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ABSTRACT Freight train positioning and axle safety monitoring are the key to railway traffic supervision,
which can be achieved by sensors based on Internet of Things (IoT) technology, and the energy harvest-
ing technology is the best solution to those sensors due to neither electrical power nor communication
system is available on railway wagons. This paper proposes a self-powered railway wagon monitoring
sensor (SpRWMS) solution based on the geophone, which has the characteristics of mature technology and
simple structure, and can convert mechanical vibration of wagons into electrical energy. Since the vibration
is so weak that the voltage induced by the geophone is very weak, hence, this paper proposes an electro-
magnetic generator (EMG) constructed by geophone matrix and an energy management interface (EMI)
to convert the induced potential into the voltage that can drive the circuit system of sensors. In this paper,
the implementation and performance of EMI will be focused on, and the energy harvesting system analysis
prior to developing prototypes and conducting field trail. The design principles and prototypes of EMG
and EMI are proposed based on the parameters of vibration profiles collected by a data logger, and the
performance of the SpRWMS prototype is evaluated on a trial run freight train. Experimental results show
that the proposed EMI can extract the energy generated by EMG more effectively and increase the voltage
across the storage capacitor from 2V to 3.3V, that is, our proposed EMI and EMG can convert the railway
wagon vibrational energy into the electrical energy form required by the circuitry of sensors.

INDEX TERMS Energy harvesting, Internet of Things, vibration.

I. INTRODUCTION
At present, more and more IoT-based sensors with different
functions are attached on the wagons of freight trains to
achieve position, axle temperature, axle crack monitoring,
etc. However, in all the carriages of traditional freight trains,
there is neither electricity nor communication systems [1].
Hence, batteries are used to supply electrical energy to these
sensors. In order to avoid frequent replacement of batteries
assembled in these sensors, energy harvesting techniques
based on solar cells and micro winds were proposed in [2]
and [3], respectively. However, neither of these techniques is
suitable for the harsh operating conditions of freight trains
due to the influence of rain, fog, dust, etc.
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In those monitoring scenarios such as wagon location
and security, mechanical vibration energy generated by the
interaction of train wheels and rails is the most promising
source in this case to power railway wagon monitoring sen-
sors (RWMSs) based on the Internet of Things [4]– [5].
Generally, there are two main mechanisms to convert the
mechanical vibration energy into the electrical energy: piezo-
electric [6]–[8] and electromagnetic principle [6], [9]. Never-
theless, it is not easy to extract energy from such a source due
to the vibration caused by the freight trains changes with time
in terms of frequency and amplitude [10]. Therefore, many
researches focus on improving the efficiency of power gen-
eration by improving material properties and manufacturing
processes.

A piezoelectric generator (PEG) which can generate
40.245µW/cm3 on a passenger train was designed in [11].
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According to the same principle, [12] has experimented
their proposed piezoelectric converter with different can-
tilever beam thicknesses and different piezoelectric material
dimensions on an operating commercial high-speed Korean
train with a speed greater than 300km/h, and found that the
converter can generate 19.64mW when 8 permanent mag-
nets were added as tip mass on the cantilever. Additionally,
literature [13] has utilized piezoelectric materials to design
a power generation device and provided power supply for
the axle temperature sensor to provide safety monitoring
for the carriages of freight trains. The results of those stud-
ies showed that the energy harvesting technology based on
the piezoelectric principle can obtain electric energy in the
range of mJ from the vibration of freight train cars, and
can provide sufficient energy supply for the RWMSs with
the appropriate power management module (PMM). These
studies have important guiding significance for the future
research of energy harvesting technology based on piezoelec-
tric principle.

However, it can be seen from the literature [11] to [13]
that the efficiency of energy harvesting devices is realized by
changing the characteristics of piezoelectric material, as well
as a large and complex mechanical support structure, which
is very difficult for the electronics engineers. Moreover,
due to the lack of uniform process standards, the reliability
and performance of those energy harvesting devices will be
severely affected [14]. Therefore, this type of energy harvest-
ing devices is not suitable for the RWMSs with reliability
requirements.

