A multifunctional electromagnetic device for vibration energy harvesting and rail corrugation sensing
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Abstract
A multifunctional electromagnetic device for harvesting rail vibration energy and sensing rail corrugation is proposed. Firstly, the optimal coil position is investigated theoretically and verified through experiments. Then, experimental frequency-sweeping tests are carried out to understand the response characteristics of the harvester. Two sections of a metro line with/without rail corrugations are selected to measure rail roughness and vibration. Using the field-measured rail vibration as excitations, the response characteristics of the harvester are investigated through indoor experiments. Experimental results demonstrate that occurrences of corrugation can be identified through time-frequency analysis of the electromotive forces of the harvester. Besides, electrical load tests under normal rail vibration demonstrate that this harvester will yield its maximum power of 18.6 mW (average power: 1.5 mW) when the resistance of the external electrical load is close to the internal resistance of the coil. The capability to energise small commercial electronic devices is verified by charging a supercapacitor, and driving LEDs, a digital clock, and a thermo-hygrometer to work, respectively.  The capabilities of the harvester for powering low-power electronics and sensing rail corrugation pave the wave for designing a self-powered sensing node for rail corrugation monitoring.
Keywords: vibration energy harvesting; electromagnetic; rail corrugation sensing; self-powered-and-sensing node.


1. Introduction

Railway transport has undergone rapid development in recent years due to its high capacity in transportation and low energy consumption. Among all railway systems, the urban rail transit system is of great significance in solving traffic congestion, alleviating air pollution and facilitating the daily commute in big cities. However, the frequent starting and braking of urban rail transit trains make vehicle-track components more prone to damage. Besides, the rapid extension of urban rail transit networks has created a great demand for health monitoring of vehicle-track structures. These monitoring devices are usually powered by the power grid and batteries. The electrical cables connecting distributed monitoring devices require large investments and daily maintenance. Limited lifespan and potential pollution caused by consumed batteries limit the usage of batteries. Therefore, maintenance-free and cost-saving power sources are needed in building distributed monitoring systems for track structures. 
Rail corrugation, a typical kind of rail damage, is a visible periodical wear phenomenon appearing on the rail surface. The presence of rail corrugation will significantly change wheel-rail contact states, leading to abnormal vibration of vehicle-track components [1]. The abnormal vibration will accelerate the degradation of vehicle-track components and impact the passengers’ ride comfort. The formation and development of rail corrugation are influenced by numerous factors. To date, there has not been a uniform theory to explain the formation mechanism of different rail corrugations [2].
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Figure 1. Sensors and detection methods for rail corrugation inspection.

