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ABSTRACT 

 

This study proposes various methods to harvest the mechanical energy present in railcar 

suspensions and railroad tracks to generate low-power electricity that is suitable for onboard or 

trackside electronics, using electromagnetic generators.  A compact electromagnetic energy 

harvester that can be installed onboard railcars or wayside on railroad tracks is designed, 

fabricated, and tested.  The design integrates a mechanical motion rectifier (MMR) with an 

embedded one-way clutch in the bevel gears, to convert the bi-directional mechanical energy that 

commonly exist in the form of vibrations into a unidirectional rotation of the generator.  The ball-

screw mechanism is configured such that it has reduced backlash and thus can more efficiently 

harvest energy from low-amplitude vibrations.  

 

A porotype harvester is fabricated and tested expensively in the laboratory using a suspension 

dynamometer and, in the field, onboard a railcar and on a test track.  The laboratory evaluation 

indicate that the harvester is capable of harvesting power with sufficient current and voltage for 

successfully powering light electronics or charging a low demand battery pack.  The harvested 

power varies widely from a few to tens of Watts, depending on the resistive load across the 

harvester and the amplitude and frequency of the mechanical motion.  The laboratory test results 

are verified through field testing.  The harvester is tested onboard a passenger railcar, placing it 

across the axle suspension, to use the small amount of relative displacement at the axle to harvest 

energy.  It is also placed on a test track to use the vertical motion that happens due to passing wheel 

for wayside energy harvesting.  Both onboard and wayside tests confirm the laboratory test results 

in terms of the success of the design concept in providing low-power electrical power. 

 

The harvester design is further integrated into a conventional railroad tie for ease of field 

installation and improving the efficiency of harvesting the mechanical energy at the rail.  The 

integrated design, referred to as the “smart tie,” not only protects the energy harvester, the wiring 

harness, and supporting electronics from the maintenance-of-the-way equipment but also positions 

the harvester in a mechanically advantageous position that can maximize the track-induced motion, 

and hence the harvested power.  Although for testing purposes, the smart tie uses a modified 

composite tie, it can be integrated into other track tie arrangements that used for revenue service 

track, including concrete and wooden ties.   

 

A prototype smart tie is fabricated for laboratory testing, including a power management system 

with an energy storage circuit.  The laboratory test results nearly duplicate the results obtained 

earlier from the wayside harvester.  The smart tie is currently being considered for revenue service 

field testing over an extended length of time, potentially at a railroad mega site or similarly suitable 

location.  
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 Introduction 
 

1.1 Motivation 
 

The significance of railroad transportation in people’s life cannot be underestimated. Compared 

with road vehicles, rolling stock generally encounters lower frictional resistance, so passenger and 

freight cars could be coupled into longer trains, being a great choice for traveling and goods 

transporting. With the rapid development of electrification, passenger trains could usually obtain 

the electrical power from the pantograph or third rail for train traction as well as different electrical 

equipment. However, for the most freight trains, there are few electrical grids along the track, 

resulting in few reliable cost-effective onboard or trackside electrical energy sources to power the 

advanced electronic devices. Without dependable electrical supplies, modern smart devices and 

technologies, such as GPS, train condition real-time monitoring system, positive train control, and 

well as wireless communications, cannot be applied to improve the operational safety and 

efficiency. Besides, to achieve a safe and reliable transportation operation, many trackside 

electrical devices or smart technologies, such as signal lights, track switches, hotbox detectors, rail 

health monitoring systems, and wireless communication modules, have been applied to the rail 

system. However, cost-effective stable power supplies for freight train track electrical devices and 

subway tunnel lights are very limited. Therefore, seeking alternative railroad trackside and 

onboard cost-effective power sources for the railway safety electrical devices attracts more 

attention and has been an appealing research topic recently.  

 

1.2 Objectives 
 

The primary objectives of this report are listed below: 

 

• Develop a novel electromagnetic energy harvester as an alternative power source for 

powering railroad trackside electrical devices. Apply it in a real railroad system. 

• Develop a smart railroad tie for energy harvesting to supply trackside electrical devices 

and resolve the preload and installation challenges of bidirectional harvesting. 

• Develop an electromagnetic energy harvester for railcar suspensions to power onboard 

electrical devices. Apply it in a real railcar suspension system. 

• Develop a power management system for railcar suspension energy harvester to store the 

energy and supply for different electrical applications. 

• Investigate the dynamic influence of the railcar suspension energy harvester (energy 

harvesting shock absorber) to the railcar ride comfort.  

