEHs by choosing or designing suitable ESCs, but the energy storage
process was mainly focused in their studies, and the stored energy was
not used to power the WSNs.

In general, WSNs require a constant and stable supply voltage
during activation. However, the voltage on the storage capacitor is
not stable and may exceed the operating voltage of the WSNs, so the
stored energy needs to be adjusted by the energy management circuit
(EMCs) before powering the WSNs. Some commercial chips can be
used to design the EMC for energy harvesting. The LTC3588 chip,
which can output a stable voltage, is widely used in vibration energy
harvesting [24,29–31]. Wang et al. [30] implemented a self-powered
temperature monitoring scheme for the train cold chain logistics con-
tainer by using the LTC3588 chip, where a temperature WSN based
on the ZigBee protocol was powered by the PEH. Since the LTC3588
chip has only one voltage threshold, it is not suitable for some WSNs
with long activation time or data transmission time. Recently, Wang
2

et al. [32] realized a self-powered wireless temperature sensing system
in the laboratory. In their work, the ViPSN [33,34], whose transmission
model is based the Bluetooth low-energy protocol, was powered by the
PEH. The WSNs based on the ZigBee or Bluetooth protocol can be easily
activated due to the low-power consumption and short data transmis-
sion time, but the short transmission distance limits their application on
the railway bridges. For the railway bridges, especially those in remote
areas, the wireless transmission modes with long transmission distance
and strong anti-interference ability are more suitable, such as the LoRa
technology. The communication range of the LoRa network can over
than ten kilometers in the suburbs [35]. The LoRa Gateway in the LoRa
network is used to receive the data from the LoRa Node (i.e., the WSNs)
and transmit the data to the cloud server. Once the data is available on
the cloud server, it can be received and retrieved worldwide through
the IoT platform. However, compared to the WSNs based on the ZigBee
or Bluetooth protocol, the WSNs based on the LoRaWAN protocol tend
to require higher power consumption and transmission time due to long
transmission distance. In addition, for the railway bridges, data that
directly reflect the health of the bridge, such as displacements, crack
widths and settlements, receive more attention than temperature data.

Although the SP-WHMS for railway bridges has been widely studied
in the past two decades, these studies have basically been limited to the
energy conversion process or energy storage process, while the whole-
process of the SP-WHMS, including energy conversion, energy storage,
energy management and application, has not been investigated. More-
over, the IoT platform has not yet been applied to the SP-WHMS for
railway bridges. Therefore, the main purpose of this work is to realize
an IoT-based SP-WHMS for railway bridges and to investigate whole-
process of the SP-WHMS as well as the synergies between various
processes. The developed IoT-based SP-WHMS really realizes the au-
tonomous sensing for the data of the railway bridge, including the
displacement, crack width and settlement, and can provide a reference
for the design of other types of SP-WHMS in railway systems.

2. The proposed SP-WHMS

The working principle of the proposed SP-WHMS for railway bridges
is shown in Fig. 1. Frequent passing trains on bridges cause a large
amount of vibration energy in bridges. By installing the PEH or piezo-
electric transducer at a suitable location of the bridge, such as the
bottom of the bridge or the inside of the box girder, the bridge vibration
energy can be converted into electrical energy and stored in the storage
capacitor of the ESC. An EMC is used to monitor the voltage variation
of the storage capacitor and output a stabilized voltage to the WSNs,
which are arranged on the bridge to monitor its health. Once the WSN
(a wireless node wired to a sensor) is activated, the wireless node
sends the bridge data received from the sensor to a nearby wireless
gateway, which then transmits the bridge data via the IoT platform to
the terminals, such as personal computer (PC) and smart phone.

In the SP-WHMS, the WSN is the only device powered by the PEH.
As long as trains pass over the bridge, massive vibration energy flows
into the WSN and drives the SP-WHMS to operate, thus realizing a long-
term and long-distance health monitoring for the bridges. Since the
train load is intermittent, when the harvested energy after the train runs
one time on the bridge is not enough to activate the WSN, it must to
store the harvested energy each time the train runs on the bridge in the
storage capacitor. Once the EMC monitors that the energy stored in the
storage capacitor meets the activation energy of the WSN, the storage
capacitor discharges and the EMC outputs a stable voltage to the WSN.
The EMC requires at least two voltage thresholds to ensure that the
storage capacitor can continuously discharge during the activation of
the WSN.

The whole-process of the SP-WHMS can be divided into the follow-
ing four parts: energy conversion, energy storage, energy management

and application.
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Fig. 1. Working principle of the proposed SP-WHMS for railway bridges.
Fig. 2. Structure diagram of the fabricated D-M PEH [15].

3. Energy conversion

3.1. The energy transducer

The first process of the SP-WHMS is to convert the vibration energy
of railway bridges into electrical energy, so an energy transducer with
high energy conversion efficiency is required for this process. In our
previous work [15], a high-efficiency piezoelectric transducer (called
D-M PEH), which consists of four piezoelectric transducer cells (PT-
cells) and a dynamic amplifier, is proposed for bridge vibration energy
harvesting, as shown in Fig. 2. The results show that when a train passes
through the bridge, the maximum output power and harvested energy
reach 728 mW and 664 mJ, respectively, which are sufficient to meet
requirements of most commercial WSNs. However, such a high output
power of the D-M PEH is obtained under the pure resistance circuit
(i.e., the D-M PEH is connected to a pure resistor), as shown in Fig. 3.
The harvested energy is dissipated by the pure resistance in the form
of thermal energy, but not stored and used to power the WSNs.

3.2. Parameter determination

Since the fabricated D-M PEH model in the previous work was
damaged, we refabricate a D-M PEH model with the same dimensions
in this work, and use it as the energy transducer for the SP-WHMS. The
geometric parameters and the material parameters of the refabricated
D-M PEH can be found in Ref. [15]. It should be noted that the electrical
parameters of the piezoelectric stack (i.e., the dielectric permittivity at
constant stress 𝜀𝑇33 and the piezoelectric strain constant 𝑑33) produced
in different batches may vary slightly due to the processing differences.
Moreover, the preloading applied to the piezoelectric stack for a long
3

Fig. 3. Schematics of the D-M PEH interfaced with a pure resistor.

time may reduce the piezoelectric strain constant 𝑑33. Therefore, the
𝜀𝑇33 and 𝑑33 of the refabricated D-M PEH model in this work need to be
determined first for further theoretical analysis. An effective method to
determine these two electrical parameters (𝜀𝑇33 and 𝑑33) is as follows:
firstly, measure the voltage–frequency response of the D-M PEH at
a certain resistance and the power-resistance relationship of the D-
M PEH under a resonant excitation through experiment, respectively;
Then to obtain the voltage–frequency curve and the power-resistance
curve of the D-M PEH through theoretical analysis; Finally, to adjust
the theoretical curves by changing 𝜀𝑇33 and 𝑑33, and then the 𝜀𝑇33 and 𝑑33
of the refabricated D-M PEH can be determined when the theoretical
curves are matched the experiment results. The following is the detailed
process for determining 𝜀𝑇33 and 𝑑33.

The D-M PEH can be considered as a single-degree-of-freedom
(SDOF) system consisting of a mass block, a spring, a damper and the
piezoelectric element, which is the same as the simplified model of
some typical resonant PEHs [23,36,37], as shown in Fig. 3. The elec-
tromechanical coupling equation of the D-M PEH under base vibration
excitation can be written as follows:

𝐌𝐗̈ + 𝐂𝐗̇ +𝐊𝐗 = 𝐏 (1)

where

𝐌 =
[

𝑚𝑝 0
0 0

]

, 𝐂 =
[

𝑐𝑝 0
𝜃𝑝 −𝐶𝑝

]

, 𝐊 =
[

𝑘𝑝 𝜃𝑝
0 0

]

,

𝐗 =
[

𝑦𝑝(𝑡)
]

, 𝐏 =
[

𝐹 (𝑡)
]

𝑉𝑝(𝑡) 𝐼𝑐 (𝑡)
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Table 1
The lumped parameters of the refabricated D-M PEH.

