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Abstract 
Increasing challenges on recovering of wasted energy has opened the new directions in railway 

technologies. The example of such technology applied for railway sleepers (crossties) is the 

implementation of novel type of energy harvesters developed recently. The approximate estimates show 

that the usage of proposed crossties equipped by energy harvesters allows get around 500 kW per one 

running US or Canadian freight train. It must be underline that these 500 kW now are known as lost 

energy and never used. The composed vibration energy harvester consists of two main components: 

regular tuned mass damper and electricity generator. The results of theoretical analysis combined with 

experiments on prototypes illustrate the proof of selected mathematical modeling. Test results illustrate the 

high efficiency of proposed vibration energy harvesters and some new opportunities for their applications.  

1 Introduction 

The energy harvesting is the nowadays technology allowing capture, convert and transfer small amount of 

wasted power [1], [2].  Energy harvesting is widely used for instance for feeding autonomous electronic 

devices. The authors did not include in present paper the detailed analysis of a various published materials 

regarding considered subject trying to concentrate only on authors results. First Vibration Energy 

Harvesters (VEH) developed by authors in [3] – [5] were based on controlled tuned mass dampers. The 

implementation of VEH in railways was dictated by two combined reasons: necessity of a reduction of 

intensive vibrations and proper usage of damped vibration energy. The interesting results were obtained 

using electromagnetic and piezoelectric schemes ([6] – [8], [16]-[23]). The application of developed VEH 

in railway environment for reaching two goals: reduction of vibration levels and effective usage of wasted 

vibration is demonstrated in current study. An evaluation of possible maximal power Po obtained from 

one running US or Canadian freight train could be done approximately based on formula from theory of 

vibrations for certain vibrating object: Po = 0.5 Am
2 2, where Am is a resonance amplitude of object,  

is a resonance frequency,  is a viscous damping coefficient. Taking the conservative numbers for 

amplitude as 2 mm, and resonance frequency as 10 Hz, the values of the possible maximal extracted 

power would be in the range 495 kW – 550 kW for regular running freight train (2,000 meters long). The 

schematic and structural components of proposed compositions are presented. Theoretical modeling and 

analysis are supported by recommendation of parameter's selection. Further the dynamical behaviour of 

device is analyzed and advantages of different approaches are discussed. The results of the theoretical 

analysis are supported by experimental tests showing the effectiveness of implementation of proposed 

VEH. It is highlighted that the usage of controlled tuned mass damper scheme for purpose of vibration 

energy harvesting in railway application provides the independent reliable source of electrical power for 

the electricity consumers. 
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2 General scheme of vibration energy harvester    

There are several types of energy harvesters however Electromagnetic Vibration Energy Harvesters 

(EVEHs) are nominated for usage in railway industry, the main reason for this choice is that running train 

operates practically with constant speed. EVEH is presented in “rectilinear vibration operation” general 

version. The core graphical model of rectilinear operating EVEH ([9] – [14]) is shown in Figure 1. 

 

Figure 1: EVEH arrangement for linear one-dimension application. 

Let's assume that a certain object (for instance, a crosstie) is vibrating along coordinate axis X as shown in 

Figure 1. The mass of vibrating object is M. The body 1 of EVEH is attached firmly to object. EVEH 

consists of two major parts: tuned mass damper and alternator. Tuned mass damper having mass m is 

attached to EVEH's body by means of spring 2 and damping element 3. Alternator part consists of pick-up 

coil 4 and magnet 5 (for instance, configured as a ring). Magnet 5 is attached firmly to the mass m of 

tuned mass damper. Tuned mass damper has to have own resonant frequency equal to crosstie operational 

frequency. The amplitude of mass m vibrations would be maximal in this case, and “productivity” of an 

alternator would be the maximal as well. Hence the accepted scheme for that study is described as EVEH 

mounted in a crosstie (see Figure 2).  