 Rail corrugation inspection plays an essential role in evaluating the state of track and developing maintenance strategies. A feeler gauge is a common tool for railway maintenance [3]. Besides, some dedicated sensing devices have been developed to improve inspection efficiency. In developing these sensing devices for rail corrugation, eddy current sensors, laser sensors, cameras, and accelerometers, as shown in Figure 1, are commonly exploited. According to the installed positions, these sensing devices can be roughly categorized into two groups: wayside devices and moveable devices [4]. Wayside sensing devices are suitable for monitoring rail corrugations in critical sections. Sensors installed on movable platforms such as trolleys [5], Hi-vehicles [4], track recording vehicles (TRVs), even in-service vehicles [6], make it possible to inspect rail corrugations of the whole railway line with only one piece of equipment. For most movable inspection equipment, the in-service trains must be offline during inspection [3]. 
Vibration induced by wheel-rail interactions can be transmitted upwards to the car body, and downwards to the subgrade. Vibration energy will be dissipated in the form of heat during transmission. Harvesting the wasted vibration energy to power electrical monitoring devices are conducive to improving energy efficiency. Furthermore, harvesting vibration energy for local usage is suitable for distributed monitoring networks in railway applications, contributing to saving investment in electrical grids and reducing environmental pollution caused by consumed batteries [7–11]. Vibration energy harvesting, as a promising technology, can generate electricity by harnessing wasted energy [12–14]. 
Vibration energy can be captured via electromagnetic [15,16], piezoelectric[17,18], triboelectric [19] and magnetostrictive mechanisms [20]. Electromagnetic vibration energy harvesters (VEHs) are usually composed of fixed coils and movable magnets or in reverse [21]. The relative displacement between coils and magnets results in the change of magnetic flux within the coil as well as the voltage output across the coil. Electromagnetic VEHs do not depend on advanced materials, but they usually have larger dimensions than VEHs utilizing other energy conversion mechanisms [22]. Piezoelectricity refers to the electric charges accumulated in certain solid materials in response to the mechanical stress applied to the materials [23,24]. Piezoelectric VEHs are very sensitive even to small excitations [11]. However, the large internal resistance of piezoelectric materials limits the applicability of piezoelectric VEHs [25]. The triboelectric effect is a type of contact electrification phenomenon occurring when two materials having distinct dielectric characteristics separate from each other [26]. Thus, triboelectric VEHs highly depend on the selected materials. Magnetostrictive materials are usually made of expensive rare-earth elements, making it challenging to fabricate magnetostrictive VEHs on a large scale.As the railway industry is price-sensitive and has complex on-side environments, electromagnetic transduction is one of the most promising mechanisms in vibration energy harvesting for railway applications [27,28]. 
Vibration energy harvesting systems in railway applications can be roughly categorized into two groups: track-side and onboard energy harvesters [29]. Track-side harvesters, harnessing energy from track vibration, are conducive to reducing the effects of vibration on track structures [30]. Using the relative displacement between the rail and ground, Zhang et al. [31] developed an electromagnetic VEH based on a rack-gear system. Besides, other structures such as the pendulum-like structure [32], and spring-mass-like structure [33] have been proposed to harness the energy of track vibration. The reported track-side VEHs are mainly fixed in positions where the track vibrates intensely, such as the rail foot and the top of sleepers [34]. The irregularity of track and unevenness of the wheel-rail contact interface will also cause vertical vibration of vehicles. Thus, numerous researchers have also focused on onboardvibration energy harvesting  [22]. 
[bookmark: _Hlk83190683] The authors’ literature survey suggests that harvesting energy from the vibration of tracks and vehicles is promising. To form an intelligent railway system, a multifunctional VEH based on a rolling magnet (RM) is proposed in this work. This device has the functions of both harvesting energy from rail vibration and sensing rail corrugation. The railway track mainly vibrates in a low-frequency range. Some harvester architectures, such as the sawtooth structure [35] and the sleeve-shaft structure [36], are reported to enhance the performance of the harvester under low-frequency excitation. In this work, an RM-based oscillator is adopted in the harvester, making the RM easy to oscillate even under small excitation, compared with common sliding-magnet-based harvesters. The magnetic field of the RM will rotate during the oscillation of the RM, leading to a larger changing rate of magnetic flux within the coil. Characteristics of the simple and compact structure, the one-to-one relationship between the output signals and excitations which is important for corrugation sensing, and the wide frequency band of the response of this system endow the proposed harvester with a promising prospect in energy harvesting from rail vibration. Contributions of this work can be summarized as follows:
(1) A device being able to act as an energy harvester and a sensor for rail corrugation is proposed. 
(2) A theoretical study is performed to verify that the coil position utilized by the prototype is optimal.
(3) Using the field-measured rail vibration as excitation, the capability of the harvester for sensing rail corrugation is investigated.
(4) The capability of this harvester for powering low-power electronic devices is justified by experiments.
(5) A concept of establishing a self-powered sensing node for monitoring rail corrugation  based on the energy harvester is proposed and a simple test system to demonstrate its feasibility is also built.
The rest of the paper is organized as follows: Section 2 gives an introduction to the prototype and the model of the harvester. In Section 3, the optimal position of the coil is investigated. Section 4 describes the frequency sweep tests results. The capabilities of the harvester on sensing rail corrugation and powering electrical devices are investigated in Sections 5 and 6, respectively. Section 7 provides an application scenario of the harvester for establishing a self-powered sensing node for rail corrugation monitoring.

2. Prototype and modelling of the harvester

This harvester consists of a frame, a cylindrical RM with diametrical magnetization, a cylindrical FM with axial magnetization, a coil, two supports, a top cover, and two cantilevers, as shown in Figure 2. The frame is the supporting structure of the entire harvester to protect the coil and provide a rolling channel to RM. A U-shaped structure is in the middle of the frame and connected to the bottom wall of the frame. The RM oscillates vertically inside the U-shaped channel. The FM, marked by a blue box in Figure 2, is fixed in the hole on the back of the U-shaped structure and provides recovery forces to oscillations of the RM. The coil with a square cross-section is wound around the U-shaped structure.  Two supports are utilized to adjust the vertical position of the coil. A top cover is fixed on the top end of the frame and exploited to restrict the motion of the coil. Two cantilevers are installed on the top and bottom ends of the U-shaped channel to limit the stroke of the RM and provide elastic forces to the RM when collisions occur. In practice, the harvester is fixed on the rail foot through a pair of rail clips, as shown in Figure 2. The right and left clips are connected through a bolt making no hazards to the rail. Vertical vibration of the rail can drive the harvester to convert kinetic energy into electricity. The occurrence of rail corrugation will significantly change the characteristics of rail vibration, as well as the output voltages of the harvester. As a mono-stable system, the voltage output of the harvester has a strong relationship with base excitations. Such a characteristic provides a possibility of sensing the occurrence of rail corrugation with the proposed VEH. 
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Figure 2. Composition and installation of the proposed electromagnetic device for rail vibration energy harvesting.