Parameters 𝑚𝑝 𝑘𝑝 𝜃𝑝 𝐶𝑝 𝜉𝑝
Value 5.420 kg 1.560 × 105 N∕m 1.428 × 10−2 N/V 67.560 nF 0.22%

where 𝑉𝑝 is the output voltage of the D-M PEH; 𝐹 (𝑡) = −𝑚𝑝𝑦̈0 is
he excitation force; 𝑚𝑝 is the mass of the mass block, and in this
ork, 𝑚𝑝 = 5.420 kg; 𝑦0 is the displacement of the base; 𝑦𝑝 is the

elative displacement between the mass and base; 𝑐𝑝 = 2𝑚𝑝𝜔𝑝𝜉𝑝 is the
echanical damping, where 𝜔𝑝 and 𝜉𝑝 are the natural frequency and
amping ratio of the short-circuit D-M PEH, respectively, which can
e obtained from its acceleration time history and frequency spectrum
nder an impact load [15]. Here, we get 𝜔𝑝 = 2𝜋 × 27 rad/s = 169.6
ad/s and 𝜉𝑝 = 0.22%; 𝑘𝑝 is the equivalent stiffness of the D-M PEH
nd can be calculated by 𝑘𝑝 = 𝑚𝑝𝜔2

𝑝 = 1.560 × 105 N∕m; 𝜃𝑝 and 𝐶𝑝 are
he equivalent coupling coefficient and equivalent capacitance of the
-M PEH, which are the functions of 𝜀𝑇33 and 𝑑33, and can be calculated
ccording to the theoretical formulas given in Ref. [15]. Once the other
arameters of the D-M PEH are determined, 𝜃𝑝 and 𝐶𝑝 are determined
y 𝜀𝑇33 and 𝑑33 only. 𝐼𝑐 is the output current across the electrodes of
he piezoelectric element; When the D-M PEH is connected to a pure
esistor 𝑅 (see Fig. 3), 𝐼𝑐 = 𝑉𝑝∕𝑅.

Since the pure resistor is a linear element, there is a linear rela-
ionship between the input (acceleration and displacement of the base)
nd output (𝑦𝑝 and 𝑉𝑝) of the D-M PEH. For the case of the D-M PEH
s interfaced to a pure resistance circuit, the voltage output and power
utput frequency response functions can be written as follows [15]:

𝑝0 =
𝜃𝑝𝑅𝑚𝑝𝜔0𝐴0

√

[

𝑘𝑝 − (𝑚𝑝 + 𝑅𝐶𝑝𝑐𝑝)𝜔2
0
]2 +

[

(𝑅𝐶𝑝𝑘𝑝 + 𝑅𝜃2𝑝 + 𝑐𝑝)𝜔0 − 𝑚𝑝𝑅𝐶𝑝𝜔3
0

]2

(2)

𝑃𝑜𝑢𝑡 =

1
2𝑅

(𝜃𝑝𝑅𝑚𝑝𝜔0𝐴0)
2

[

𝑘𝑝 − (𝑚𝑝 + 𝑅𝐶𝑝𝑐𝑝)𝜔2
0
]2 +

[

(𝑅𝐶𝑝𝑘𝑝 + 𝑅𝜃2𝑝 + 𝑐𝑝)𝜔0 − 𝑚𝑝𝑅𝐶𝑝𝜔3
0

]2

(3)

where 𝑉𝑝0 is the amplitude of 𝑉𝑝, and 𝑃𝑜𝑢𝑡 denotes the average output
power of the D-M PEH; 𝐴0 and 𝜔0 denote the acceleration amplitude
and frequency of the base, respectively.

The experimentally measured voltage–frequency responses and powe
resistance relationship of the D-M PEH under harmonic acceleration
excitations with an amplitude of 1 m/s2 are shown in Fig. 4. The
layout of the experiment setup is the same as that of the charging
experiment in Section 4, except that the SEH circuit is replaced by
a pure resistor. When 𝜀𝑇33 = 40.73 nF/m and 𝑑33 = 320 × 10−12 C/N,
the theoretical curves and the experiment results are almost identical,
as shown in Fig. 4. Therefore, the parameters 𝜀𝑇33 and 𝑑33 of the
piezoelectric material in the refabricated D-M PEH are approximately
equal to 40.73 nF/m and 320 × 10−12 C/N, respectively. As a result,
the equivalent coupling coefficient 𝜃𝑝 and equivalent capacitance 𝐶𝑝
of the D-M PEH are calculated to be 1.428 × 10−2 N/V and 67.560 nF,
respectively. The lumped parameters of the refabricated D-M PEH are
listed in Table 1. In additional, it can be seen from Fig. 4(b) that the
maximum average output power of the fabricated D-M PEH can reach
0.9 W, such a high output power is very considerable for vibration
energy harvesting in railway bridge.

4. Energy storage

4.1. Energy storage circuit (ESC)

When the D-M PEH is subjected to bridge vibration excitation, alter-
nating current (AC) is generated on the piezoelectric material, but most
4

WSNs in many applications require a stable direct current (DC) power
supply. Therefore, suitable ESCs with a rectifier are needed to convert
the AC power into DC power and store the harvested energy, such as
the following four typical ESCs: SEH circuit [38], SCE circuit [39],
P-SSHI circuit [37,40] and S-SSHI circuit [41,42]. Under a certain
excitation, the energy storage efficiency of these four typical ESCs is
related to the coupling condition of the PEH, which can be determined
according the value of the discriminant coefficient 𝜂 = 𝜅2 − 4𝜉2𝑝 − 4𝜉𝑝,
where 𝜅2 = 𝜃2𝑝∕(𝐶𝑝𝑘𝑝) is the dimensionless electro-mechanical coupling
onstant. For weak coupling, 𝜂 < 0; for critical coupling, 𝜂 = 0; and
or strong coupling, 𝜂 > 0 [43]. For the fabricated D-M PEH in this
ork, 𝜅2 = 0.0193 and 𝜂 = 0.01 > 0, so it can be determined that

he refabricated D-M PEH is strongly coupled. For a PEH with strong
oupling condition, the SEH and S-SSHI circuits are more efficient as
ompared to the other two circuits [25]. In S-SSHI circuit, a part of
he energy generated by the PEH is lost by the synchronized switch
nd inductor, and the complexity of the synchronized switch makes
t difficult to manufacture. Compared to the S-SSHI circuit, the SEH
ircuit, which consists of only a bridge rectifier and a storage capacitor,
s much simpler in structure and has almost no energy loss except for
very small portion of the energy lost by the diode. Therefore, in this
ork, the SEH circuit is selected as the ESC for the SP-WHMS.

As mentioned above, in Ref. [15], the high output power of the
-M PEH was measured in the pure resistance circuit. However, it is
ot clear whether such high energy conversion efficiency can still be
aintained when the D-M PEH is connected to a SEH circuit, so the
ext work aims to achieve the maximum energy conversion efficiency
or energy storage efficiency) for the D-M PEH with a SEH circuit by
electing appropriate parameters.

.2. Theoretical analysis of the charging process

Fig. 5 shows the D-M PEH connected to the SEH circuit, which
onsists of a storage capacitor 𝐶𝑟 and a full-bridge rectifier composed
f four diodes. The voltage across 𝐶𝑟 and the forward voltage drop in
ach diode are 𝑉𝑟 and 𝑉𝑑 , respectively.

For the case of the D-M PEH is interfaced to the SEH circuit, Fig. 6
hows the waveforms of 𝑉𝑝, 𝑉𝑐 and 𝑖𝑐 during charging, where 𝑉𝑐 =
𝑟 + 2𝑉𝑑 . 𝑖𝑐 denotes the charging current of 𝐶𝑟 and is equal to the

absolute value of 𝐼𝑐 , i.e., 𝑖𝑐 = |𝐼𝑐 |. When the absolute value of the
voltage across the piezoelectric element |𝑉𝑝| is less than 𝑉𝑐 , the circuit
is blocked and there is no current (i.e., 𝑖𝑐 = 0). Once |𝑉𝑝| increases
to |𝑉𝑐 |, the circuit is conducted and 𝐶𝑟 is charged. 𝜃1 and 𝜃2 in Fig. 6
denote the block angles of the rectifier in one cycle.