Vibration energy harvesting technology based on the elec-
tromagnetic principle has also attracted researchers’ atten-
tion over the past decade due to its high energy density.
An electromagnetic generator (EMG) mounted on the rail
was developed to obtain the vibrational energy excited by the
passing trains and to power sensors was proposed in [15].
Moreover, an electromagnetic generator was designed and
implemented in [1], which can generate electric energy with
maximum voltage of 1.7V peak-to-peak andmaximum power
of 10mW output. In addition, theoretical analysis of energy
harvesting techniques based on electromagnetic principles
was carried out in [10] and [6].

Generally, PEG can generate a high voltage with a low
current due to high resistance of piezoelectric materials [1].
In contrast, EMG can generate a large current with a low
voltage with smaller dimensions and simpler mechanical
structures [17]. Currently, most of the studies focus on the
design principle and power generation efficiency of EMG
and the research on the low voltage generated by EMG lead-
ing to unreliable startup of sensors’ circuit system is rarely
mentioned in those literatures. Although literature [16] pro-
posed an energy management scheme for PEG, it is difficult
to ensure that the energy generated by EMG can provide
stable energy guarantee for the sensor’s circuitry due to the
limited amplitude of the vibration generated by freight trains.
Moreover, there is a limited amount of work on the matching
between EMG output voltage with sensor energy demand,

FIGURE 1. (a) Wireless communication network topology. (b) Installation
diagram of SpRWMS. (c) The composition of SpRWMS. (d) System
architecture of SpRWMS. (e) Application layer network topology
architecture.

and the long-term stability of EMG to withstand the demand-
ing conditions of railway environment.

Therefore, the aim of this paper is to propose a SpRWMS
solution with high reliability and simple structure to meet
the monitoring requirements of railway freight cars in harsh
application environments. This paper focuses on the design
and implementation of the geophone-based EMG and EMI.
In this paper, the purpose of the proposed EMI is to over-
come the problem that the electromotive voltage induced
by geophone-based EMG is insufficient to drive the sensor
circuitry and improve the efficiency of energy conversion.

II. SYSTEM DESCRIPTION AND VIBRATION
CHARACTERISTICS ANALYSIS
A. SYSTEM STRUCTURE
The wireless sensor network topology on the freight train
and the block diagram of SpRWM are shown in Fig. 1. The
wireless access point is installed in the locomotive, used to
collect the monitoring results of freight cars which perceived
by the SpRWMS mounted on the carriages of freight trains,
such as wagon unique code, axle temperature, axle crack
detection results, etc., and then transmit this information to a
remote server through the public network such as the Internet.

As depicted in Fig 1d the SpRWMS consists of three main
components: EMG, PMM and processing module (PM). The
EMG constructed by geophones is the power source that
can provide the energy supply for the circuitry assembled in
SpRWMS, and the PMM is a circuit that converts the energy
generated by the EMG into the electrical energy form that
can drive the circuit system of the processing module. The
processing mode is the core component of SpRWMS, which
is responsible for monitoring data collection and processing,
wireless data interaction, etc. The design and implementation
of these three components will be analyzed in depth below.

Additionally since the geophone can also provide accu-
rate vibration signal source for the ACDA as same as
MEMS accelerometer to realize railway axle fatigue crack
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FIGURE 2. Vibration profile measured in a freight train with a velocity
of 80 km/h. (a) Example of measured acceleration profile for 30 seconds
of travel. (b) The velocity of travel in the vertical direction with respect to
the acceleration profile. (c) Fourier transforms performed on the example
of vibration profile.

monitoring without any energy consumption [18], this paper
also reserves the data acquisition hardware interface for
ACDA as shown in Fig 1d Due to space limitations, this
paper only focuses on the design and implementation of
the geophone-based energy harvesting mechanism, which
ensures that the collected energy can guarantee daily energy
demand of the circuit system of SpRWMS and improve the
energy utilization efficiency as high as possible. Therefore,
wagon vibration characteristics and EMG principle are ana-
lyzed in detail in order to select the suitable geophone.