[bookmark: _Hlk83063302][bookmark: _Hlk83402806]According to the design concept, a prototype of the harvester is fabricated via 3D printing technology. The frame, a top cover, two supports, two cantilevers are all made of polylactic acid (PLA) via a 3D printer. This harvester has a gross dimension of 50mm×40mm×40mm. The cylindrical RM with a dimension of  has a grade number of N38. The fixed magnet () has a grade number of N52. The centres of the FM and the RM have a horizontal distance of 2 mm. The coil has a square cross-section of , a thickness of 10 mm, as well as a length of 16 mm along the axis direction. The coil is wounded with 0.16-mm copper wire and has a turn number of 2000. The coil and the RM utilized in the prototype are the most widely available ones. The dimensions of other components are determined on top of the sizes of the coil and the RM. Some parameters of the prototype, such as the diameter of the wire, are worked out based on research experiences [3,37], which may not be optimal. Therefore, parameter optimization on the prototype will be conducted in a future study.
The RM vibrates inside the U-shaped channel, leading to a change of magnetic flux within the coil and generating a voltage output. Figure 3(a) shows a diametrically magnetized cylindrical RM inside the U-shaped channel. According to the Coulombian approach [38], the magnet can be replaced with an equivalent distribution of volume charge  and surface charge  of magnetized material shown in Figure 3(b). As the RM has a uniform diameter, the volume charge , defined as the divergence of the polarization vector , equals to zero [39]; the magnetic field intensity can be calculated with the surface charge component. Thus, the magnetic field intensity at observation point  (one point in the 3D space) can be written as follows [40]: 
	
	（1）


where  stands for the vacuum permeability with a value of 12.57×10-7 H/m;  and  are the position vectors from the middle point  of RM to the observation point  and point  (one point on the surface of the RM). The surface charge satisfies , where  is the unit vector normal to the surface of the RM at point ;  is the angle between  and . Thus, Eq. (1) can be rewritten as the following equation:
	
	(2)


where  and  are the radius and height of the RM; and ,, and  stand for unit vectors along the x, y, and z axes, respectively. The corresponding remnant flux density at point  can be expressed as:
	
	(3)


where  if  is inside the RM;  if  is out of the RM. With the calculated magnetic flux density in the 3D free space, the magnetic flux passing through the coil can be obtained [41]:
	
	(4)


where  is the number of turns of the coil; ,  and  are the bobbin length, width, and thickness of the coil;  is the x-axis component of . According to Faraday’s law of induction, the EMF  across the coil can be written as a function of time :
	
	（5）


The motion of the RM will cause an EMF across the coil and generate a current within the closed circuit. The dynamic behaviours of the RM are influenced by several kinds of forces, including the magnetic force from the FM, the gravity of the RM, the friction force from the back wall of the U-shaped channel, the mechanical and electrical damping forces as shown in Figure 3(a). The gravity of the RM, , is a volume force and remains constant during its vibration. The magnetic force from the FM provides a restoring force to the dynamic system, enabling the RM to oscillate vertically.
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Figure 3. Parameter definition. (a) parameters of force and dynamic motion; (b) the front and top views of the RM; (c) isotropic view of the RM; (d) the equivalent circuit.
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Figure 4. The magnetic force and torque acting on the RM: (a) the x-axis component of the magnetic force from the FM (unit: N); (b) the y-axis component of the magnetic force from the FM (unit: N); (3) the torque from the FM (unit: N·m). 