The presence of a nonlinear bridge rectifier in the SEH circuit causes
the output and input of the system to no longer maintain a linear
relationship, which makes it difficult to obtain analytical expressions
for the output results, including 𝑉𝑟 and 𝐼𝑐 , during the charging process.
Therefore, this part presents a numerical iteration method to predict
the charging process of the system that a D-M PEH interfaced with the
SEH circuit under arbitrary excitation.

The iteration analysis procedure (IAP) is shown in Fig. 7, and can
be divided into four steps as follows:

(1) Set the initial motion of the D-M PEH, the voltage 𝑉𝑟 and 𝑉𝑝, and
the current 𝐼𝑐 to 0. Determine 𝑉𝑑 and the terminal time, and set
a small enough iterative time step 𝛥𝑡 to ensure accuracy of the
iterative process.

(2) Compare the values of 𝑉𝑝(𝑡) and 𝑉𝑐 (𝑡) in the current iteration
step, and calculate 𝐼𝑐 (𝑡) by

𝐼𝑐 (𝑡) =

{

0, |𝑉𝑝(𝑡)| < 𝑉𝑐 (𝑡)
𝜃𝑝 𝑦̇𝑝(𝑡)𝐶𝑟
𝐶𝑟+𝐶𝑝

, |𝑉𝑝(𝑡)| ≥ 𝑉𝑐 (𝑡)
(4)

Then, calculate the voltage variation, 𝛥𝑉𝑟(𝑡), on 𝐶𝑟 by

𝛥𝑉𝑟(𝑡) =
|

|

𝐼𝑐 (𝑡)||𝛥𝑡 (5)

𝐶𝑟
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Fig. 4. (a) Voltage–frequency responses of the D-M PEH connected to a resistance 𝑅 = 100 kΩ; (b) Average output power of the D-M PEH versus load resistance under a harmonic
acceleration excitation with unit amplitude and frequency of 27 Hz.
Fig. 5. Schematics of the D-M PEH interfaced with a SEH circuit.

Fig. 6. Schematic of the voltage across the PEH and current flow into the storage
capacitor for the SEH circuit.

Before the next iteration, the value of 𝑉𝑝(𝑡) needs to be modified
as follows: if 𝑉𝑝(𝑡) ≥ 𝑉𝑐 (𝑡), then 𝑉𝑝(𝑡) = 𝑉𝑐 (𝑡); if 𝑉𝑝(𝑡) ≤ −𝑉𝑐 (𝑡),
then 𝑉𝑝(𝑡) = −𝑉𝑐 (𝑡).

(3) Use the motion of the D-M PEH and 𝑉𝑝(𝑡) in the current iteration
step as the initial conditions, and then solve the coupling equa-
tion (Eq. (1)) by using the Newmark-𝛽 algorithm to obtain the
motion state and 𝑉𝑝(𝑡+𝛥𝑡) in the next iteration step. Meanwhile,
calculate the 𝑉𝑐 for the next iteration step by 𝑉𝑐 (𝑡+ 𝛥𝑡) = 𝑉𝑐 (𝑡) +
𝛥𝑉𝑐 (𝑡).

(4) Determine whether the interactive terminal time is reached: if
not, repeat Step (2) and Step (3); if yes, terminate the iteration.
5

Fig. 7. The IAP of the charging process.

In fact, for the charging process of a PEH interfaced with the SEH
circuit, a semi-theoretical solution that can significantly improve the
efficiency of the iterative process was given by Zhang et al. [25]. How-
ever, compared to the IAP proposed in this work, this semi-analytical
solution has some limitations: (1) The excitation must be harmonic. The
semi-analytic solution is obtained under harmonic excitation, so it is
not applicable when the excitation is non-harmonic, such as the vehicle-
induced bridge vibrations. (2) Not suitable for the PEH with high
degree of electromechanical coupling. Not only in the work of Zhang
et al. [25] but also in many theoretical studies on the PEH interfaced
with charging interface circuits [41,44,45], there is an assumption that
the displacement response of the PEH under a harmonic excitation is
also harmonic. According to Eq. (1), the inverse piezoelectric effect
of the piezoelectric element produces a reaction force, 𝐹𝑝 = −𝜃𝑝𝑉𝑝,
between the mass block of the PEH and the base. As mentioned above,
when a PEH interfaced with the SEH circuit is subjected to a har-
monic force 𝐹 (𝑡), the output voltage 𝑉𝑝 is not harmonic (see Fig. 6),
which leads to 𝐹 also being non-harmonic and further leads to the
𝑝
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Fig. 8. The steady-state displacement response of the PEH interfaced with the SEH circuit under a harmonic acceleration excitation. (a) weak coupling; (b) strong coupling.
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Fig. 9. Equivalent circuit of the D-M PEH with the SEH circuit established in the
electronic simulator, SIMetrix.

displacement response of the PEH being non-harmonic. The weight of
the non-harmonic component in the displacement response depends on
the ratio of 𝐹𝑝 to the excitation 𝐹 (𝑡). Fig. 8 shows the steady-state
displacement responses of the PEHs with different coupling degrees
under a harmonic excitation when the PEHs are interfaced with the
SEH circuit, where the theoretical results are given by the Ref. [23],
and the simulation results are obtained using the electronic simulator,
SIMetrix. For a PEH with weak electromechanical coupling, 𝐹𝑝 is almost
negligible with respect to the harmonic force 𝐹 (𝑡), so the displacement
response of the PEH approximates a harmonic curve, as shown in
Fig. 8(a). However, as the degree of coupling strengthens, 𝐹𝑝 gradu-
ally increases so that the displacement response of the PEH becomes
non-harmonic, see the simulated curve in Fig. 8(b). (3) No transient
response. Since the semi-analytical solution is obtained under steady-
state conditions, it results in the transient response being neglected,
which leads to large error between theoretical and real results when
the transient response is difficult to decay, such as the vibration of the
PEH with very low inherent damping. However, the proposed IAP does
not have the above limitations.

It should be pointed out that although the semi-analytical solution
proposed by Zhang et al. [25] has the above limitations, it is well suited
for most resonance-type PEHs subjected to harmonic excitations.

4.3. Simulation and experiment validation

In this part, the electronic simulator SIMetrix is used and a verifica-
tion experiment is performed to verify the correctness of the proposed
IAP.

Based on the analogy between electrical and mechanical domains,
the equivalent circuit parameters of the D-M PEH can be determined
using the following relations [45,46]:

𝑉1 =
𝐹
𝜃𝑝

, 𝐿1 =
𝑚𝑝

𝜃2𝑝
, 𝑅1 =

𝑐𝑝
𝜃2𝑝

, 𝐶1 =
𝜃2𝑝
𝑘𝑝

(6)

where 𝑉1, 𝐿1, 𝑅1 and 𝐶1 are the equivalent voltage source, equivalent
inductance, equivalent resistance and equivalent capacitance, respec-
6

tively. Fig. 9 shows the D-M PEH with the SEH circuit established in
the SIMetrix. In order to consider only the effect of coupling strength,
a voltage control switch SV is used in the circuit to ensure that the
charging process starts when the D-M PEH is in steady-state vibration.
The switch remains closed for the first 20 s, so the storage capacitor
𝐶𝑟 is short-circuited and cannot be charged. Once the switch is opened,
the D-M PEH starts charging the storage capacitor. The forward voltage
drop in each diode 𝑉𝑑 = 0.5 V, and 𝐶𝑟 = 100 μF. The parameters for the
D-M PEH are listed in Table 1, where the damping ratio 𝜉𝑝 is adjusted to
1% to accelerate the decay of transient response. Three D-M PEHs with
different equivalent coupling coefficients 𝜃𝑝, 2𝜃𝑝 and 5𝜃𝑝 are considered,
nd the corresponding 𝜂 are −0.0211, 0.037 and 0.443, respectively.
he larger the value of 𝜂, the stronger the coupling. Under a harmonic
cceleration excitation with frequency of 27 Hz and amplitude of 0.5
∕s2, the variation curves of the voltage across the storage capacitor
𝑟 during the charging process for these three D-M PEHs are shown

n Fig. 10. For the D-M PEH with weak coupling (see Fig. 10(a)), the
heoretical result calculated with the semi-analytical solution proposed
y Zhang et al. [25] agree almost exactly with the simulation result
f the SIMetrix. However, as the degree of electromechanical coupling
ncreases, the harmonic assumption for the PEH’s displacement leads
o an increase in the error between the theoretical and simulation
esults, see the theoretical results of Zhang et al. and simulated results
n Figs. 10(b) and 10(c). Significantly, the IAP’s results always agree
ell with the simulation results (the error less than 1%) regardless of

he degree of electromechanical coupling, which proves the reliability
f the IAP in predicting the charging process of the PEHs with different
oupling conditions.

Next, an experiment was implemented to verify the IAP, and the
xperiment setup is shown in Fig. 11. A steel base is fixed to four
upport bars through eight springs, and a D-M PEH model is fixed under
he steel base. The vibration signal is controlled and generated by a
ibration controller (Keysight 33600 A), and then amplified by a signal
mplifier (GF-200 W) to activate the vibration shaker (WS-Z30-50). The
orce generated by the shaker is transmitted to the steel base through
our symmetrically arranged force-transmitting poles, which causes the
teel base to vibrate, and further vibrates the D-M PEH. An acceleration
ensor (KSI-108A010, single-axis) is mounted at the center of the top
f the steel base to monitor the acceleration of the base, and a voltage
ensor (DSI-V-200) connected in parallel with the charging capacitor to
onitor its voltage changes. The acceleration and voltage data is stored

n the computer through a data acquisition instrument (DEWE-43 A,
ight channels). The data sampling rate is 2000 Hz, i.e., sampling 2000
ata points per second. The frequency resolution is less than 0.02 Hz.

Under a harmonic acceleration excitation with frequency 𝑓0 = 27 Hz
nd amplitude 𝐴0 = 0.1m∕s2, the variations of voltages across storage
apacitor 𝐶𝑟 during the charging process from experiment, circuit
imulation and IAP are shown in Fig. 12. The IAP results are obtained in
ATLAB, and the Newmark-𝛽 method is adopted in the iteration, with
= 0.25 and 𝛾 = 0.5; The equivalent circuit parameters of the D-M PEH

an be calculated by using Eq. (6), and the results are listed in Table 2.
ix storage capacitors with capacitances of 0.1 mF, 0.47 mF, 1 mF, 2.2
F, 3.3 mF and 4.7 mF, respectively, are tested. As seen in Fig. 12, the
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Fig. 10. Variation curves of the voltage across the storage capacitor 𝐶𝑟 during the charging process. (𝐶𝑟 = 100 μF).
Fig. 11. Experiment setup.
Table 2
Parameters of the equivalent circuit.
Parameters Value

Amplitude of 𝑉1 37.97 V
Equivalent inductance, 𝐿1 2.67 × 104 H
Equivalent capacitance, 𝐶1 1.31 nF
Equivalent resistance, 𝑅1 19.85 kΩ
Diode forward voltage drop, 𝑉𝑑 0.50 V

IAP results are in good agreement with the experiment and simulation
results. For the case of 𝐶𝑟 = 4.7 mF (Fig. 12(f)), the maximum error
between the experiment and IAP results is less than 3%. Significantly,
the errors between the simulation and IAP results are less than 1% in
all cases.

4.4. Optimal design of the charging process

When a train passes through the bridge, the total energy stored in
the storage capacitor during this period is of most interest. The stored
energy, 𝐸𝑠, can be calculated by:

𝐸 = 1𝐶 (𝑉 2 − 𝑉 2) (7)
7

𝑠 2 𝑟 𝑟 𝑠
where 𝑉𝑠 and 𝑉𝑟 are the voltages across 𝐶𝑟 at the start moment 𝑡𝑠 and
the end moment 𝑡𝑒 of charging process, respectively. This part aims to
maximize charging efficiency of the D-M PEH interfaced with the SEH
circuit by optimizing the charging process. The lumped parameters for
the D-M PEH are listed in Table 1.

Fig. 13 shows variations of the stored energy on the storage capac-
itors in Fig. 12, where the charging start moment 𝑡𝑠 = 0. The charging
efficiency of the storage capacitor varies continuously with the charging
duration, and the storage capacitor with the highest charging efficiency
varies in different charging time periods. For example, after 5 s of
charging duration, the capacitor of 0.1 mF has the largest stored energy
of 61.3 mJ; however, after 30 s of charging duration, the total energy
stored in the capacitor of 100 μF is the least, while the capacitor of
1 mF exhibits the highest charging efficiency with the largest stored
energy of 210.9 mJ.

Under a certain base acceleration excitation, the resonant frequency
of the D-M PEH is another significant factor affecting the charging
efficiency. For the fabricated D-M PEH in this work, the short-circuit
and open-circuit natural frequencies of the D-M PEH are 27.00 Hz and
27.26 Hz, respectively. During charging, the resonant frequency of the
D-M PEH will change from 27.00 Hz to 27.26 Hz as the voltage across
𝐶 increases.
𝑟
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Fig. 12. Variations of voltages across different storage capacitors during the charging process. (𝐴0 = 0.1 m∕s2 and 𝑓0 = 27 Hz).
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Fig. 13. Variations of the stored energy on different charging capacitors during the
charging process. (𝐴0 = 0.1 m∕s2 and 𝑓0 = 27 Hz).

Fig. 14 shows the effect of storage capacitor 𝐶𝑟 and excitation fre-
quency 𝑓0 on the stored energy of 𝐶𝑟 after different charging durations.
The corresponding value in the nephogram is the energy stored in 𝐶𝑟
which is calculated by Eq. (7), where both the charging start moment 𝑡𝑠
and voltage 𝑉𝑠 are 0, so the charging duration 𝑡𝑐 = 𝑡𝑒. The excitation is

harmonic base acceleration excitation, and its amplitude is the same
s the maximum peak acceleration (0.359 m/s2) in the acceleration
pectrum of a railway bridge under a passing train, as shown in
ig. 15. Two peaks appear in the nephograms with different charging
urations, and the corresponding excitation frequencies, capacitance
f 𝐶𝑟 and stored energy are marked in the nephograms, as shown in
ig. 14. As the charging duration increases, the excitation frequencies
orresponding to the two peaks remain constant at 27.066 Hz (near the
hort-circuit natural frequency) and 27.202 Hz (near the open-circuit
atural frequency). At the second peak (corresponding to 27.202 Hz),
he energy is extremely sensitive to the capacitance of 𝐶𝑟, whereas

at the first peak (corresponding to 27.066 Hz), the energy has a very
strong robustness to the capacitance of 𝐶𝑟. Moreover, the capacitance
of 𝐶𝑟 corresponding to the second peak (𝐶𝑟,2) is much smaller than that
corresponding to the first peak (𝐶𝑟,1), and the energies corresponding
to the two peaks are very close, with a deviation of less than 5%, so
8

according to Eq. (7), the voltage variation on 𝐶𝑟,2 is much larger than
that on 𝐶𝑟,1. For example, when 𝑡𝑐 = 60 s, the voltage variation on 𝐶𝑟,2 is
26 V, but on 𝐶𝑟,1 is only 110 V. In general, excessive voltage or voltage
luctuation tends to damage energy management circuits and wireless
odes; in contrast, a stable voltage is easier to manage. Therefore,
iscussing the first peak is more meaningful for energy storage and
anagement. In the next work, only the first peak is discussed and the
arameter corresponding to the first peak is considered as the optimal
arameter.