 

Figure 2: Typical crosstie / sleeper 
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Since EVEH is coupled to a crosstie, it could be assumed that the external force is caused by a train 

moving with constant speed. The mono harmonic low frequency (up to 30 Hz) vibrations of concrete 

crosstie would be considered for that simplified case. A crosstie is modeling by solid body.  

3 Parametric modeling of EVEH  

The simplified modeling of EVEH could be done using the scheme shown in Figure 1. Let's suppose that 

the object - crosstie M is mounted on site and assembly is modeling by spring having stiffness ko and 

viscosity factor bo. Let’s consider that it would be vibrating in one direction only. Its movement 

coordinate is X(t), where t is time. The outer casing of EVEH is firmly attached to the crosstie, and the 

mass of casing is included in M. Tuned mass damper m is connected to casing by means of springs having 

the stiffness k1 and viscosity factor b1. Mass m is vibrating in the same direction as mass M. The 

coordinate of vibrations of m is x(t). The electromagnetic subsystem is inducing current i, and L is 

inductance, R is electrical resistance, where Rc  is coil resistance and Rd  is load resistance, and R = Rc + 

Rd. The EVEH dynamics is described by system of ordinary differential equation (see for instance [1], 

[2], [5], [17], [21], [22]) 

 MX``+ ko X + bo X` + k1 (X – x) + b1 (X` – x`)= H sin (t) (1) 

 mx`` -  k1 (X – x) - b1 (X` – x`) + mi = 0 (2) 

 Li`+ Ri - ei = 0 (3) 

where H is the magnitude of external force,  is the frequency of external force,  m  is the linkage 

factor between mechanical and electromagnetic subsystems in mechanical terms, e is the linkage factor 

between electromagnetic and mechanical subsystems in electromagnetic terms.    

The system of equations (1) – (3) is written purposely focusing on specific link between vibrations of 

tuned mass damping subsystem (equation (2)) and dynamic behaviour of current generating subsystem 

(equation (3)). Furthermore it is possible to pay attention on a specific of the dynamic properties of tuned 

mass damper coupled to an alternator.  

Assuming that at considered case for crosstie: M=300 kg, bo=25000 kg/s, ko=1.2*106 kg/s2, H=3140  kg 

m/s2, it is possible to build the amplitude - frequency characteristic (red solid curve) as shown in Figure 

3A or linear acceleration – frequency characteristic as shown in Figure 3B. The abscissa horizontal axis is 

for excitation frequency in these Figures (further similar on following Figures) and ordinate vertical axis is 

for amplitude (mm) in Figure 3A, and for linear acceleration (m/s2) in Figure 3B.  

 

                                                            A                                                                                                                          B 

Figure 3: Dynamical characteristics for crosstie. 

Analyzing the amplitude - frequency characteristic in Figure 3A, one can see that the amplitude of 2.6 mm 

is presented at all excitation frequencies starting from 0 up to 6 Hz, and then it declines with raised 

frequencies. On the contrary the analysis of linear acceleration – frequency characteristic in Figure 3B 

shows that the values of acceleration are climbing up with increasing of excitation frequencies to number 

of 10.6 m/s2, and after that the value of acceleration is practically stable.     
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The model presentation of crosstie’s dynamical behaviour in form of the amplitude - frequency 

characteristic is very convenient for the applied analysis, for example, one can see that amplitude of 

vibrations at 10 Hz is equal to 2.0 mm. It means that the selected crosstie will be operating at 10 Hz 

having amplitude of 2.0 mm if there is no additional devices installed on that crosstie, for example, no 

tuned mass dampers. Using the approximate evaluation of possible maximal power Po obtained from one 

such vibrating crosstie, one can get the result equals to 115 Watt.   

Prior to examination of implementation of EVEH into crosstie structure let’s formulate the purpose of this 

implementation. The main target of design of proposed EVEH is to satisfy two conditions: a. generation of 

an additional power which could be used, b. possible reduction of the vibration levels of crosstie by 

controlled tuned mass dampers. 