Figure 4(a), 4(b) and 4(c) show the x-axis component, , y-axis component, , of the magnetic force and the torque, , when the horizontal gap between the FM and the RM equals 2mm. The magnetic force and torque, are calculated via the finite element method. As the magnetic force and torque vary with the vertical displacement  and angular position  of the RM, the contours of the magnetic force and torque can be obtained, as shown in Figure 4. Compared with the gravity of the RM, the x-axis component of the magnetic force is significantly larger and plays a dominant role in the dynamical behaviours of the RM. The gravity will make the equivalent stable point of the RM move downward slightly. When base excitations become intense, the friction force acting on the RM may not be enough, and slips between RM and the back wall of the U-shaped channel will occur. At this time, the rotary and translational motion of the RM will be decoupled (), shifting from a single degree of freedom system to a double one. During oscillation, the RM receives mechanical damping forces mainly coming from the deformation of materials. As the RM is surrounded by the coil and frame of the harvester, observing the dynamic behaviours of the RM, and measuring the mechanical damping force of this system directly is difficult. The induced current within a closed circuit will generate an electromagnetic damping force on the RM too. Complex forces make it difficult to predict the dynamic behaviours of RM in theory. Thus, the actual energy-harvesting performance of this harvester is mainly investigated through experiments in this work.

3. Optimal coil position

[bookmark: _Hlk71914962]RM-based energy harvesters usually have two kinds of coil arrangements: one is setting the longitudinal axis of the coil perpendicular to the translational motion direction of the RM as Case 1 shown in Figure 5(a) [41–43]; the other is setting the longitudinal axis of the coil parallel to the translational motion direction of the RM as Case 2 shown in Figure 5(a) [44]. The harvester proposed in this work belongs to the category of Case 2. In the prototype, the centre of the coil coincides with that of the RM when the RM stays at its stable position. The coil arrangement of the proposed harvester is believed to affect EMF. To find the favourable position of the coil, a theoretical study is conducted in this section.
In Cases 1 and 2, the distance between the coil and the stable point of the RM, , varies from -30 mm to 30 mm. In the study, the RM is set to undergo pure rolling oscillations around its stable point, which can be expressed as a function of time  (=10 Hz, the vibration frequency; , the vertical displacement of the RM). For Case 2, the EMF across the coil can be calculated according to Eqs. (4) and (5), directly. For Case 1, each turn of the coil can be regarded as parallel to the z-x plane. Only the y-direction component of magnetic flux intensity is relevant to the magnetic flux within the coil and thus is considered. The magnetic flux within the coil of Case 1 can be calculated:
	 
	(6)


where  is the y-axis component of . The EMF across the coil of Cases 1 and 2 can be calculated across Eqs. (5) and (6). Note that this study of the magnetic flux does not consider the structural dynamical characteristics of the harvester, and the FM makes no contributions to the generation of EMFs since there is no relative motion between the coil and the FM. Some parameters of the coil and RM utilized in the prototype and theoretical model are presented in Table 1.
Figure 5(b) shows the root-mean-square (RMS) values of induced EMF when the coil is at different positions, indicating that the coil of Case 2 can generate larger EMFs than that of Case 1. It can also be found that the coil can generate the largest EMF when the centre of the coil coincides with the stable point of the RM. The horizontal position of the small solid circle in Figure 5(b) corresponds to the coil position adopted in the proposed harvester, verifying that this coil arrangement of the proposed harvester leads to a large EMF. Besides, the red arrows in Figures 5(c) and 5(d) show the distributions of the remnant flux density within the x-y plane when the RM is at its stable point. The results demonstrate that although the coil of Case 2 has a smaller magnetic flux passing through the coil than that of Case 1, it has a larger magnetic flux changing rate during vibration of the RM, therefore resulting in a larger EMF.
[bookmark: _Hlk83188712]Figure 5(e) shows the experimental setup utilized to verify the theoretical results. During experiments, the shake table vibrates horizontally with an acceleration of 10 g at 10 Hz. In Figure 5(e), a T-shaped structure is designed and fabricated to realize the vibration modes of the RM in Cases 1 and 2. During experiments, the RM always vibrates around the FM, and the change of the relative distance between the coil and the stable point (the centre point of the RM when the potential energy of the system is lowest) is realized by adjusting the position of the coil on the T-shaped structure. The EMF of the coil when it is fixed at different positions is recorded by an oscilloscope. Experimental results of the two cases are presented in Figure 5(f). They have a similar trend to the theoretical results. Besides, the values of the experimental and the theoretical results are very close. The good agreement between them demonstrates the rationality of the theoretical model.