B. RAILWAYS VIBRATION CHARACTERISTICS
The EMG in the paper is a device that can convert themechan-
ical vibration energy of freight cars into the electrical energy
from required by the autonomous sensors. In order to analyze
the feasibility of our proposed EMG, a data logger consist-
ing of a MCU STM32L053 (ST Semiconductors, Geneva,
Switzerland) and aMEMS accelerometer ADXL335 (Analog
Devices, Massachusetts, USA) was designed and installed on
a carriage of a freight train to record the vibration profiles In
the installed data logger, the X-axis of the accelerometer is the
direction of travel, the Y-axis is orthogonal to the direction of
travel in the horizontal direction, and the Z-axis is the vertical
direction.

During the data recording phase, the MCU collects the
vibration signals at a sampling rate of 200 Hz and saves them
as a contour. Hence, the vibration signals with the frequency
of up to 100 Hz can be recorded according to Shannon’s law.

Since the geophone is only sensitive in the vertical direc-
tion, this paper only focus on the vibration signals along
the Z-axis and an example of measured acceleration pro-
files for a 30 second train of travel is shown in Fig. 2 As
shown in Fig. 2 the maximum vibration signal of the mea-
sured freight train is in the range of 1g. Therefore, the mov-
ing speed in the vertical direction of the freight car is in
the range of 0.05m/s based on the measured acceleration
profiles according to Newton’s law Moreover, the largest

FIGURE 3. (a) Internal structure of the moving-coil geophone. (b) Working
principle of the moving-coil geophone. (c) Mechanical model.
(d) Equivalent circuit model.

vibration responses were found to occur in low frequency
band (3–5 Hz), with smaller peaks at 12, 18 and 25 Hz, and
the average measured acceleration is about 0.353g and the
maximum speed in the vertical direction is about 0.042m/s.
Since these data feature of the vibration are very important for
the selection of geophones, the following section will deeply
analyze the working principle of geophones and provide
guidance for the construction of the by combining with above
parameters.

C. CONSTRUCTION AND WORKING PRINCIPLE OF
GEOPHONE
Generally, the moving-coil geophone is equipped with a
spring-mounted mass which moves within a wire coil and a
magnet. The electric energy generated by the EMG is con-
verted from the mechanical energy of the relative movement
of magnet and coil assembled in the geophone according
to Faraday’s law of electromagnetic induction, as shown
in Fig. 3

The governing dynamic model of the moving-coil geo-
phone can be simplified into a degree-of-freedom model
system consisting of mass, spring and damping, as shown
in Fig. 3b and Fig. 3c Among them, z is the ground displace-
ment, y is the mass’s displacement relative to the ground, x is
the relative displacement distance between the magnet and
the coil, and the relationship between them is y = z+ x.
Hence, according to Faraday’s law, the relative oscillating

motion will cause a change in the magnetic flux inside the
coil, and the potential induced in the coil can be expressed
as:

e = n
dϕ
dt
= n

dϕ
dx
·
dx
dt
= s ·

dx
dt

. (1)

where e is the induced voltage and dφ is the magnetic fluxn
is the number of turns in the coil According to Eq. (1),
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the magnitude of the induced voltage is proportional to the
displacement velocity of the coil relative to the moving mass.
Additionally, the Lorentz force FL generated by induced
current can be express as:

FL = −n
dφ
dx
· i = −s ·

e
Rc + RL

= −
s2

R
·
dx
dt
. (2)

where i is the induced current, Rc is coil resistance and RL is
load resistance. According to Newton’s second law, there are:

Fk + FL + FT = −k · x −
s2

R
·
dx
dt
+ µ

dx
dt

= M ·
d2y
dt2
= M ·

(
d2z
dt2
+
d2x
dt2

)
. (3)

where k is the spring stiffness coefficient and Fk is spring
force, M is the mass of body inertia, µ is electromagnetic
damping coefficient and FT is the electromagnetic damping
force. According to Eq. (3), it can be derived:

d2x
dt2
+

1
M
·

(
µ+

s2

R

)
·
dx
dt
+

k
M
x = −

d2z
dt2

.