There is no information at the beginning of study, so suppose that the mass of tuned mass damper is 

selected equal to 10% of crosstie’s mass following the standard recommendations. This tuned mass 

damper will be tuned to 10 Hz. Let's assume for simplicity that the initial parameters of an alternator for 

trial study are dimensionless, m = e =, and all of them are equal to unit, or L=1, R=1,  = 1. 

The amplitude - frequency characteristics of considered system (case 1) is presented in Figure 4A. A red 

curve reflects the vibration behaviour of main system (mass M) without installed EVEH, and this curve 

coincides to red curve in Figure 3A.The amplitude - frequency characteristic of tuned mass damper could 

be reflected by brown dashed curve as shown in Figure 4A.The resonant amplitude of tuned mass damper 

is equal to 20.868 mm at 10 Hz. The blue dotted curve in Figure 4A stands for damped vibrations of main 

system (tuned mass damper installed). The resulted damped amplitude (according to blue dotted line) is 

0.554 mm at 10Hz, so the reduction of resonance amplitude is in 2/0.533= 3.617 times, which is sufficient 

for technical system.  

EVEH induced current would be presented by green dash – dotted curve as shown in Figure 4B, and 

EVEH peak of useful power could be plotted by solid magenta curve in Figure 4B. EVEH useful power is 

calculating by formula P() = 0.5 Rd  i2, where Rd  = 0.5 R. 

One can see that the shape and location of green dash – dotted curve (induced current) in Figure 4B is 

coinciding with the shape and location of brown dashed curve (tuned mass damper) in Figure 4A. The 

shape and location of magenta solid curve (peak of useful power) in Figure 4B is coinciding with the 

shape and location of green dash – dotted curve (induced current) in this figure. It is the confirmation that 

alternator's parameters are dictated by dynamics of tuned mass damper. The maximal values at 10 Hz are: 

for induced current is 6.27 A, peak of useful power is 1.97 Watt, such result is very far from desired 115 

Watt, and demonstrates the 10% mass of tuned mass damper allows get sufficient vibration level 

reduction, but does not work as the energy harvester.  

    

                                       A                                                                           B 

Figure 4: Dynamical characteristics for crosstie when EVEH installed. Case 1. 

There are the results of model simulation for considered system in Figure 5 when the mass of tuned mass 

damper still is equal to 10% of crosstie’s mass and the initial dimensionless parameters of an alternator are 

equal to 4, or L=4, R=4,  = 4 (case 2). 

The resonant amplitude of tuned mass damper (brown dashed curve in Figure 5A) is equal to 25.827 mm 

at 10 Hz. The resulted damped amplitude (according to blue dotted line) is 0.439 mm at 10Hz, so the 
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reduction of resonance amplitude is in 4.556 times, which is sufficient for technical system. The maximal 

values at 10 Hz are: for induced current is 7.76 A, peak of useful power is 12.04 Watt, and again that 

result is very far from desired 115 Watt. 

The preliminary cycle of study indicates that the parameter's selection of tuned mass damper in first 

approximation mass should be equal to 1% of crosstie’s mass: m=3 kg, and b1=51 kg/s, k1=1.2*104 kg/s2 .                                                                                  

Let’s examine the impact of each electromagnetic parameter on tuned mass damper amplitude and useful 

power. Suppose that each of parameter variation is in interval (1...4), or 1 < L < 4; 1 < R < 4;1 < < 4; 

and = 62.8 1/s = 10 Hz. 

    

                                              A                                                                                 B 

Figure 5: Dynamical characteristics for crosstie when EVEH installed. Case 2.  