Table 1. Parameters of the prototype.
	[bookmark: _Hlk80535255]Object
	Symbol
	Description
	Value
	Unit
	Object
	Symbol
	Description 
	Value
	Unit

	RM
	
	Mass of RM
	12.4
	g
	Coil
	
	Bobbin length of the coil 
	16
	mm

	
	
	Radius of RM
	6
	mm
	
	
	Width of the coil
	30
	mm

	
	
	Height of RM
	14
	mm
	
	
	The thickness of the coil
	5
	mm

	
	
	Remanence of RM
	1.25
	T
	
	
	Number of turns of the coil
	2000
	-

	FM
	-
	Mass of FM
	2.0
	g
	
	
	Resistance of the coil
	194
	Ω

	
	-
	Radius of FM
	2
	mm
	
	
	
	
	

	
	-
	Height of FM
	2
	mm
	
	
	
	
	

	
	-
	Remanence of FM
	1.44
	T
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Figure 5. The optimal position of the coil: (a) two comparison cases of coil positions; (b) the maximum values of induced EMF when the coil is at different positions; (c) the distribution of magnetic flux density for Case 1; (d) the distribution of magnetic flux density for Case 2; (e) experimental setup for model verification; (f) experimental results.

4. Frequency sweep tests
To learn about the response characteristic of the harvester, frequency-sweeping tests are carried out, as shown in Figure 6. This testing system consists of a controlling computer, a signal generator, a power amplifier, a shake table (DC3200-36, Suzhou Sushi Testing Group Co., Ltd.), an accelerometer, an oscilloscope (MDO4104C, Tektronix) and two prototypes of the harvester. The accelerometer, installed on the shake table, is employed to monitor the vibration of the table and give feedback to the controlling computer for realizing the closed-loop control strategy. During tests, the prototypes of the harvester are fixed on the table via bolts. An oscilloscope is adopted in experiments to display and record the voltage data of the harvester. 
As the contact surface roughness of the U-shaped channel of the harvester can influence the dynamic behaviours of the RM, this work intends to investigate the impact of surface roughness on the performance of the harvester through frequency-sweeping tests. A piece of sandpaper with a thickness of 0.2 mm is stuck to the back wall of the U-shaped channel of one prototype to enhance the roughness of the contact surface. For comparison, the other prototype is without sandpaper. During tests, the excitation frequency  varies exponentially between 5Hz and 1000 Hz with a speed of 1 octave per minute. Excitation frequency  can be expressed as a function of time  (unit: s): sweeping forward, Hz; sweeping backwards, Hz. Considering performances of the shake table and characteristics of real rail vibration, the acceleration amplitude of excitation is set to 5, 10, and 15, respectively, with the maximum displacement being restricted to 2 mm [3]. 
Figure 7(a) shows the RMS values of the EMF generated by the prototype without sandpaper, and Figure 7(b) shows the same results of the prototype with sandpaper. They indicate that the harvester performs well in the frequency range below 400 Hz. The harvester without sandpaper reaches its maximum RMS voltage of 6.7 V at about 20Hz. Its peak values of the RMS voltage increase from 5.5 V to 6.7V with the increase of acceleration amplitude. However, for the harvester with sandpaper, the peaks of the RMS voltage at about 20 Hz disappear. This may be due to a reduced number of slips because the sandpaper can increase the friction force acting on the RM; meanwhile, the mechanical damping force of the system will increase, influencing the dynamic characteristics of the RM. Besides, the thickness of the sandpaper will weaken the nonlinear magnetic force between the RM and the FM slightly. The results of the two comparative cases demonstrate that the harvester without sandpaper can generate larger EMFs than that with sandpaper. Thus, the prototype of the harvester without sandpaper will be adopted in the following experimental studies. For the two cases, the results of sweeping frequency forward and backward sweeps are quite consistent. In the upper subplot of Figure 7(a), there is a gap between the forward and backward curves at some frequencies. This phenomenon may be caused by many factors such as the nonlinearity of the system, the different initial conditions in forward and backward frequency sweepings, and the random disturbances from the shake table. The influences of these factors on the results will be investigated in a future study.