When the initial voltage on 𝐶𝑟 is 0, i.e., 𝑉𝑠 = 0, the variations
of the optimal capacitance (𝐶𝑟,opt) of 𝐶𝑟 and the maximum stored
energy (𝐸𝑠,max, corresponding to the first peak in Fig. 14) are shown in
Figs. 16(a) and 16(b) (the lines with 𝑉𝑠 = 0), respectively. The voltage
variation 𝛥𝑉 on the optimal 𝐶𝑟 under a certain charging duration can
be calculated by 𝛥𝑉𝑟 =

√

2𝐸𝑠,max𝐶𝑟,opt , and the results are shown in
Fig. 16(c), where 𝛥𝑉 = 𝑉𝑟 − 𝑉𝑠. The ordinate of Fig. 16(c) refers to
the voltage variation on the corresponding optimal 𝐶𝑟 for the charging
duration corresponding to the abscissa of Fig. 16(c). For example, for
the line with 𝑉𝑠 = 0, the optimal capacitance 𝐶𝑟,opt is 941 μF for the 60
s charging duration (as shown in Fig. 16(a)), and the ordinate value at
the abscissa of 60 s in Fig. 16(c) indicates the voltage variation of the
941 μF 𝐶𝑟 after 60 s charging duration. As seen in Fig. 16, for 𝑉𝑠 = 0,
the optimal capacitance 𝐶𝑟,opt and the corresponding maximum stored
energy increase almost linearly as the charging duration increases, how-
ever, the voltage variation on the optimal 𝐶𝑟 remains almost constant
at 110 V. This means that for different charging capacitors with an
initial voltage of 0 V, after a certain charging duration, the capacitor
whose voltage just rises to 110 V stores the maximum energy, and
its capacitance is the optimal capacitance for that charging duration.
Therefore, the charging efficiency of the D-M PEH can be maximized by
selecting the optimal storage capacitor based on the charging duration,
but the excessive voltage variation (110 V) on the optimal charging
capacitor is detrimental to the energy management circuits and WSNs,
and the voltage (110 V) on the optimal capacitor at the end of charging
process is far exceeds the operating voltage ranges of most tiny energy
management circuits and WSNs. An effective way to reduce the voltage
and voltage variation on the optimal storage capacitor is to increase the
initial voltage 𝑉𝑠 across 𝐶𝑟 at the charging start moment.

Fig. 16 compares the variations of the optimal capacitance of 𝐶𝑟
(Fig. 16(a)), the maximum stored energy (Fig. 16(b)) and the voltage
variation 𝛥𝑉 on the optimal 𝐶𝑟 (Fig. 16(c)) with the charging duration
for different initial voltage 𝑉 . As seen in Fig. 16(c), for a certain
𝑠
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Fig. 14. Effect of capacitance of 𝐶𝑟 and excitation frequency on the stored energy after different charging duration 𝑡𝑐 . (𝐴0 = 0.359 m∕s2).

Fig. 15. (a) Quarter-span acceleration response and (b) corresponding frequency spectrum of a Hada high-speed railway bridge under passing train.
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Fig. 16. Variations of (a) the optimal capacitance of 𝐶𝑟, (b) the maximum stored energy, and (c) voltage variation 𝛥𝑉 on the optimal 𝐶𝑟 with the charging duration. (𝑉𝑟: initial
voltage across 𝐶𝑟 at the charging start moment).
charging duration, both the voltage variation 𝛥𝑉 and final voltage 𝑉𝑟
on the optimal charging capacitor decrease as the initial voltage 𝑉𝑠
increases. Moreover, the voltage variation 𝛥𝑉 almost unchanged for
different charging durations.

As seen in Figs. 16(a) and 16(b), the optimal capacitance and the
maximum stored energy of 𝐶𝑟 increase linearly with charging duration
for different initial voltages. This means that if the optimal capacitance
and the maximum stored energy of 𝐶𝑟 under a certain charging duration
are known, the optimal capacitance and the maximum stored energy
of 𝐶𝑟 under different charging durations can be predicted by using
the linear relationship. At a certain charging duration, the optimal
capacitance of 𝐶𝑟 increases as the initial voltage of 𝐶𝑟 rises, and so does
the increase rate. The effect of the initial voltage of 𝐶𝑟 on the maximum
average charging power of the D-M PEH, 𝑃max, (i.e, the increase rate of
the maximum stored energy of 𝐶𝑟 with charging duration) is shown
in Fig. 17(a), where 𝑃max is obtained by dividing the maximum stored
energy on 𝐶𝑟 at 60 s charging duration by 60 s. The red dashed line
in Fig. 17(a) represents the average power limit (𝑃lim) of the D-M PEH
connected to a pure resistor. 𝑃lim and the corresponding circuit voltage
amplitude 𝑉lim can be calculated by [43]:

𝑃lim=
𝑚𝑝𝐴2

0
16𝜉𝑝𝜔𝑝

, 𝑉lim =
√

2𝑅opt𝑃lim (8)

where 𝜔𝑝 =
√

𝑘𝑝∕𝑚𝑝; 𝑅opt is the corresponding circuit resistor when
he average output power reaches 𝑃lim, and its expression is shown
n Appendix, here, 𝑅opt = 21.0 kΩ. Substituting the parameters of
able 1 and 𝐴0 = 0.359 m∕s2 into Eq. (8) yields 𝑃lim = 117 mW and
lim = 70.1 V. As seen in Fig. 17(a), as the initial voltage 𝑉𝑠 increases,
he maximum average charging power 𝑃max first gradually increases
nd reaches a peak when 𝑉𝑠 rises to 𝑉lim, and then decreases as 𝑉𝑠

rises further. The peak value of 𝑃max is 115 mW, reaching 98.29% of
lim. Due to the presence of the forward voltage drop of the diodes
n the SEH circuit, the peak value of the 𝑃max curve is slightly less
han 𝑃lim. The voltage variation of the optimal 𝐶𝑟 decreases as the
nitial voltage 𝑉𝑠 and is almost equal to 0 as 𝑉𝑠 rises near 𝑉lim, as
hown in Fig. 17(b). Moreover, the resonant frequency of the D-M PEH
the excitation frequency corresponding to the first peak of the energy
ephogram) is almost constant at 27.06 Hz when the initial voltage
cross 𝐶𝑟 rises from 0 to 𝑉lim, as shown in Fig. 17(c).

Fig. 18 shows the energy stored in 𝐶𝑟 with different initial voltage
under different capacitances of 𝐶𝑟 and excitation frequency after one

inute of charging durations. As the initial voltage 𝑉𝑠 increases, the
tored energy is gradually concentrated at the excitation frequency
27.06 Hz) corresponding to the first peak, and the increase in 𝑉𝑠 en-
ances the robustness of the stored energy to the capacitance of 𝐶𝑟. This

means that in order to store more energy in a given charging duration
using the D-M PEH, a charging capacitor with initial voltage has a
larger selectable capacitance range than a charging capacitor without
initial voltage. Generally, when the initial voltage is less than the
𝑉lim, the larger the initial voltage, the larger the selectable capacitance
range.
10
5. Energy management and application

5.1. Power supply demand

In existing studies of piezoelectric SP-WHMS, low-power tempera-
ture WSNs or LED diodes are usually used as the powered devices [24,
30,32]. For railway bridges, however, indicators that directly reflect
structural safety are more worthy of being monitored, such as bridge
displacement and crack width.

