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Abstract. To maintain desirable service quality and operational safety, a wireless 

monitoring unit integrated with the vibration energy harvesting technology becomes 

an available choice to achieve self-powered, maintenance-free, and real-time 

monitoring of the train. However, owing to the bulky size and split design, to collect 

the mechanical energy from the bogie frame movement is still a considerable challenge 

for conventional harvesters. Here, we proposed a compact all-in-one on-rotor 

electromagnetic energy harvester. The key novelty is that a counterweight acts as the 

friction pendulum to produce the desired relative motion between the coils and magnet 

and make the device more easily install on the wheelset. Besides, the layout of the 

magnetic materials and coils is optimized to improve the conversion efficiency. The 
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output performance under broad train speeds of 420 - 820 rpm is systematically studied 

to verify the improvements of the power density (up to 1982 W m-3), and the converted 

electricity successfully powers the daily electric appliance and the commercial wireless 

Bluetooth sensors. Additionally, the harvester serves as a speed sensor to detect the 

motion state of the vehicle. This work makes significant progress towards potential 

applications in the embedded self-powered wireless condition monitoring units. 

Keywords: Energy harvester, Self-powered, Wireless condition monitoring, Bogie 

frames  
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1. Introduction 

With the expansion of the high-speed railway networks, the interaction between 

wheel and track becomes more serious [1]. For example, the large amplitude vibration 

of bogie frames significantly increases the risk of rail wear and train derailment, which 

threatens the running stability, riding quality and safety of the vehicle system [2]. 

Therefore, the state health monitoring of the key equipment on vehicle is very necessary 

[3]. As compared with the workshop inspection determined by the mileage or in-service 

time [4], real-time operational monitoring dependent on sensors to collect the operating 

data has its advantages in abnormal failure, progressive fatigue detection, and all-

weather service [5]. Although incumbent monitoring technologies, such as axle 

temperature surveillance [6] and wheelset bearing fault diagnosis [7], have been 

installed on static components of the bogie frames, they have relatively limited 

monitoring capabilities for real-time decision-making of derailment [8]. To address this 

issue, researchers introduce sensors mounted on the wheelset and integrated with a real-

time feedback condition to construct a derailment condition monitoring system [9]. 

Traditional condition monitoring requires wires to transfer data and replenish energy, 

which leads to a high cost, messy arrangements, and poor scalability. Besides, the wires 

are vulnerable to break or functional degeneration due to exposure, and what’s more, 

the wiring cannot be used as embedded sensors. Wireless monitoring network 

represents a significant improvement over the wired sensor network with the 

elimination of communication cables, which is more suitable for mechanical 

monitoring than wired acquisition [10]. Generally, wireless condition monitoring often 
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uses batteries as their energy sources. However, batteries may not be able to sustain the 

operation of the sensors for a long period and recharging or replacement of them needs 

additional works. For example, the batteries in an accelerometer monitoring a train 

pantograph only lasted 20 days [11]. Energy supply is one of the major bottlenecks for 

the wireless monitoring network. 

A wireless intelligent monitoring network integrated with energy harvesting 

technology, so-called self-powered sensors, can be a promising technique for a cost-

effective monitoring system [12]. Here the harvesters scavenge wasted mechanical 

energy and provide reliable, safe, and maintainable green energy for the low-powered 

sensors [13], to realize long-term, maintenance-free, and real-time condition 

monitoring [14]. Among various harvesting mechanisms, such as electromagnetic 

[15,16], piezoelectric [17, 18], triboelectric [19, 20], and electrostatic [21, 22] 

transduction, the electromagnetic technique based on Faraday's law has its unique 

merits of low cost, easy maintenance, and long-lasting durability, which is very suitable 

for the engineering field and large-scale applications [23,24]. Nowadays, 

electromagnetic energy harvesters applied to sensors anchored on the rotational part are 

mainly categorized into two methods: gravity-based and rotor-stator-based [25]. 

The gravity-based method uses the gravity of the inertia mass to produce relative 

motion between the coils and magnets and generate current in coils [26]. Wang et al. 