[image: ]
Figure 6. Experimental setups for the frequency sweep test.
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Figure 7. Response characteristics of the harvester: (a) results of the prototype without sandpaper; (b) results of the prototype with sandpaper.
5. Tests of the sensing capability for rail corrugation 

Periodical characteristics of rail corrugation will change rail vibration in both time and frequency domains. To learn about the influence of rail corrugation on rail vibration, two railway sections (Section 1 without obvious rail corrugation; Section 2 with corrugation) are selected to conduct field tests. 
Sections for field tests are both located in the tunnel of one operating line of Shenzhen metro, China. The two sections have the same track structures (bi-block sleepers embedded in the monolithic track bed) and a fastening system (damping fastener: stiffness of rail pad 16kN/mm; damping of rail pad N·s/m). UIC 60 rail (bending stiffness: ; linear density: 60.64 kg/m) is employed in the two sections with a sleeper space of 0.60 m. Running speeds of trains in two sections are very close: Section 1: about 79 km/h; Section 2: about 76 km/h. Figure 8(a) shows the rail without corrugation and Figure 8(b) the rail with obvious corrugation. The wave depth and length are critical features to depict the corrugation, which affect the dominant frequency and magnitude of abnormal rail vibration. However, the wave depth and length of rail corrugation cannot be quantified with naked eyes directly as the wave depth is usually on a micrometre scale. During tests, an instrumented trolley fabricated by Müller-BBM Rail Technologies is adopted to measure the unevenness of the rail surface. Figure 8(c) shows the field-testing situation using the trolley. 

[image: ]
Figure 8. Field test of rail corrugation: (a) rail without corrugation; (b) rail with corrugation; (c) field measurement of rail corrugation. 

[bookmark: _Hlk83124722]Figure 9 denotes the rail roughness versus wavelength in 1/3 octave band. In Figure 9, the green dash-dotted line denotes the threshold of rail roughness defined by ISO 3095:2013 [45]. The red solid line represents the rail-roughness spectrum for the section with corrugated rail, and the blue dashed line represents the rail-roughness spectrum for the section with normal rail. It can be seen from the figure that the blue dashed line is always below the green dash-dotted line, indicating that the latter can be considered to be free of corrugation in ISO 3095:2013. However, the red solid line is significantly higher than the green dash-dotted line when the wavelength is shorter than 200 mm. The spectrum reaches a peak value at the wavelength of 40.1 mm and the wave depth of 22.7 , demonstrating that rail corrugation has occurred. The dominant frequency of rail vibration , related to the wavelength of corrugation, can be roughly estimated with the equation of  [46], where  denotes the running speed of the train and  the wavelength of rail corrugation. 

[image: ]
Figure 9. On-site measured rail roughness of the two sections.

[bookmark: _Hlk80544792]Besides measuring rail roughness, the rail vibration of the two sections is also measured in situs. Figure 10(a) shows the rail acceleration of the normal-rail section when one train passes the test point. It can be found that there are several apparent peaks, the maximum value of which exceeds 200 . These peaks are caused by passing bogies and each bogie corresponds to one peak. Figure 10(b) presents the field-measured rail acceleration of the corrugated rail section. The magnitude of rail acceleration has a significant increase compared with that of the normal-rail section, reaching a maximum value exceeding 600 . To extract more information from field-measured rail acceleration data, the Short-time Fourier transform (STFT) is employed. The sampling frequency of rail vibration signals is 6400 Hz. Each segment for performing STFT contains 512 data points and 256 data points are being overlapped between two adjacent segments. Figure 10(c) shows the time-frequency spectrum of normal rail vibration calculated by STFT, and Figure 10(d) shows that of corrugated rail vibration. For vibration of the normal rail, the energy of acceleration signals is dispersed in a large frequency range from tens of Hz to thousands of Hz, especially when the bogie is passing. However, for corrugated rail, the energy of acceleration signals is centred around a fixed frequency 530Hz, which is consistent with the estimated result ().



[bookmark: _Hlk80544861]
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Figure 10. Time-frequency characteristics of the rail vibration: (a) time history of the normal-rail acceleration; (b) time history of the corrugated-rail acceleration; (c) STFT of the normal-rail acceleration; (d) STFT of the corrugated-rail acceleration. 