The relationship between amplitude of tuned mass damper and an inductance L is plotted by blue curve in 

Figure 6; and on the same figure there is a relationship between the peak of useful power P and an 

inductance L plotted by red curve. Other parameters are R=  = 1. The horizontal axis (dimensionless) is 

standing for inductance, and the vertical axis is standing for amplitude of tuned mass damper (in cm), and 

useful power (in Watt). The analysis of this chart shows that the amplitudes of tuned mass damper are 

reducing slightly with increased numbers of inductance, and values of useful power are falling down with 

increased numbers of inductance. It could be concluded that for power efficiency it is better to select the 

inductance with minimal values.      

The relationship between amplitude of tuned mass damper and a resistance R is plotted by the similar blue 

curve in Figure 7; and a relationship between the peak of useful power P and a resistance R is plotted by 

red curve. Other parameters are  = L = 1. The horizontal axis (dimensionless) is standing for resistance, 

and the vertical axis is the same as per Figure 6. The analysis of this graph shows that the amplitudes of 

tuned mass damper are reducing slightly down to some minimum, and the values of useful power at this 

time are reducing as well. It could be stated that for power efficiency it is better to select the resistance 

values with minimal numbers. 

 

Figure 6: Amplitude of tuned mass damper and peak of useful power vs. inductance       
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Figure 7: Amplitude of tuned mass damper and peak of useful power vs. resistance 

 

Figure 8: Amplitude of tuned mass damper and peak of useful power vs. linkage factor 

The relationship between amplitude of tuned mass damper and a linkage factor  is plotted by the similar 

blue curve in Figure 8; and a relationship between useful power P and a linkage factor  is plotted by red 

curve. Other parameters are R = L = 1. The horizontal axis (dimensionless) is standing for the linkage 

factor, and the vertical axis is the same as in Figure 6.  

The analysis of this graph shows that the amplitudes of tuned mass damper are growing up, and the values 

of useful power are growing up significantly. The rise of amplitudes is restricted by technical requirements 

– amplitude of tuned mass damper vibrations could not be more than 100 mm. The values of useful power 

may reach more than 300 W. It is necessary to highlight that the upper magnitude of a linkage factor was 

less than planned  =4 because of the vibration amplitude restrictions.  It could be stated that for power 

efficiency it is better to select the maximally possible linkage factor values in this case. 

This study illustrates that the implementation of an alternator subsystem into tuned mass damper design 

leads to changes of magnitudes of its amplitudes, and increasing values of useful power means the 

reduction of tuned mass damper 's amplitudes numbers. The analysis of graphs presented in Figures 6 – 8 

tells that the linkage factor provides the most significant influence on amplitudes of tuned mass damper.    

It was assumed until now that the external excitation force has unchangeable constant frequency, for 

example 10 Hz. If the frequency does not have the constant nature, the additional control apparatus [15] 

could adjust properly the EVEH parameters using the algorithms “catch and match frequency”.  

4 Rectilinear EVEH prototype design  

A crosstie is an example of a solid object vibrating in one line direction (rectilinear) or objects having 

single degree of freedom. Its model is shown in Figure 1 and can be described by system of equations (1) 

– (3). An attachment of tuned mass damper completed with an alternator to a crosstie is providing two 
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opportunities to engineer: a reduction of level of body vibrations and an effective conversion of damped 

vibrations into useful power. Actually these opportunities could involve tuned mass damper completed 

with an alternator in conflict situation.     

Trying to reach the best result for reduction of a crosstie vibration at 10 Hz, there were considered two 

options: “heavy” EVEH having the mass of tuned mass damper equal to 1.9% of crosstie mass, and: 

“light” EVEH having the mass of tuned mass damper was equal to 1.0% of crosstie mass. The “heavy” 

version of a system was readjusted in the following way: the viscosity coefficient b1 was selected as 

b1=51 kg/s, an inductance was nominated as L=2, the electrical resistance was selected as R=1.52, and a 

linkage factor was assumed to be 3.03.The “light” version of a system was readjusted in the following 

way: the viscosity coefficient b1 was selected as b1=50 kg/s, an inductance was nominated as L=1.5, the 

electrical resistance was selected as R=1.2, and a linkage factor was assumed to be 2.924.   