⇒
d2x
dt2
+ 2h

dx
dt
+ ω2

0x = −
d2z
dt2

. (4)

where h = (µ + s2/R)/2M is the damping coefficient,
ω0 =

√
K/M is the natural frequency. According to Eq. (1),

the voltage across the load resistor is:

V =
e

Rc + RL
· RL =

e
R
· RL = s ·

RL
R
·
dx
dt
= G0 ·

dx
dt
. (5)

Hence, substituting the derivative of V with Eq. (3),
the rearrangement equation is:

d2V
dt2
+ 2h

dV
dt
+ ω2

0V = −G0
d3z
dt3

.

⇒
d2V
dt2
+ 2Dω0

dV
dt
+ ω2

0V = −G0
d2Z

′

dt2
,

(Z
′

=
dz
dt
,D = h/ω0) (6)

Since the average speed of freight trains is between
80-120Km/h, the electromagnetic damping of geophones
installed on the running freight cars is greater than zero
according to the analysis results in Chapter 2B Therefore,
the transfer function can be obtain by performing the Fourier
transform on the Eq. (6) when train is in motion:

H (ω) = |H (jω)| = |
V (jω)
Z /(jω)

|

= | −
G0(

1−
ω2
0
ω2

)
− j2Dω0

ω

|

=
G0√(

1−
ω2
0
ω2

)2

+ 4D2 ·
ω2
0
ω2

. (7)

According to Eq. (7), the amplitude-frequency response of
geophones can be shown in Fig. 4.

FIGURE 4. Amplitude-frequency response curves of the moving-coil
geophone with different damping coefficients.

FIGURE 5. Schematic of the customize SpRWMS consisting of the EMI,
rectifier and charge pump.

As depicted in Fig. 4 the amplitude-frequency response of
geophones is high-pass and the cut-off frequency gradually
decreases as the damping coefficient increases. According
to the above analysis, since the vibration energy of freight
cars is mainly distributed between 3-30 Hz, it is necessary to
select a geophone with lower natural frequency and smaller
damping coefficient to build the EMG to convert the vibration
energy into electrical energy as much as possible. Further-
more, in order to improve the practical value of the EMG
proposed in this paper, the geophone should have a high cost
performance. Therefore, this paper finally chose the lowest
price geophone PS-14X (Sunfull, Weihai, China) [19] that
can be purchased on the market to build an EMG, and the
price of the geophone is about $ 5. Additionally, the natural
frequency sensitivity and damping coefficient of the selected
geophone are 14Hz 28V/(m/s) and 0.22, respectively Hence,
according to the data feature of train vibration analyzed in
section 2B, the maximum output open-circuit voltage emax of
the geophone can reach 1.176V.

III. DESIGN AND IMPLEMENTATION
A. CIRCUIT SYSTEM DESIGN
The implementation of the circuit system of SpRWMS is
shown in Fig 5. As shown in Fig 5, the circuit system
of the SpRWMS consists of the following circuit units:
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microcontroller, wireless transceiver temperature sensor full-
bridge rectifier, single pole double throw (SPDT) analog
switch, charge pump, and storage capacitor.

The microcontroller used in the customized SpRWMS is
STM32L053 with a minimum startup voltage of 1.8V, which
is used for EMI management, temperature data acquisition,
wireless data interaction, and execution of ACDA. The wire-
less transceiver used is SX1278 (Semtech Corporation, Cal-
ifornia, USA) with a supply voltage range of 1.8-3.6V, and
the temperature sensor is MCP9700 (Microchip Technology,
Inc., Arizona, USA) with a minimum startup voltage of 2.3V.
Therefore, the customized SpRWMSs can only be started up
if the output voltage of the EMI is greater than 2.3V.

From Fig. 5, there are two energy storage capacitors in the
SpRWMS, which are the first stage storage capacitor Cf and
the energy storage capacitor CS The function of capacitor Cf
is to smooth the voltage output from the rectifier and provide
continuous energy for the charge pump. The capacitor CS is
used to provide energy supply to the backend circuit system,
such as temperature sensor and wireless transceiver, which
are powered by Cs and controlled by MCU via the PMOS
transistors. Meanwhile, we introduce a power path manage-
ment circuit composed of two diodes and CR1220 coin cell
battery in SpRWMS to ensure the stability and reliability of
the circuit system when the energy stored in CS cannot power
the MCU to perform tasks and execute specific applications.
Generally, the MCU is powered by CR1220 when the voltage
across CS is less than that of CR1220, and vice versa. Since
the MCU spends most of its life cycle in the sleep mode,
the average energy consumption can be as low as 5µA,
thus the CR1220 as a supplementary energy source is enough
for the energy required for the MCU to complete daily work
when there is not enough energy stored in the capacitor CS .
Moreover, according to the analysis in section 2C the