[27] proposed a maglev harvester in which a movable magnet acted as the inertia mass 

and copper coils were fixed on the cylinder wall. Variation in relative position of 
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magnets, together with asymmetric forcing caused by gravity, obtained a maglev 

harvester with multiple resonant zones [28]. Saravia et al. [29] increased the poles of 

the magnets and coils to improve the power performance based on the maglev harvester. 

Despite successful proof of concept, they have several drawbacks such as large 

centrifugal acceleration at the train speed and collision, friction, and noise interference 

signals produced by the levitating magnet. To address this dilemma, the cantilever beam 

harvesters, where the centrifugal force is contributed to tension or pressure on the beam, 

have emerged as a promising structure [30]. Rui et al. [31] proposed a cantilever beam 

harvester to power low-consumption sensors in intelligent vehicle wheels. Kim et al. 

[32] expanded applied realms of the cantilever harvester to the modulated noise 

conversion. Zou et al. [33] adopted the cantilever beam and a coupled magnetic force 

to further improve the output. The above-mentioned harvesters solve the problem 

caused by levitating mass in a positive way but have their challenges, such as weak 

practicality due to bulky size. 

The rotor-stator-based method employs the rotor-stator mechanism to produce 

relative motion between the coils and magnets [34]. Liu et al. [35] provided a non-

resonant rotational harvester where the magnetic stator and rotor formed a higher 

movement pair, and the coils provided a maximum power of 10.4 mW. Zhang et al. [36] 

introduced a circular Halbach electromagnetic energy harvester, which generated a 

voltage of 2.79 - 4.59 V and average power of 50.8 - 131.1 mW at the speed of 600 - 

1000 rpm. Compared with the gravity-based harvesters, the scheme of using the rotor-
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stator structure has the potential to obtain higher energy [25]. Nevertheless, the need to 

anchor the stator to a non-moving structure is difficult to achieve in many situations, 

especially for embedded application scenarios [37].  

Although aforementioned harvesters could scavenge the energy of rotary motion 

via gravity-based and rotor-stator-based approaches, many harvesters require additional 

device to be installed on the wheelset, increasing the mounting dimensions and 

manufacturing costs; the bulky size reduces the power density of the harvesters. Besides, 

most previous harvesters mainly focus on the output power, and rarely consider the real 

performance of energy harvester. Therefore, we propose an all-in-one on-rotor 

electromagnetic energy harvester (OREMEH) to power wireless sensors. The 

contributions of the OREMEH are as follows: (a) A gravity-based counterweight acting 

as the friction pendulum is utilized to generate a ‘free-stator’ and produce relative 

motion between the coils and magnet; without any stator part, the device is easier to be 

employed on the wheelset. (b) The output performance in a broad train speed range is 

systematically studied and optimized; the experiments indicate that the DC voltage is 

1.632V - 5 V at 420 - 820 rpm and the power density can reach 1982 W m-3. (c) As the 

applications, the OREMEH has the capacity of powering the daily electric appliance, 

the commercial wireless Bluetooth sensor, and detecting the motion state of the vehicle 

that provides an integrated solution for the embedded wireless condition monitoring 

networks.  

In this paper, Section 2 introduces the detailed design and working principle of the 
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OREMEH and Section 3 focuses on the analysis of the device. Section 4 includes the 

experiment setup, results under simulated wheelset, application evaluations as well as 

performance comparison with recently reported harvesters. Section 5 provides the 

concluding remarks. 

2. Design and operating principle 

Here, the coils with gravity-based counterweight as the ‘free-stator’ and the 

magnet as rotor, an all-in-one on-rotor electromagnetic energy harvester (OREMEH) 

with 32 mm diameter and 15 mm height was designed and fabricated, and the schematic 

diagram and digital picture are illustrated in Fig. 1(a). Relying on the advantages of 

easy fabrication, compact design, and symmetry structure, this OREMEH can be widely 

used in the bogies’ condition monitoring, as depicted in Fig. 1(d). 