The dynamical characteristics of “heavy” system are shown in Figure 9. The abscissa axis stands for 

frequency (in Hz) of external force in Figure 9, and ordinate axis stands for a. amplitudes of tuned mass 

damper vibrations in mm b. peak value of useful power in W. 

 

Figure 9: The dynamical characteristics of “heavy” system. 

On that chart the amplitude - frequency characteristic of tuned mass damper could be reflected by brown 

dashed curve, and relationship of useful power vs. frequency reflected by magenta solid curve. The 

maximum value of amplitude of tuned mass damper is 86.36 mm at 10 Hz, and maximal number of useful 

power is 204.2 W. There is a straight line in Figure 5 equals to 87 mm. It was found during design that the 

actual maximum value of amplitude of tuned mass damper must be limited geometrically to 87 mm.  

The dynamical characteristics of “light” system are shown in Figure 10. The coordinate axis and curves 

are similar to those presented in Figure 9. The maximum value of amplitude of tuned mass damper is 

86.89 mm at 10 Hz, and maximal number of useful power is 218.5 W, or it means that average extracted 

useful power is 109.25 W, which is close to desired 115 Watt. The analysis of obtained results 

demonstrates that the proper selection of EVEH parameters could provide the sufficient values of expected 

useful power, but it would be done at expense of quality of reduction of crosstie’s vibration levels, for 

instance the magnitude of damped resonant amplitude for the last case is 1.86 mm (amplitude reduction in 

1.075 times), or practically no appreciable result of a reduction.      
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Figure 10: Dynamics of EVEH focused on “light” system 

Hence there is an attractive result in using the wasted power, but practically no vibration reduction in 

latest case. This case is illustrating the design of EVEH focused on the effectiveness of using wasted 

power only. Furthermore, it is obvious that the case of “light” system is more preferable in comparison to 

case of “heavy” system – less weight, less mass – geometry characteristics, and more useful power.  

 

Figure 11: Selection of load resistance. 

The final step in design parameters selection is the elaboration of relationship between Rd load resistance 

and average extracted useful power. The results of a digital analysis are presented in Figure 11 (abscissa 

axis is the dimensionless Rd, and ordinate axis is average useful power). The designer could see that the 

modelling predicted power would be obtained at Rd = 0.53.  

5 EVEH prototype test  

The prototype of EVEH focused on extracting the possibly maximum power from vibrating crosstie was 

designed and fabricated. The design parameters were composed specifically for prototype mounting on a 

crosstie vibrating at 10 Hz with amplitude 2 mm. Its main characteristics were based on values presented 

in last modelling case. EVEH was vertically installed. The EVEN photo is shown in Figure 12 in left side, 
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and pick-up coil (solenoid) is in right side of Figure 12. There was a specifically designed shaker used for 

experiments (see Figure 13).  

               

Figure 12: Rectilinear EVEN 

 

Figure 13: General photo of Shaker 

The shaker has the driving device – DC Motor 1, electrically connected to speed controller 2 for 

controlling DC rpm. The DC Motor is providing rotation to input shaft of shaker 3 through clutch. The 

shaker was configured (see Figure 14) to generate a steady state sinusoidal force acting in the vertical 

direction. For that purpose the input shaft has the drive gear 4 (see Figure 14) contacted to two counter – 

rotating wheels 5, each of counter – rotating wheels are equipped by counter - rotating masses 6. Such 

design provides a shaker by the adjustable controllable speeds (hence, the frequencies of excitation). The 

shaker could have the stable certain vertical vibrations in frequency range of 1.5 Hz – 20 Hz. The shaker 

was installed on test platform (see Figure 15).  
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Figure 14: Internal view of shaker   

 

Figure 15: Shaker on test platform  

The vibration of test platform were recorded, analyzed and control by means of Hewlett Packard Handheld 