Limited by complex on-site conditions, field tests is difficult to implement in a short time. Thus, indoor experiments to investigate the response characteristics of the harvester are carried out using field-measured rail vibration signals. The field-measured signals are inputted to the shake table for regenerating normal-rail and corrugated-rail vibrations in the laboratory. Figure 11(a) shows the comparison between the root mean square (RMS) values of rail acceleration and induced EMF of the harvester for normal-rail vibration, and Figure 11(b) shows the comparison for corrugated rail. During data processing, these signals are firstly divided into 0.1-second segments, and then the RMS value of each section is calculated and displayed. The comparisons demonstrate that waveforms of the induced EMFs correlate well with those of the excitation signals for both the normal-rail and corrugated-rail conditions. It should be pointed out that the harvester for normal-rail vibration can generate a higher EMF than that for corrugated-rail vibration. The possible reasons for such a phenomenon are that the harvester is more sensitive to low-frequency vibration, and intense vibration may cause the slipping motion of the RM.
Figures 11(c) and 11(d) are the STFT of the induced EMFs for normal-rail and corrugated-rail vibration. Figure 11(c) illustrates that the signal generated by the harvester for normal-rail is located in a low-frequency range. For vibration of corrugated rail, the signal generated by the harvester is mainly located in the same low-frequency range. However, there is also a considerable frequency component corresponding to corrugation, highlighted by the red ellipse in Figure 11(d). For a further understanding of relationships between the responses of the harvester and excitations in the frequency domain, the power spectrum densities (PSDs) of the responses and excitations for both normal-rail and corrugated-rail cases are also provided in Figure 11(e) and 11(f). The response of the harvester for corrugated rail has an apparent component corresponding to the dominant frequency of rail corrugation. Based on such a characteristic, this harvester can be exploited to detect the occurrence of rail corrugation.
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Figure 11. Experimental tests of the VEH using the field-measured rail vibration signals: (a) responses of the harvester under the normal-rail vibration; (b) responses of the harvester under the corrugated-rail vibration; (c) STFT of the harvester response under the normal-rail vibration; (d) STFT of the harvester response under the corrugated-rail vibration; (e) the PSD of the harvester responses and the corresponding normal-rail vibration; (f) the PSD of the harvester responses and the corresponding corrugated-rail vibration. 


6. Tests for the energy harvesting capacity 

To learn about the energy harvesting capacity of the proposed VEH, a series of laboratory tests are conducted. First, the optimal resistance of the external electrical load for harvesting more energy is investigated. Then, the energy harnessed by the VEH is employed to charge a supercapacitor and enable low-power electronics.
[bookmark: _Hlk82877545]For utilizing the scavenged electrical energy, the harvester and an external electrical load should be connected to a closed circuit, as shown in Figure 3(d). A rotary potentiometer (WTH118-1A 2W, 470Ω) is selected to work as the external electrical load of the closed circuit, the resistance of which can be adjusted by turning its knob. The coil employed in the prototype has a fixed internal resistance,, of 194 Ω. Thus, the output power of the system will vary along with the resistance of the external electrical load. Indoor experiments are conducted to confirm the optimal resistance of the external load for obtaining more power. During experiments, the prototype is mounted on the shake table and the field-measured normal-rail vibration is employed as the excitation signal. The resistance of the potentiometer, , varies from 30 Ω to 400 Ω and the corresponding voltage across the load is recorded. Figure 12(a) shows the maximum values of the voltage across the external electrical load and the current passing through the circuit under different resistances of the external electrical load. Test results indicate that the voltage across the external load increases with its resistance. However, the maximum value of current shows a decreasing trend when the resistances of the external load increase. The red line in Figure 12(b) denotes the maximum value of the harnessed power by the external load. The results demonstrate that the output power will reach its peak value of 18.6 mW (corresponding average power: 1.5 mW) when the resistance of the external load is close to that of the coil. Besides, energy conversion efficiency  is defined, where  denotes the power harnessed by the external electrical load,  the power dissipated on the coil, and  the current within the closed circuit. The blue line in Figure 12(b) denotes the calculated energy conversion efficiency. It can be found that increases with the resistance of the external load when the resistance of the coil is fixed. Comparisons between the lines of output power and the energy conversion efficiency indicate that the energy conversion efficiency is not the highest when the output power reaches its peak value.
Besides discussions on the optimal resistance of the external load, the capacity of the harvester for powering commercial electronics is also investigated. Three kinds of electronics, including 16 LEDs (2.2V for each, connected in parallel), a mini digital clock (1.5V), and a digital thermo-hygrometer (HTC-1, 1.5V) are selected to conduct performance tests. The RM oscillating inside the coil will generate an alternating current (AC) within a closed circuit. However, most commercial electronics require a direct current (DC). A regulation circuit based on a full-wave rectifier, as shown in Figure 13(a), is adopted to convert the AC into DC for fulfilling the requirements of commercials electronics. During tests, this harvester is fixed on the shake table and generate DC power under field-measured normal rail vibration. First, a supercapacitor (2.5V, 0.35F) is charged using the harvested energy and the resulting voltage during charging is shown in Figure 13(b). It takes about 15 minutes to charge the capacitor from 0V to 2.5V. Then, a total of 16 LEDs are lighted up using the harnessed energy, as shown in Figure 13(c) and Supplementary Video 1. Besides, the harvested energy is employed to drive a mini digital clock which is usually powered by a button cell with a voltage of 1.5 V. Figure 13(d) and Supplementary Video 2 show that the digital clock can work normally to display the time on its screen. This harvester can also be used to activate a digital thermo-hygrometer and sustain its normal operation, as shown in Figure 13(e) and Supplementary Video 3. Tests results demonstrate that this harvester has a capacity for providing electrical energy to low-power commercial electronic devices, showing a promising prospect of powering track health motoring devices.
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Figure 12. Optimal resistance of the external electrical load : (a) the voltage and current vary with the resistance of the external electrical load; (b) the output power and energy conversion efficiency vary with the external electrical load.
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[bookmark: _Hlk82862942]Figure 13. The load test of the harvester: (a) the regulation circuit; (b) the voltage curve of the supercapacitor during charging; (c) 16 LEDs being lighted up by the harvester; (d) a mini electronic clock driven by the harvester; (e) a digital thermo-hygrometer driven by the harvester.