The operating principle of OREMEH is as follows: (1) when rotor magnet is 

subjected to a rotational part, the static friction torque between the steel bearing and 

shaft causes the ‘free-stator’ coils to rotate synchronously; (2) with the increase of the 

co-rotating amplitude, the gravity torque of the counterweight makes the coil to 

oscillate slightly; (3) the rotor magnet and ‘free-stator’ coils appear relative motion to 

produce current in coils. Fig. 1(c) shows a schematic of the power generation in three 

states. Given that the magnet is arranged in a circular array, to facilitate the comparison 

of the harvester’s status, a group of the coil was selected as the representative to produce 

rotational motion. Initially, as the downward magnetic flux gradually increases, the coil 

generates a current according to Lenz’s law (stage i). After that, the coil is in the center 

of the magnet at the stage ii where the magnetic flux reaches its maximum, causing the 
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current to vanish. Finally, when the coil moves to the stage iii where the downward 

magnetic flux gradually decreases, leading to an opposite current. In addition, the 

OREMEH with inductance L and internal resistance R as the equivalent power is shown 

in Fig. 1(b), wherein the k and c are the stiffness and damping, respectively [38]. 

 

Fig. 1. Design of the OREMEH. (a) Exploded view and digital picture. (b) Equivalent 

rotating electromechanical coupling system. (c) Power generation progress of the 

OREMEH. (d) The OREMEH can be embedded in the train to harvest wheelset energy. 

3. Theoretical model and analysis 

3.1. Friction pendulum modeling 

The ‘free-stator’ coils and gravity-based counterweight establish the friction 

pendulum, and the simplified dynamic model is demonstrated in Fig. 2. 
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Fig. 2. The simplified dynamic model of the friction pendulum. 

The pendulum rotates with the magnet until the static friction torque is balanced by 

gravity torque 

c 0 fsinm gl m gr   (1) 

where mc, mf, l, θ, μ0, and r are the mass of the counterweight, mass of the friction 

pendulum, the center distance between the counterweight and shaft, co-rotating angle, 

the static friction coefficient of the shaft and bearing, and radius of the shaft, 

respectively. The experiments indicated that the co-rotating angle is less than 5°, so 

sin θ ≈ θ and θ=μ0mfr/mcl. Because the coefficient of sliding friction μ1 is less than μ0, 

the pendulum starts to oscillate, which can be described as 

2 2 2 2 2

0 c m c c 1 f csin c m l T m l cΩ m l m gr m l          (2) 

where φ is the pendulum angular, Ω is the shaft speed, 
0 g l is the pendulum 

natural frequency, and Tm is the magnetic torque. The general solution is 

0 m 1 f csin( ) ( - )a t T cΩ m gr m gl        (3) 

with the initial conditions, we can derive 

0 1 m 1 f c 0 f c

0 0 1

sin( ) ( )

cos( )

a t T m gr cΩ m gl m r m l

a t Ω
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where t1=μ0mfr/Ωmcl. So the motion equation can be expressed as 

0 1 sin( )Δ     (4) 

where 0 m 1 f c 1 0 0 0 1) , cos , ,T m gr cΩ m gl Ω Δ t t             

0 0 1 f m carctan( (( ) ) )m gr cΩ T Ωm gl       . 

 
 

Fig. 3. Movement characteristic of the friction pendulum. (a) Rotating vector diagram. 

(b) Time-displacement curve. 

In Fig. 3(a), the fan-shaped region GOB elucidates that the friction pendulum 

moves with the rotor magnet. The two lines OB and OG indicate the gravity torque 

equals the static friction torque, that is to say, when the time is not within the sector 

GOB, the pendulum oscillates slightly. Therefore, the analysis focuses on the interval 

from β to 2π-β, and the friction pendulum performs harmonic motion when the shaft 

speed is below the critical rotary speed as shown in Fig. 3(b). 