open-circuit voltage output from the geophone is only about
1V which cannot provide enough voltage to drive the cir-
cuit system of the autonomous sensor with minimum start-
up voltage of 2.3V to operate reliably. Hence, a charge
pump TPS60310 (Texas Instruments, Texas, USA) has been
introduced into the circuit system of SpRWMS, which
has high power conversion efficiency in the voltage range
of 0.8V-1.8V. Moreover the TPS60310 can generate an out-
put voltage of 3.3V when the input voltage meets certain
conditions.

Nevertheless, since the capacitor has a certain capacitive
reactance in regard to the frequency of the signal passing
through it, according to Ohm’s law, the voltage across the Cf
is much smaller than the open circuit voltage generated by
the geophone. Therefore, in order to improve the availability
of self-powered systems, an EMG constructed by geophone
matrix is proposed in this paper.

B. EMG DESIGN
Theoretically the rectified Root Mean Square (RMS) voltage
across the capacitor Cf is emax

/√
2 = 0.83V. However in

FIGURE 6. The composition principle of EMG and its equivalent circuit
system.

reality, during each half cycle the current flows through two
diodes so the amplitude of the output voltage is two voltage
drops less than the input emax amplitude due to the forward
voltage VF of diodes which may cause the charge pump to
fail to start up reliably Moreover, since the geophone’s coil
resistance is as high as 395�, which results in its limited load
carrying capacity. Therefore, EMG in the form of a matrix
composed of multiple geophones is proposed in this paper,
increase the open output circuit voltage of the EMG in series,
and reduce the internal resistance of the EMG in parallel to
improve the load capacity as shown in Fig. 6.

After making a compromise between cost and perfor-
mance, the proposed EMG was eventually built with 16 geo-
phones in this paper. That is, the P value is 4 and the Q value
is 4 in Fig. 6. According to Ohm’s law, the internal resistance
R′C and EMG open circuit voltage VEMG can be obtained:{

VEMG = Q · e,
R′C = QRC //QRC //QRC //QRC .

(8)

According to Eq. (8) and the previous analysis, the max-
imum open circuit voltage of VEMG can reach 3.2V, and the
resistance of R′C is about 395�.

C. EMI DESIGN
According to the data sheet of the charge pump TPS6031,
the conversion efficiency increases as the input voltage
increases. In other words, the lower the input voltage,
the greater the energy loss. Since the voltage output from the
EMG is related to the amplitude and frequency of the vibra-
tion of freight trains, the output voltage of the EMG is very
low when the freight trains are slow, and may even be close
to the start-up threshold voltage of the charge pump. Never-
theless, the worst thing is that although the TPS60310 cannot
be started when input voltage is below its start-up threshold
voltage, the built-in and connected sub-circuits still draw
energy from the first stage storage capacitor Cf , which ulti-
mately fails to start the charge pump, and then in turn causes
unnecessary energy loss.
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FIGURE 7. An illustration of the voltages across Cf and Cs.

Therefore, this paper includes an EMI circuit composed
of low-power SPDT analog switch RS2257 (RUNIC Tech-
nology, Wuxi, China) with 0.6� on-state resistance to solve
the problem of energy loss caused by the above-mentioned
situation as shown in Fig. 5. In our proposed SpRWMS proto-
type, the normally-open (NO) terminal and common (COM)
terminal of the SPDT are connected to the capacitor Cf and
the charge pump, respectively. A GPIO of the microcontroller
is connected to the digital control (IN) pin of the SPDT, and
the connectivity between the capacitor Cf and the charge
pump is controlled by the microcontroller.