In this study, a commercial displacement WSN, ZRQ-L2018, pro-
duced by the Beijing Zhiruquan Technology Co., Ltd is the only device
in the displacement wireless sensing system powered by the D-M PEH,
as shown in Fig. 19. In the displacement WSN, the displacement sensor
is wired to the displacement wireless node, and can be used to monitor
the displacement, settlement, slip and crack width of bridges [47–49].
The displacement WSN has a wide DC working voltage of 8–12 V,
and the wireless module utilizes the high-efficiency ISM-band RF Lora
spread spectrum chip, with the standby current of 10 μA, a transmitting
current of 100 mA, a receiving current of 12 mA, and a maximum
transmission distance of 5 km in an open field. The energy required to
activate the displacement WSN once is about 2 J. The WSN transmits
the data received from the sensor at regular intervals to the wireless
gateway, which then sends the data to the PC via the IoT platform.
The time interval for data transmission can be adjusted arbitrarily and
is 60 s in this work.

When the supply voltage is lower than the working voltage of the
displacement WSN, the displacement WSN stops working; once the sup-
ply voltage reaches the working voltage, the WSN immediately enters
the activation state. The activation process is divided into three steps:
startup, receiving and transmitting. The whole process of activation
lasts about 5 s. The WSN can only be successfully activated and send
data to the wireless gateway if the supply voltage is always within the
working voltage range during the activation process.

5.2. Energy management circuit (EMC)

The storage capacitor consists of several mF-level electrolytic capac-
itors connected in parallel, as shown in Fig. 19. If this storage capacitor
is used to directly power the WSN, when the capacitor voltage rises
to the working voltage of the WSN, the WSN immediately enters the
activation state and rapidly consumes energy, so that the capacitor
voltage is rapidly reduced below the working voltage in the startup
process, resulting in the WSN to stop working and activation fails.
Therefore, it is necessary to introduce an suitable EMC between the
storage capacitor and the WSN to control the charging and discharging
of the storage capacitor. Moreover, at least two input voltage thresholds
are required for the EMC so that the storage capacitor can continuously
discharge between these two voltage thresholds and provide continuous
power to the WSN during its activation process.

The AP64500 chip produced by the Diodes Incorporated is used in
the EMC, as shown in Fig. 19. It is a 5 A, synchronous buck converter
with a wide input voltage range of 3.8 V to 40 V. The AP64500
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Fig. 17. Effect of the initial voltage across 𝐶𝑟 on (a) the maximum average charging power of the D-M PEH, (b) voltage variation 𝛥𝑉 of the optimal 𝐶𝑟, and (c) the resonant
frequency after one minute of charging duration.
Fig. 18. Effect of capacitance of 𝐶𝑟 and excitation frequency on the stored energy of 𝐶𝑟 with different initial voltages 𝑉𝑠 after one minute of charging duration. (𝐴0 = 0.359 m∕s2).
Fig. 19. Experiment layout of the activation test for the SP-WHMS.
chip fully integrates a 45 mΩ high-side power MOSFET and a 20
mΩ low-side power MOSFET to provide high-efficiency step-down DC–
DC conversion. More details can be found and downloaded from the
corresponding web page (https://www.diodes.com/assets/Datasheets/
AP64500.pdf). Fig. 20(a) shows the layout of the EMC, which consists
of an AP64500 chip and its peripheral circuit. The AP64500 chip has
adjustable output voltages starting from 0.8 V using an external resis-
tive divider 𝑅1, which can be determined by the following equation:

𝑅1 = 𝑅2

(

VOUT
0.8(V)

− 1
)

(9)

where 𝑅2 is usually takes the value of 22 kΩ; VOUT is the stabilized
output voltage and is expected to be 9 V to meet the working voltage
of the WSN. Substituting VOUT = 9 V and 𝑅2 = 22 kΩ and into Eq. (9)
yields 𝑅1 = 225.5 kΩ. In this work, a resistor with a resistance of 220 kΩ
is selected for 𝑅1, and the output voltage VOUT = 8.8 V. In additional,
the AP64500 chip has an undervoltage lockout (UVLO) comparator
that monitors the input voltage (VIN). Two external resistive dividers
(𝑅 and 𝑅 ) configures the VIN UVLO threshold voltages, as shown in
11

3 4
Fig. 20(b). The resistive divider resistor values are calculated by:

𝑅3 =
0.924𝑉ON − 𝑉OFF

4.114(μA)
(10)

𝑅4 =
1.09𝑅3

𝑉OFF − 1.09(V) + 5.5(μA)𝑅3
(11)

where 𝑉ON and 𝑉OFF (𝑉ON > 𝑉OFF) are the rising edge VIN voltage and
the falling edge VIN voltage, respectively. The relationship between
VIN and VOUT is shown in Fig. 21. When VIN is lower than 𝑉OFF
(state 1), the AP64500 chip disables, and VOUT ≈ 0 V; When VIN
rises above 𝑉ON (state 3), the AP64500 chip works, and VOUT = 8.8
V; When VIN is between 𝑉OFF and 𝑉ON, if VIN is rising (state 2), the
AP64500 chip disables, and VOUT ≈ 0 V, if VIN is falling (state 4),
the AP64500 chip works, and VOUT = 8.8 V. Connecting the storage
capacitor to the VIN pin of the EMC, and its discharging and non-
discharging conditions at different states of capacitor voltage 𝑉𝑟 are
shown in Fig. 21. When 𝑉𝑟 is lower than 𝑉OFF (state 1), the capacitor
does not discharge; When 𝑉𝑟 rises above 𝑉OFF and is rising (state 2), the
capacitor still does not discharge; As 𝑉 further rises above 𝑉 (state
𝑟 ON

https://www.diodes.com/assets/Datasheets/AP64500.pdf
https://www.diodes.com/assets/Datasheets/AP64500.pdf
https://www.diodes.com/assets/Datasheets/AP64500.pdf
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Fig. 20. (a) Layout of the energy management circuit and (b) programming UVLO.
Fig. 21. The relation between VIN and VOUT of the AP64500 chip. (Discharging and
non-discharging conditions of the storage capacitor at different states of 𝑉𝑟.).

3), the capacitor discharges until the 𝑉𝑟 falls to 𝑉OFF (state 5), and then
the capacitor stops discharging again. The wide discharge voltage range
between 𝑉ON and 𝑉OFF enables the storage capacitor to provide a stable
and continuous power supply to the WSNs during the activation process
of the WSNs.

5.3. Application

This part aims to test the effectiveness of the SP-WHMS being
applied to the railway bridge through an activation experiment. The
experiment layout is shown in Figs. 11 and 19, where the D-M PEH
interfaces with the rectifier of the SEH circuit and a PC is used to
receive the displacement data. The VIN and VOUT pins of the EMC
are connected to the storage capacitor and the displacement WSN,
respectively.

The steel base can approximately simulate the vibration of the
real bridge by inputting the real acceleration time–history shown in
Fig. 15(a) into the vibration controller. However, the vibration of the
steel base is affected by the inertial force of the D-M PEH during
vibration, while the inertial force is negligible for the real bridge.
Therefore, when the D-M PEH is mounted on the steel base, it causes
the vibration response of the steel base to differ from the input real
bridge acceleration signal. As seen in Fig. 15(b), the bridge acceleration
spectrum has several distinct and discrete peaks. And according to the
voltage-frequency response shown in Fig. 4(a), when the D-M PEH
is subjected to the bridge acceleration activation shown in Fig. 15,
its voltage output is mainly affected by the frequency component
(27.79 Hz) corresponding to the first peak, while the other frequency
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components corresponding to other peaks have almost no effect on the
voltage output. Therefore, in the next work, a harmonic acceleration
excitation is used to approximate the real bridge acceleration excita-
tion. The frequency of the harmonic acceleration excitation is 27 Hz,
which is close to the main frequency (27.79 Hz) of the real bridge
acceleration (see Fig. 15(b)) and is consistent with the short-circuit
natural frequency of the fabricated D-M PEH. An acceleration sensor
is placed on the steel base to monitor the acceleration amplitude of the
steel base, which is controlled around 0.359 m/s2 (corresponding to
the first peak acceleration of the bridge acceleration spectrum shown
in Fig. 15(b)) by adjusting the signal amplifier. In this experiment, this
harmonic acceleration excitation was continuously applied to the D-M
PEH.