3.2. Critical rotary speed 

Increasing the speed of the rotor magnet results in different motions of the friction 

pendulum. The friction pendulum swings slightly with the small speed, as explained in 

section 3.1. With the increase of the rotational speed, the swing angle of the friction 

pendulum gradually augments until it reaches π/2, and the corresponding speed is the 
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critical rotary speed. The energy accumulation eventually induces the pendulum to flip 

over π and be synchronized with the magnet, causing a sharp drop-off in output power. 

When the speed of the rotor magnet exceeds the threshold, the coils and magnet no 

longer generate relative displacement, making the device fail. Given that it affects the 

performance of the OREMEH, the critical speed was analyzed theoretically. 

At the critical speed, the magnetic torque rotates the pendulum along with the rotor 

magnet, in which the counterweight creates a gravitational torque Tg=m0gl and the 

pendulum produces mechanical damp moment Tf. Therefore, the maximum power is 

max 0 f( )P m gl T Ω   (5) 

The electrical output power can be given as [39] 

2

E L(k ) ( )P Ω R R   (6) 

where kE is the coupling constant, RL is the load resistance. Combining Eqs. (5) and 

(6) obtains the critical speed 

2

c L 0 f E2 ( )Ω R m gl T k   (7) 

 

Fig. 4. The flip-over speed versus the load resistance. 

The flip-over speeds increase with the load resistance as illustrated in Fig. 4. In 
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particular, load resistance matches zero representing the open circuit. 

3.3. Finite-element analysis 

To improve the performance of the OREMEH, the layouts of the magnetism 

material simulations were conducted with the software ANSYS, and Fig. 5 

demonstrates the magnetic flux density in different magnetism material arrangements. 

They are silicon steel magnetism material wrapping magnet and magnet wrapping 

silicon steel, which represents the magnet vibrates slightly with the pendulum and 

rotates with the motor, as shown in Figs 5(a) and 5(b), respectively. It is noteworthy 

that the structure of magnet wrapping magnetism material generates more flux lines in 

coils leading to a satisfactory voltage output compared with the opposite arrangement. 

 

Fig. 5. The layout of the magnet and magnetism material versus the magnetic flux 

density. (a) Magnetism material wrapping magnet. (b) Magnet wrapping magnetism 

material. 

The three-phase coil is illustrated in Fig. 6(a), which can be constituted by the way 

of triangular and Y connection modes as shown in Fig. 6(b). The relationship between 

the line and phase voltage in different modes is 

AB coil

CD coil3

U U

U U




 (8) 
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where Ucoil is the phase voltage. Since that
CDU  equals 3 ABU , the Y connection has 

an excellent output voltage compared with the triangular connection. 

 

Fig. 6. Different circuit modes for three-phase coil. (a) The configuration of the coils 

in the OREMEH. (b) The layout of triangular and Y connection for the coils. 

4. Performance investigation 

4.1. Prototype fabrication 

Here, we fabricated an acrylic U-shaped casing (R16×15 mm) and Π-shaped 

circular foundation (R15×17×14 mm) via laser cutting techniques. The casing had a 

groove in the center to bond a steel shaft (M3×12 mm) and a 693ZZ steel bearing was 

embedded in the sleeve of the foundation so that the casing and foundation could be 

combined using the circlip-groove in the shaft to form an integral framework. A 12 N-

S poles annular magnet (R14×13×10 mm) made of strontium ferrite magnetic powder 

was fixed on the casing and adhered an aluminum shielding film with 50 μm thickness 

on the magnet surface to prevent magnetic leakage. The Π-shaped foundation nested a 

three-phase copper coil with silicon steel magnetism material and pasted a 32 mm arc 

length and 5 mm thickness copper counterweight. The weight and costs of the prototype 

are 37.4g and about 12.3 USD, respectively. 
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4.2. Experimental setup 

To make a quantitative analysis of the output performance for OREMEH under 

different conditions, we employed an HZXT-008 servo motor equipped with a speed 

control box to simulate the operating environment, as shown in Figs. 7(a) and 7(b). The 

platform was mounted on an optical vibration isolation platform to keep the smooth 

running and prevent vibration from affecting the rotation. Moreover, a ZX1M resistance 

box was used to measure the optimal resistance of the OREMEH. The B&K 3039 signal 

analyzer recorded and displayed all output signals. Fig. 7(c) exhibits the process of the 

test system, wherein a full-wave bridge rectifier paralleled with a capacitor was 

connected to the harvester to produce a stable DC voltage. 