The design principle of the proposed EMI circuit is that
when the voltage across the first stage storage capacitor Cf is
greater than a specific voltage threshold VEMI_ON , the voltage
level of IN terminal of the SPDT will be set to a logic-
1 state byMCU,which causes the impedance between theNO
terminal and COM terminal of SPDT to tend to 0.6� hence,
the charge pump is activated to boost the voltage acrossCf up
to 3.3V and charge the energy storage capacitor Cs Similarly,
when the voltage across capacitor Cf is less than VEMI_OFF ,
the connectivity between NO terminal and COM terminal of
SPDT will be turned off by MCU, that is, the impedance
between capacitor Cf and charge pump is infinite, and the
charge pump will stop working. The relationship between the
voltage across Cf and Cs is shown in Fig. 7.

D. THRESHOLD AND STORAGE CAPACITOR SELECTION
According to the data sheet of charge pump, the maximum
voltage Vcs_max across Cs capacitor is approximately equal
to 3.3V when the input voltage meets certain requirement.
The minimum voltage Vcs_min is the lowest voltage threshold
that can start the circuitry and the value is 2.3V in this paper,
in order to provide an extra margin to the energy availability
for the MCU to perform any task successfully before VCS
drops below Vcs_min, the capacitance of the capacitorCS must
satisfy:

1
2
CsV 2

cs_max −
1
2
CsV 2

cs_min ≥ Erequired . (9)

where Erequired is the overall energy required for the
SpRWMS in a day, and it can be expressed as:

Erequired = Esleep + EADC + ESensor + ERF_TX . (10)

FIGURE 8. (a) Schematic of modified hardware system. (b) Schematic
diagram of the measurement scenario consisting of a multimeter and an
oscilloscope. (c) Actual measurement scenario.

FIGURE 9. The embedded program implementation flow chart of the
proposed SpRWMS prototype.

where Esleep and EADC are the energy consumption when
the MCU is in sleep mode and its built-in ADC is in the
sampling mode, respectively. ESensor is the quiescent energy
consumption of the temperature sensor, and ERF_TX is the
energy consumption of the wireless transceiver to transmit
32 data when the transmit power is 10dBm and data rate is
300kbps. According to Joule’s law, the above four energy
consumption can be evaluated:

E(tn) =
n∑

k=1

V (tk )I (tk )1t. (11)

where V (tk )I (tk ) and 1t are the voltage, current and activa-
tion duration of each task execution.

In order to get the total required energy Erequired of the
SpRWMS in a day, we need to build an actual measure-
ment scenario to measure the individual energy consumption
of each circuit unit as shown in Fig. 8b Firstly, the EMI,
full-bridge rectifier, storage capacitors, and coin battery were
removed from SpRWMS circuit as shown in Fig. 8a. Then,
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a UNI-T UT61E digital Multi-Meter was used to measure
the quiescent current of temperature sensor and the sleep
current of the microcontroller which change more slowly
An oscilloscope was used to measure the activation duration
and the voltage dropped across a shunt resistance due to the
operating current of wireless transceiver with the transient
characteristic Finally, the current consumed by each circuit
unit can be inferred based on Ohm’s Law (I = V/R) and the
above measurement parameters.

Using above method, EADC , ESensor and ERF_TX have been
found to be 13.2µJ, 21.3µJ and 1.386mJ respectively in the
studied case. Since the sleep current is as low as 1µA, for the
convenience of calculation, Esleep is abandoned in this paper.

Additionally, in the customized SpRWMS, the ADC inte-
grated in the MCU monitors VCSVCf , and the output voltage
of the temperature sensor at a frequency of 5 seconds and the
wireless transceiver sends data at 24-hour intervals or when
an temperature over-threshold alarm signal is detected that is,
the energy in the storage capacitorCS must support the energy
required for two consecutive wireless packet transmissions
and temperature sensor data acquisition. Hence, according
to Eq. (9) and Eq. (10), the capacitance of Cs is at least
greater than 590µF Finally two 470µF tantalum capacitors
were selected as storage capacitors to customize SpRWMS
to ensure its stability.