As discussed in Section 4, increasing the initial voltage of the storage
capacitor before charging by the PEH can effectively improve the
charging efficiency, but the energy loss of the AP64500 increases with
the voltage difference between VIN and VOUT. Therefore, in order to
increase the charging efficiency and reduce the energy loss, 𝑉OFF is set
to 25 V. In addition, to prevent the input voltage VIN from exceeding
the upper limit of the AP64500’s working voltage (40 V), 𝑉ON is set to
30 V. According to Eqs. (10) and (11), a 510 kΩ resistor is selected for
𝑅3 and a 20 kΩ resistor is selected for 𝑅4 in this work.

Assuming the charging duration is 60 s, the optimum capacitance
of 𝐶𝑟 for 𝑉𝑠 = 25 V should be between 1.8 mF and 3.2 mF according
to Fig. 16(a). However, according to Eq. (7), even if the capacitance
of 𝐶𝑟 is 3.2 mF, the stored energy is only 440 mJ when the voltage is
increased from 25 V to 30 V, which is much lower than the activation
energy of the WSN (about 2 J), so a larger capacitance is need for 𝐶𝑟. As
seen in Fig. 18(b), for the storage capacitors with initial voltage of 25
V, the energy stored in the capacitor of 30 mF (4.93 J) can reach 88.8%
of the maximum stored energy (5.55 J) when the excitation frequency
is 27 Hz. Therefore, a 30 mF storage capacitor is used as the storage
capacitor in the test.

Fig. 22(a) shows the variations of the voltage across the storage
capacitor (𝑉𝑟, also refers to VIN) and the output voltage VOUT (also
refers to the input voltage of the WSN) during charging and power
supply. The capacitor voltage was charged to 24 V using a battery
before charging with the D-M PEH. When 𝑉𝑟 rises to 25 V, the AP64500
chip disables because 𝑉𝑟 is rising, and VOUT is at low level. Since
a small amount of charge remaining in the filter capacitor 𝐶2 of the
EMC, VOUT is not zero. When 𝑉𝑟 rises further to 30.19 V, the AP64500
chip works, the voltage of 𝐶2 and VOUT rise rapidly and remain at
8.8 V, and the WSN enters the activation state. During the activation
process, which lasts about 5 s, 𝑉𝑟 falls continuously and reaches 27.37
V at the end of activation process. Immediately after the activation
process is complete, the WNS enters into the low-power standby state,
meanwhile, 𝑉𝑟 continues to rise, and the AP64500 disables again. After
the AP64500 disables, VOUT can still maintain around 8.8 V due to
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Fig. 22. (a) Variations of the voltage across the storage capacitor, 𝑉𝑟 (VIN), and the output voltage, VOUT, with charging time in the activation testing; (b) Screenshot of
displacement data received by the PC.
the presence of 𝐶2, so that the WSN does not stop working. After one
data transmission cycle (60 s), the WSN enters the next activation state
(at about 242 s in Fig. 22(a)), but at this time the AP64500 is still
disabled because 𝑉𝑟 is lower than 𝑉ON (30.19 V), so the charge in 𝐶2 is
rapidly consumed by the WSN, causing the voltage across 𝐶2 and VOUT
rapidly drop to 1.75 V, and the WSN stops working. As 𝑉𝑟 rises further
and reaches 30.19 V, the WNS enters into the activation state again,
and the above process begins again. The time interval between WSN
activations is approximately 77 s, including approximate 72 s charging
time and approximate 5 s activation time. The WSN was activated three
times during the test. Correspondingly, the PC successfully received the
displacement data every 77 s or so, and three sets of displacement data
with good quality were received by the PC, as shown in Fig. 22(b). This
means that the SP-WHMS can be successfully activated and normally
operated under bridge vibration excitations, further demonstrates the
feasibility of the SP-WHMS used on railway bridges. It should be noted
that the reason why all displacement values are the same and equal to
25 is because the displacement sensor is completely stationary and not
zeroed during the test.

The average charging power of the D-M PEH is approximately
33.75 mW. During the activation process of WSN (5 s), the energy in
the storage capacitor is reduced by 2.435 J. Moreover, the D-M PEH is
still vibrating and acting as a current source to continuously charge
the capacitor, and the energy charged into the storage capacitor is
approximately 0.169 J. Therefore, the total energy consumed by the
WSN for a single data transmission is 2.6 J, which includes the energy
loss of the energy management circuit.

Significantly, since the displacement WSN used in the experiment is
based on LoRaWAN protocol, which has a long transmission distance
and long activation time, the required energy of this WSN for a working
cycle is relatively high, nearly 2 J in this work. However, for most of
the WSNs based on Bluetooth protocol or ZigBee protocol, which have
a short transmission distance and short activation time, the required
activation energy in a working cycle is only in the mJ level [16,30,32].
Therefore, the proposed SP-WHMS is also useful for most of the WSNs
based on the low-power Bluetooth protocol or ZigBee protocol.

5.4. Activation evaluation under real bridge acceleration excitation

The result of the activation test in section 5.3 shows that the SP-
WHMS can be successfully activated and normally operated when the
storage capacitor satisfies the following two conditions: (1) The voltage
across the storage capacitor (𝑉𝑟) reaches 𝑉ON; (2) The released energy of
the storage capacitor exceeds the sum of the WSN activation energy and
the EMC loss energy when 𝑉𝑟 drops from 𝑉ON to 𝑉OFF. Therefore, we can
determine whether the SP-WHMS is activated or not based on whether
the storage capacitor satisfies the above two conditions during the
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energy storage process. This part will investigate the activation status
of the proposed SP-WHMS under real bridge acceleration excitations
through numerical analysis and circuit simulation. The numerical re-
sults are calculated by the IAP, while the simulation results are obtained
in SIMetrix, and the equivalent circuit is shown in Fig. 9.

The natural frequency of the D-M PEH is determined based on the
train-induced vibration responses of the bridge, so before designing
the D-M PEH, the vibration characteristics of the bridge need to be
measured and analyzed first. In practical, the main factors affecting the
vibration response of bridges are: the train type, the train running speed
and track irregularity. When the dominant frequency of the bridge
vibration varies due to these influence factors, it is needed to analyze
the statistical distribution of the mechanical energy generated by the
PEH subjected to bridge vibrations under operating conditions, and
then use the optimization algorithm to determine the optimal resonance
frequency of the PEH [50,51]. For some railway bridges, if these in-
fluence factors remain essentially constant, the dominant frequency of
bridge vibration may also remain almost constant. In this part, we only
intend to investigate the activation status of the SP-WHMS under the
ideal acceleration excitations of the bridge, i.e., assuming that there is
no change in the acceleration signals of the bridge induced by different
train passages, and the acceleration signal is shown in Fig. 15. In order
to maximize the energy storage efficiency, the mass of the fabricated
D-M PEH was adjusted to 5.14 kg so that its short-circuited natural
frequency (27.73 Hz) is slightly lower than the frequency (27.79 Hz)
corresponding to the maximum peak of the frequency spectrum, as
shown in Fig. 15(b).

First, the energy storage performance of the SP-WHMS is evaluated
under multiple cyclic bridge acceleration excitations. Here, it should be
pointed out that one cyclic bridge acceleration excitation means that
the train runs one time on the bridge, and the time history of the one
cycle acceleration excitation is shown in Fig. 15(a). For 𝑁𝑡 cyclic bridge
acceleration excitations, the train will run 𝑁𝑡 times.

Fig. 23 shows the time histories of the voltage and energy variation
of the storage capacitor, which has a capacitance of 20 mF and an
initial voltage of 25 V, under one or multiple cyclic bridge acceleration
excitations, where the energy variation of the storage capacitor is
calculated by Eq. (7). Every rise in the curves means the D-M PEH
is subjected to one cyclic bridge acceleration excitation. A sufficiently
long free vibration duration was added after every cyclic excitation to
ensure that the D-M PEH and bridge were stationary at the start of the
next cyclic excitation. The difference between the circuit simulation
results and IAP results is less than 1%, which proves that the IAP
shown in Fig. 7 can accurately predict the charging process under
non-harmonic excitations.