 

Fig. 7. Experimental setup for testing characteristic of the fabricated prototype. (a) 

The prototype mounted on the rotor platform and (b), a wheelset respectively. (c) 

Testing process for the proposed prototype. 
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4.3. Simulated wheelset tests 

According to the theoretical calculation of a 915 or 920 mm diameter of the 

wheelset, the corresponding frequency in the range of 70 - 160 km h-1 is 6.8 - 15.4 Hz, 

so the experiment carried out within the speed range [40]. Fig.8 shows the open voltage 

subjected to the speed of 420 - 820 rpm (7 - 13.67 Hz), where each point and error bar 

represent the average output and standard deviation in 25 second at interval of 100 Hz, 

respectively. It is worth mentioning that the small jump of the open voltage under each 

speed is probably due to the center misalignment between the rotation and harvester, 

making the harvester to oscillate slightly up and down. Fig.8 demonstrates the output 

voltage is relatively stable and is approximately linear to the speed. Therefore, 

OREMEH can monitor the rotational speed of the servo motor as a speed sensor. 

 

Fig. 8. The open-output voltage of the OREMEH versus the rotational speed. 

Appropriate load impedance matching between the harvester and the resistance 

load is necessary to maximize the usage of the harvested energy. For the matched 

resistance, the harvester was measured across the load resistances of 10 - 500 Ω. Fig. 9 

exhibits the DC voltages versus load resistance at the speed of 780 rpm. As the load 
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increases, its corresponding voltage increases from 0.132 V to 4.65 V, and the power 

density risk to the peak value of 1982 W m-3 where the load equals the coil resistance 

of 150 Ω. 

 

 

Fig. 9. The output voltage and power to the load resistance. 

4.4. Practical applications 

To demonstrate the power-generation capacity, the OREMEH was employed to 

charge the lithium battery and daily electric appliances, as illustrated in Fig. 10. The 

harvester successfully powered a 250 mAh lithium battery from 1.6 V to 2.98 V in 13 

minutes (Fig. 10(a)) of 780 rpm, the smartwatch (Huawei Technologies Co.), humidity 

(Chigo HTC-1), and calculator (CASIO FX-82MS) and lighted up to 45 parallel red 

LEDs at 700 rpm, as shown in Fig. 10(b). 

In the next step, we used the OREMEH to power a commercial wireless sensor 

(TEXAS INSTRUMENTS model CC2650) operating at 2.4 GHz under 660 rpm, as 

illustrated in Fig. 10(c). The self-powered unit collected the real-time data of 3D motion, 

barometer, humidity, and magnetic field and then sent them to the receiver iPad through 
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Bluetooth with the Starter App. One important point to note is that the battery of the 

CC2650 was removed, and the OREMEH connected the Bat+ and Bat- in the 

management circuit to power the sensor and transmitter. 

 

Fig. 10. The application of the OREMEH. (a) Charging a 3.7 V 250 mAh Lithium 

battery. (b) Supplying the smartwatch, temp/humidity, calculator, and LEDs. (c) 

Powering a commercial multi-function Bluetooth sensor CC2650. 

4.5. Performance comparison 

Referring to the performance comparison tabulated in Table 1, which consolidated 

various recently reported vibration energy harvesting technologies. Given that the 

power density is defined as the output power divided by the harvester’s volume, it is 

relatively valid to evaluate the energy harvesting property. It can be identified that the 

OREMEH has a higher power density than the other devices. Owing to the small 
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volume, harvesters can be symmetrically installed on the axle box of the wheelset and 

embedded the axle of wheelset to improve output power without impacting the 

performance of bogie frames. This means that the proposed prototype successfully 

delivers abundant electrical power to the wireless intelligent monitoring network.  