Additionally, since VCf determines the energy conversion
efficiency of the charge pump, the performance of PMM
will affected by the choice of the capacitor Cf In this paper,
a tantalum capacitor is also used as the first-stage energy
storage capacitor due to its equivalent series resistance (ESR)
is as low as 0.06�. Hence, the maximum voltage Vcf _max is
related to the amplitude-frequency response of VEMG and the
capacitance of Cf , there is:

Vcf _max = |VEMG| ·
RL

R+ RL
= |VEMG| ·

1
/
2π fC

R+ 1
/
2π fC

. (12)

where f and C are the main frequency components of VEMG
and the capacitance ofCf , respectively. In this paper, the volt-
age thresholdVcf _max is set to 1.1V, hence, according to previ-
ous analysis, the capacitance selection range of the capacitor
Cf is between 1µF and 33µF, and a tantalum capacitor with
33µF is finally selected as the first-stage energy storage
capacitor.

E. ALGORITHM IMPLEMENTATION
This section will focus on the implementation of the strategy
algorithms embedded in the MCU, and the implementation
flow chart is shown in Fig. 9 In the proposed algorithm,
the ADC in the MCU reads voltage VCf in the interrupt
callback function which triggered by the Low Power Timer
(LPTIM) assembled in MCU periodically, and uses the EMI
program to judgewhether there is enough energy in the capac-
itor Cf for the charge pump to carry out energy conversion,
that is, VCf is larger than VEMI_ON . Generally, if VCf is
greater than VEMI_ON , the SPDT analog switch will be turned
on by EMI program, and when VCf is less than VEMI_OFF ,

FIGURE 10. The proposed SpRWMS prototype consisting of the geophone
matrix (EMG), PMM, processing module, and metal shell.

theMCUwill turn off SPDT analog switch Hence, only when
VCf satisfies VEMI_OFF < VCf < VEMI_ON , the energy in
capacitor Cf can be transferred to the capacitor CS .
Additionally, theMCU also monitors VCS to judge whether

the energy in the capacitor CS provides enough energy for
the wireless transceiver and temperature sensor to perform
their respective tasks successfully Moreover, since the data
features of sensor output reflected by the monitoring object
such as axle fatigue crack and axle temperature are effective
only when the train is in motion, hence, this paper deter-
mines whether to perform the perception and transmission
task by monitoring the signal characteristics of VCf as shown
in Fig. 5.

IV. EXPERIMENTAL RESULTS AND DISCUSSIONS
A. SPRWMS PROTOTYPE
In order to understand the benefits of our proposed SpRWMS
solution for application scenarios such as freight train car-
riage monitoring scenarios, a SpRWMS prototype with EMG
and EMI was customized experimentally as shown in Fig.10.

As can be seen from Fig. 10, the SpRWMS prototype,
consisting of the energy harvester, storage capacitor, SPDT
charge pump, wireless transceiver, micro-controller and tem-
perature sensor, was integrated into a rugged enclosure and
mounted to the suspension on the wagon of a freight train as
shown in Fig. 1.

B. EXPERIMENTAL SETUP
In order to understand the advantages of the EMI approaches
for the SpRWMS prototype, characterizations and com-
parisons of 2 different scenarios have been performed in
the evaluation phase. In scenario 1, the EMI block of the
customized SpRWMS prototype is removed, which means
that the SPDT analog switch is permanently turned on.
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FIGURE 11. Actual test run route for prototype field trail.

FIGURE 12. (a) The relationship between VCf and VCS without EMI.
(b) Enlarged view of the changes of VCf and VCS during startup.
(c) Enlarged view of the voltages across capacitor Cf .

In scenario 2, the MCU periodically monitors the voltage
across Cf at intervals of one second and controls the logic
level on the IN terminal of the SPDT according to flowchart
as shown in Fig. 9.

In order to compare the performance of the energy har-
vesting approach proposed in this paper under the above two
conditions the relevant experimental results were obtained by
means of a freight train test run on the rails from GuangZhou
(0 km) to Yingde (128 km) with stopping at Yuantan (69 km)
in China as shown in Fig. 11.

Meanwhile, a NI9234 data acquisition module (National
Instruments, Texas, USA) is used to read the voltages
across the capacitors Cf and CS in the experiment, and
the monitoring results are recorded in the computer hard
disk drive. Moreover, to make fair comparisons between
scenarios 1 and 2, the active and sleeping duration of sce-
nario 2 is configured to be the same as scenario 1 and the
temperature sensor and wireless transceiver are also placed
in permanent sleep state in both verification scenarios.