7. Application scenarios of the self-powered sensing node for monitoring rail corrugation monitoring

Figure 14(a) shows the concept of a self-powered sensing node for rail corrugation using the proposed multifunctional device. In such an application scenario, the energy harvesting systems, including a harvester, an energy management circuit, and a supercapacitor, can be mounted to the rail foot. Wheel-rail interactions will cause rail vibration, driving the harvesting system to convert kinetic energy to electricity. The energy harvesting system can work as long as trains pass through, regardless of whether corrugation occurs. The sensing capability of the harvester enables the detection of corrugation via analysing the EMF of the harvester. A wireless transmitter, integrated into the self-powered sensing node, is utilized for transmitting the EMF signals of the harvester to receivers besides the railway. The supercapacitor is utilized for storing the energy generated by the harvester and providing stable energy to the transmitter. Such a self-powered sensing system will lead to a reduction of maintenance costs and alleviating environmental issues caused by waste batteries.
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[bookmark: _GoBack]Figure 14. Application scenarios of a self-powered sensing node for monitoring rail corrugation and indoor tests: (a) application scenarios of a self-powered sensing node for monitoring rail corrugation; (b) indoor tests of the self-powered sensing node.
[bookmark: _Hlk71363692]This study also establishes a simple indoor test system to validate the feasibility of the above concept. The self-powered sensing system contains a prototype of the harvester, a wireless transmitter based on Bluetooth (5V), a smartphone embedded with a Bluetooth module, and two supercapacitors (2.5V and 0.35F each). The voltage channel of the transmitter is connected to the coil of the harvester and transmits the EMF signal to the receiver (Smartphone) with a frequency of 10 Hz. During tests, two supercapacitors connected in series are utilized to power the transmitter. The smartphone can receive, display, and store voltage data from the transmitter in real-time. Figure 14(b) and Supplementary Video 4 show the wireless transmitter can successfully transmit voltage data of the harvester to the receiver. This simple system is set up for verifying the feasibility of the proposed concept and additional work must be done to enable field applications.

Conclusions

A multifunctional electromagnetic device is proposed in this study, which is capable of harnessing energy from rail vibration and sensing the occurrence of rail corrugation. Based on investigations of this work, the following conclusions are drawn: 
(1) The results of the theoretical study demonstrate that the optimal setup of the coil is setting its longitudinal axis parallel to the translation-motion direction of the rolling magnet (RM). And this result is verified by experiments.
[bookmark: _Hlk72070840](2) Frequency-sweeping test results indicate that this harvester performs well in the frequency range below 400 Hz, which covers the dominant frequency range of normal rail vibration. 
(3) Two sections of an operating metro line (with/without rail corrugations) are selected to measure rail roughness and collect rail vibration signals. Indoor experiments are conducted using the field-measured rail vibration as excitation, results of which show that the occurrence of corrugation can be detected through time-frequency analysis on the induced electromotive force (EMF) of the harvester.
(4) Electrical load tests under normal rail vibration indicate that the output power will reach its peak value of 18.6 mW (corresponding average power:1.5 mW) when the resistance of the external electrical load is close to the internal resistance of the coil. The capability of this harvester for power small commercial electronic devices is verified by charging a supercapacitor and driving light-emitting diodes (LEDs), a mini digital clock, and a thermo-hygrometer.
(5) A simple indoor test system is set up to validate the feasibility of designing a self-powered sensing node for monitoring rail corrugation. Follow-up work is currently undergoing to enable field applications of this system.
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