Table 1 Comparison of the OREMEH with recently reported rotational harvesters. 

Reference (Type) 
Operating 

condition (rpm) 

Volume 

(cm3) 

Average power 

(mW) 

Power density 

(W m-3) 

[13] (PEH) 100 ≈769.71 117.235 ≈152 

[17] (PEH) 150 ≈277.78 0.105 ≈0.54 

[18] (PEH) 382 ≈4.28 0.12 ≈28 

[20] (TEH) 100 52.67 11.15 218 

 [24] (EMH) 60 20.09 0.030615 1.52 

 [27] (EMH) 900 ≈160.92 2.1 ≈131 

 [32] (EMH) 445 ≈52.02 1 ≈19 

 [36] (EMH) 1000 ≈345 65.55 ≈190 

OREMEH (EMH) 780 16.25 32.21 1982 

*PEH-piezoelectric harvester, TEH-triboelectric harvester, EMH-electromagnetic harvester 

4.6. On-board sensors 

The proposed prototype installed on the wheelset can be a powerful solution to on-

board wireless health monitoring system such as vehicle location, wheel-rail contact 

forces and air braking fault diagnosis. The various information about primary 

monitoring sensors (GPS sensor, acceleration sensor and pressure sensor) is listed in 

Table 2. Assuming that the operating time of a railway is 8 hours per day, the annual 

power consumption of the three sensors is 11.79 kJ. The annual power generation of 

the OREMEH is 338.59 kJ [41]. Therefore, the OREMEH meets the power supply of 

on-board sensors and the energy storage (batteries, capacitors, supercapacitors) collects 

the rest power to drive these sensors under the train starting and braking conditions. 



19 

 

The power of the 3 V 240 mAh button cell used in such sensors is 2.59 kJ. The costs of 

the button cell (Panasonic CR2032) is one sixteenth of the OREMEH. 16 batteries 

supplying these three sensors is capable of lasting 3.5 years for 8 hours per day 

operating time. In other words, the payback period is about 3.5 years for powering such 

sensors when we neglect the manual cost of replacing, maintaining and dealing with 

pollution of the batteries. 

Table 2 On-board low-power sensors. 

Category Company Model Power/Sampling rate 

Acceleration sensor ADI ADXL362 3.6 uW/100 Hz 

GPS sensor UBLOX MAX-7C 1.08 mW/10 MHz 

Pressure sensor INTERSEMA MS5801 37.5 uW/4096 Hz 

In addition, given that the counterweight may flip over π and output voltage suffers 

a sharp drop decline under the emergency brake or abnormal vibration of the train, the 

OREMEH acted as early-warning sensors can evaluate the condition of vehicles, and 

enhance structural reliability.  

5. Conclusions 

In this work, we developed an on-rotor electromagnetic energy harvester 

(OREMEH) to realize a self-powered intelligent condition monitoring system on the 

bogie frames. A gravity-based counterweight as the friction pendulum was utilized to 

generate a ‘free-stator’ coils and the stator magnet was anchored on the rotating device, 

resulting in relative motion between the coils and magnet. It successfully grabbed 

rotational energy to serve as a sustainable power source to the general electric 

appliances like the commercial wireless Bluetooth sensors, and it even worked as a 
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speed sensor to monitor the motion state of the vehicle. 

The magnetic flux density in different magnetism material arrangements had been 

discussed with ANSYS, and the results showed that the structure of magnet wrapping 

silicon steel exports more magnetic flux lines to exhibit excellent performance for the 

output power. Owing to its compact all-in-one structure, the OREMEH not only 

accommodated the limited wheelset space, but also generated a high DC power density 

(up to 1982 W m-3) in a wide speed range of 420 - 820 rpm. The upcoming work will 

focus on the further optimization of OREMEH parameters so that it can be fitted to 

different bogie frames for real-time monitoring system. 
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