Dynamic Spectrum Analyzer 3 (see Figure 16) getting signal from measuring accelerometer 2. A speed 

controller marked as 1 is shown in Figure 16 as well.   The EVEH prototype focused on getting power was 

assembled on test platform and experimentally examined. The comparison of magnitudes measured in an 

experiment to data obtained in previous theoretical study was done. The recorded useful power was 

visualized specifically for convenience purposes as a graph in coordinates “useful power in W” vs. “time 

in seconds” (see Figure 17). The analysis of presented graph brings us to conclusion that the measured 

average useful power is 114.03 Watt.  
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Figure 16: Data recording  

 

Figure 17: The recorded useful power           

The comparison of values metered during test to data received theoretically (115.78 Watt) shows that the 

deviation of obtained data from theoretically predicted ones is 1.53% and one can say that this result 

confirms that it is a satisfactory compliance of real manufactured EVEH to theoretically predicted model.  

6 EVEH application for tuned mass damper feeding  

One of the perspective ways of EVEH usage was practically missed in R&D practice. It is the rerouting of 

produced power to tuned mass damper subsystem for reducing its viscosity factor b1 [10],[11]. Such 

EVEH usage significantly improves the tuned mass damper efficiency. It could be demonstrated 

graphically as shown in Figure 18 which reflects the modelling and simulation of system (1) - (3) for 

“heavy” option.  
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Figure 18: Amplitude – frequency charts for system without EVEH and with improved EVEH installed 

Figure 18 is built similar to Figure 4A, but the amplitudes of tuned mass damper are not plotted. During 

modelling and plotting these graphs it was accepted that all EVEH useful power was directed for 

compensation of viscosity factor.  

The red solid curve reflects the initial dynamical behaviour (amplitude – frequency chart) of previously 

examined crosstie without tuned mass damper. The value of amplitude is 2 mm at 10 Hz. The amplitude - 

frequency characteristic of a crosstie equipped by tuned mass damper could be reflected by blue dotted 

curve as shown in Figure 18. Now the value of amplitude is 0.294 mm at 10 Hz, or reduction of amplitude 

level is in 6.8 times. The engineer can see that the rerouting the useful power signal for viscous factor 

compensation gives the magnificent opportunity for further suppression of negative crosstie vibrations. 

However the designer must take into account that this phenomenon is caused by increasing amplitude of 

tuned mass damper [18], which could cause (in its turn) the further raising of magnitudes of useful power. 

It is important to keep that process of damper's displacements increasing combined to power rising in 

stable dynamic zone. It should be done using, for instance, the control schemes described in [15]. 

It is necessary to mention that the presented design solutions are not restricted, and they could be 

applicable in various situations in railways generally. 

7 Summary / Conclusions 

Elaborated vibration energy harvesters based on electromagnetic tuned mass dampers has several 

improved features. The universality of application of proposed scheme for “rectilinear vibration 

operation” is one of the most important issues among others. The main purpose of design and 

implementation of proposed electromagnetic vibration energy harvester demonstrated in current study is to 

serve dual goals:  

 reduction of the vibration levels of a crosstie by controlled tuned mass dampers, 

 generating an additional power which could be used in an industry. 

The implementation of suggested electromagnetic vibration energy harvesters gives flexibility in 

applications: it gives a possibility to use them in such formats as  

 focused  on tuning damping of crosstie vibrations, 

 focused on reasonable balance between tuning damping of crosstie vibrations and effectiveness of 

using wasted power,  

 focused on the effectiveness of using wasted power only.    

Usage of proposed design solutions allows redirect the useful power for compensation of tuned mass 

damper’s viscous factor. Due to composed control system it is possible to build electromagnetic vibration 

energy harvester operating in stable zones.   
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The developed electromagnetic vibration energy harvesters could be installed and used successfully in 

various branches of railway business having vibrating modules, units and parts.  
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