C. EMI PERFORMANCE EVALUATION
As can be seen from Fig. 12, in the evaluation scenario
1 without EMI, the charge pump can transfer and boost the
energy stored in the first stage storage capacitor Cf to CS

FIGURE 13. (a) The relationship between VCf and VCS of the proposed
SpRWMS prototype with EMI. (b) Enlarged view of the changes of VCf and
VCS during startup. (c) The cut-off voltage value of VCf and VCS .

at any time, and the reliable start-up voltage charge pump
is around 0.7V. Additionally, according to the data sheet of
the charge pump chip, the input voltage near the start-up
voltage threshold will cause the built-in switching circuit to
continuously ping-pong switch, which leads to a large energy
loss.

Moreover, the energy conversion efficiency tends to
increasewith the increase of the input voltage according to the
data sheet, that is, the higher the input voltage, the smaller the
energy loss in the process of transferring energy from Cf to
CS . Therefore, the loss of energy due to conversion efficiency
and frequent switching operations causes the charge pump
output to fail to reach the nominally achievable voltage. From
Fig. 12, the experiment results have shown that the voltage
VCS cannot continue to rise when it is up to 2V. According
to previous analysis, it can be found that this voltage cannot
drive all the electronic components in the SpRWMS and can
maintain their operation reliably.

The experimental results of evaluation scenario 2 with
EMI are shown in Fig. 13 From Fig. 13, as the speed of the
freight train increases, so does the amplitude of the vibration,
which in turn causes the EMG to generate much more electric
energy. As can be seen from Fig. 13, the SpRWMS prototype
has better performance when the vehicle speed is greater
than 50km/h Generally, the average speed of freight trains
is mostly between 80-140km/h in China, so the proposed
SpRWMS solution has a strong practical significance.

As shown in Fig. 12 and Fig. 13, the obvious difference
between verification scenarios 1 and 2 is the cutoff voltage
across capacitor CS and energy transfer mode. The cutoff
voltage VCS in the scenario 2 can reach the nominal out-
put voltage of charge pump with the value of 3.3V, while
that of evaluation scenario is only 2V. Therefore, the EMI
mechanism proposed in this paper can meet the energy form
required by SpRWMS circuits and provide reliable energy
supply guarantee for SPRWMS.
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Additionally, from the comparison of Fig. 12 and Fig. 13,
the SpRWMS prototype without EMI takes less time to
charge the capacitor CS to 2V than that of the prototype with
EMI. The main reason may be that after the introduction
of EMI, frequent switching of the analog switch leads to
energy loss. But in general, the energy generated by EMG
can be effectively converted into the energy specifications
required by SpRWMS circuitry through the EMI introduced
in this paper. Therefore, the method proposed in this paper
can provide guiding significance for the realization of the
monitoring sensor for freight trains.

V. CONCLUSION
Since the wagons of freight trains have no power supply
and the operating environment is very harsh for electronic
equipment, this paper proposes a self-powered railwaywagon
monitoring sensor solution with high reliability and simple
structure, which uses the geophone to design and implement
the EMG, and develop corresponding energy management
circuit and embedded strategy algorithms to convert as much
as possible of the electric energy generated by the geophones
into storage capacitors that can support the reliable operation
of IoT-based autonomous monitoring sensors Finally, field
experiments on a trail run freight train prove that the solution
proposed in this paper has high use value.

However, the proposed energy harvesting approach still
has some shortcomings and needs to be improved in the future
Firstly, the proposed approach has only been tested in middle
of the upper side beam of the wagon, which may not be the
optimal place, thus, future work will evaluate the efficiency
of the proposed approach in other places in order to obtain
the most reasonable installation location. Secondly, this paper
does not make a reasonable explanation for the selection
of the voltage thresholds VEMI_ON and VEMI_OFF , so the
selection of these parameters will be studied and optimized in
the future. Similarly, system integration and reliability issues
cannot be ignored because the sensors on the freight cars must
be subjected to very harsh environmental conditions over long
periods.
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