Increasing charging current is one of the most effective ways to
improve the charging efficiency. Both series and parallel connections of
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Fig. 23. Time histories of (a) the voltage and (b) energy variation of the storage capacitor under one or multiple cyclic bridge acceleration excitations. (𝐶𝑟 = 20 mF and 𝑉𝑠 = 25
V; 𝑁𝐷 denotes the number of the D-M PEHs.).
Fig. 24. The minimum train running times required to activate the WHMS under (a) different initial voltage 𝑉𝑠 of the storage capacitor and (b) different number of D-M PEHs
electricity contacted in parallel (where 𝑉𝑠 = 70 V).
multiple PEHs can increase the energy charging efficiency, except that
the former is done by increasing the output voltage while the latter is
done by increasing the output current [15]. When the output voltage
of a single PEH is difficult to meet the voltage demand, the output
voltage can be increased by connecting multiple PEHs in series; When
the output voltage of a single PEH meets the voltage demand, multiple
PEHs can be connected in parallel to increase the output current. In this
work, under the acceleration excitation of the bridge, the output open-
circuit voltage of a single D-M PEH is much higher than the voltage
thresholds 𝑉OFF and 𝑉ON of the energy management circuit, so increas-
ing the charging current by connecting multiple D-M PEHs in parallel
is more effective in improving the charging efficiency than increasing
the voltage by connecting them in series. 𝑁𝐷 in Fig. 23 denotes the
number of the D-M PEHs used in the SP-WHMS. For the case of 𝑁𝐷
D-M PEHs are electrically connected in parallel, the mass, the stiffness,
the equivalent coupling coefficient and the equivalent capacitance are
changed to 𝑁𝐷𝑚𝑝, 𝑁𝐷𝑘𝑝, 𝑁𝐷𝜃𝑝 and 𝑁𝐷𝐶𝑝, respectively [15]. A success-
ful activation of the proposed SP-WHMS requires that the voltage on
the storage capacitor exceeds 30 V and the stored energy exceeds 2.6 J.
Here, the stored energy refers to the energy supplied by the D-M PEH,
i.e., the total energy in the capacitor minus the initial energy. From
Fig. 23, when only one D-M PEH is used, the train needs to run at least
7 times on the bridge to activate the SP-WHMS. In general, the average
operation interval of each time for the Hada railway line is 5 min,
so the wireless node in the SP-WHMS transmit data every 35 min.
Using multiple D-M PEHs electrically connected in parallel to power
the wireless node can effectively improve the charging efficiency. As
seen in Fig. 23, at least 7 D-M PEHs are required if the SP-WHMS can
be activated after the train has run only one time. However, too many
D-M PEHs lead to a higher cost.

Assuming the energy management circuit has a higher upper limit of
working voltage, the charging efficiency can be improved by increas-
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ing the initial voltage of the storage capacitor. Fig. 24(a) shows the
minimum train running times required to activate the SP-WHMS with
one D-M PEH under different initial voltage of the storage capacitor. As
the initial voltage of the storage capacitor increases toward 𝑉lim (nearly
70 V), the minimum train running times required decreases and then
stabilizes. For a 5 mF storage capacitor with an initial voltage of 70 V,
the train only needs to run four times to activate the SP-WHMS.

Furthermore, Fig. 24(b) shows the minimum train running times
required to activate the SP-WHMS under different number of D-M
PEHs electrically connected in parallel, where the initial voltages of
all storage capacitors are 70 V. When 4 D-M PEHs and a 5 mF storage
capacitor with an initial voltage of 70 V are used in the SP-WHMS, the
train only needs to run one time to activate the SP-WHMS.

Finally, it should be noted that the above conclusions were drawn
while ignoring the leakage of the storage capacitor. In practice, the
storage capacitors may leak due to incomplete insulation of the internal
medium, so in order to minimize leakage losses, the capacitor types
with low leakage current should be preferred for storage capacitors.

6. Conclusion

An IoT-based SP-WHMS for a long-term and long-distance health
monitoring of railway bridges is proposed and implemented in this
work, in which a displacement WSN is used to monitor the displace-
ment change of bridges. Moreover, the displacement WSN can also
be used to monitor other bridge data that directly reflects the bridge
health, such as crack width, slip and settlement. The whole-process of
the SP-WHMS is analyzed from four parts: energy conversion, energy
storage, energy management and application. A reported D-M PEH
is refabricated and used to convert the bridge vibration energy into
the electrical energy in the energy conversion process. In addition,
some improved designs for increasing the charging efficiency of the

SP-WHMS are also realized by comprehensively analyzing the effects
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of some key factors in energy storage process, such as the excitation
frequency, charging duration, capacitance of the storage capacitor,
initial voltage of the storage capacitor, and number of the D-M PEH.
Several major results and conclusions are summarized as follows.

(1) The effectiveness of the SP-WHMS used on railway bridges is
verified through a harmonic excitation experiment. In addition
to the LoRaWAN-based displacement WSN tested in this work,
the SP-WHMS is also useful for most of WSNs based on the low-
power Bluetooth or ZigBee protocols. When the WSNs with long
data transmission time or long activation time are used in the SP-
WHMS, at least two input voltage thresholds are required for the
energy management circuit so that the storage capacitor can con-
tinuously discharge between these two voltage thresholds and
provide continuous power to the WSNs during their activation
process.

(2) A high-precision iteration analysis procedure (IAP) is proposed
for predicting the charging process that a PEH interfaced with
the SEH circuit under non-harmonic excitation. A comparison
shows IAP’s prediction deviates less than 3% from the experi-
ment result and even less than 1% from the simulation result.
Many existing theories on the charging process are based on
the assumption of harmonic excitation and not applicable to the
practical case of non-harmonic excitation, whereas the IAP does
not have the limitation.

(3) Under harmonic acceleration excitations, the maximum average
charging power of the PEH interfaced with a SEH circuit cannot
exceed the average power limit (𝑃lim) of the PEH connected
to a pure resistor. Adjusting the short-circuit natural frequency
of the D-M PEH slightly lower than the excitation frequency
can effectively improve the charging efficiency. In additional,
increasing the initial voltage of the storage capacitor appropri-
ately before charging with the PEH can improve the charging
power and enhance the robustness of the storage energy to the
capacitance of the storage capacitor. For the fabricated D-M
PEH in this work, under a harmonic acceleration excitation with
the optimal frequency, when the initial voltage of the optimal
storage capacitor reaches the circuit voltage amplitude (𝑉lim)
corresponding to the average power limit (𝑃lim) of the D-M PEH
connected to a pure resistor, the average charging power is
maximum and up to 98.29% of 𝑃lim.

(4) Under harmonic acceleration excitations, the selection of suit-
able capacitance for the storage capacitor in a certain vibration
environment should take into account the charging duration.
The optimal capacitance of the storage capacitor to maximize the
charging efficiency increase linearly with the charging duration,
so when the optimal capacitance for a certain charging duration
is known, the optimal capacitance for different charging dura-
tions can be predicted. This rule same goes for the maximum
storage energy.

(5) Generally, the charging efficiency of the SP-WHMS is propor-
tional to the number of D-M PEHs connected in parallel. When
the energy stored in the storage capacitor is not sufficient to
activate the WSN after a train passes over the bridge, the times of
the train runs on the bridge can be reduced by installing multiple
D-M PEHs with the same resonance frequency in parallel on the
bridge.
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Appendix. The expression of 𝑹𝐨𝐩𝐭

𝑅opt =
1

𝜔0𝐶𝑝

√

√

√

√

√

(2𝜈𝜉𝑝)
2 + (1 − 𝜈2)2

(2𝜈𝜉𝑝)
2 + (1 − 𝜈2 + 𝜅2)2

(A.1)
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