 

1.3 Challenges 
 

The following challenges are faced in the study: 

 

• Difficulty in developing compact and reliable mechanical structures to transfer the small 

railroad track vibration energy into electricity 
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• Difficult to install the track energy harvester in such limited allowable space between the 

track and the rail foundation. 

• Harvest enough energy from the small-amplitude track vibration, especially from the rapid 
transit track, is a challenge.  

• Traditional method to harvest energy bi-directionally has high impact force, which is not 

reliable.  

• Difficult to investigate/evaluate the influence of track energy harvester to the rail-train 

system. 
 

• Difficulty in developing suspension energy harvester to transfer the reciprocating railcar 

suspension vibration energy into electricity 

 

• Difficult to install the railcar suspension energy harvester in a limited allowable space in 
railcar suspension 

• Harvesting enough energy from the small and low frequency random suspension vibration 

is challenging. 

• Traditional method to harvest energy bi-directionally has high impact force, which is not 

reliable.  

• Difficult to develop a power management system to store and properly manage the power 
for different electrical applications. 

• Hard to determine best parameters to improve the railcar ride comfort due to the 

nonlinearity of the overall coupled system.  

 

1.4 Approaches 
 

The following approaches are employed to overcome the challenges in this dissertation: 

 

• The mechanical motion rectifier (MMR) mechanism, which is realized by the embedded one-

way clutches in the two bevel gears, converts the bi-directional vibration into the 

unidirectional rotation of the generator. This special mechanism eliminates the impact forces 

during transmission and results in high energy harvesting performance.  

• Utilizing ball-screw mechanism to transmit the bidirectional track linear vibration into 

unidirectional rotation of the generator can reduce backlash during transmission and thus can 

harvest energy from a small input of the track deflection induced by the moving train 

• A comprehensive model considering the train-rail-harvester interaction is developed to 

analyze the dynamic characteristics of the coupled system and predict the energy harvesting 

performance of the harvesters at different train speeds. 

• The proposed smart energy harvesting tie, as an upgraded development of the compact track 

harvester, only harvests the kinetic energy of the track when the wheels push it downwards, 

which resolves the preload and installation challenges of bidirectional harvesting and 

increases the overall system reliability. 

• A rack-pinion based suspension energy harvester with a simplified structure is designed to 

fit into the railcar suspension. Facing the severe vibration and huge load conditions during 

the operation of the freight cars, an enclosed lubricated gearbox and a unique two guide-rail 

mechanism are specifically designed for the harvester to reduce the friction loss and increase 

transmission reliability and durability.  
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• AC-DC and buck-boost (DC-DC) converters are employed in the railcar energy storage 

circuit to convert the AC voltage to DC voltage and set an effective resistance (equivalent 

damping) to the transducers. The oscillator circuit in the self-designed buck-boost converter 

controls the switching frequency and duty cycle of the power MOSFET. A modified 

commercial battery charging circuit is located at the output side of the buck-boost converter 

to maximally store the electrical energy into the lead-acid battery.  

• A 6 degree of freedom railcar-harvester model is established, and parameter simulation study 

is performed to determine the best pair of damping and equivalent inertance for improving 

the ride comfort.   

 

1.5 Contributions 
 

The primary contributions of this research include: 

 

1. A novel ball-screw based railway track energy harvester with mechanical motion rectifier 

mechanism was designed, modeled and tested.  

 

• Due to the nonlinear characteristics induced by the one-way clutches in the mechanical motion 

rectifier (MMR) mechanism, the proposed energy harvester could convert the bi-directional 

track vibration into unidirectional rotation of the generator, which significantly improves the 
motion transmission by reducing the impact forces.  

• A comprehensive model considering the coupled dynamic behaviors of the train, railway track 

and harvester was developed and validated. It is shown that the proposed ball-screw based 

energy harvester acts as a fixed inerter in parallel with pre-compressed springs and an 

adjustable damper tuned by external resistive load of the generator, when the one-way clutch 
is in engagement. When both one-way clutches disengage from the bevel gears, the energy 

harvester behaves as pre-compressed springs only, and the inertia of the generator drives the 

generator itself continuously to produce electricity. This piece-wise mass-spring-damper of the 
single freedom harvester is integrated into the train-track model and the performance of the 

harvester at different train speeds can be predicted by the model.  

• The in-lab and field tests were conducted to further validate the dynamic characteristics and 

evaluate the performance of the proposed energy harvester. The harvester could effectively 

work under a very small input with the amplitude of ±0.2 mm, which shows that the proposed 
harvester has an improved sensitivity to the environment vibrations. Field test results showed 

that an average power of 1.12 and 2.24W were achieved for prototype 1 and 2 respectively at 

30 km/hr rapid transit speed. More power could be obtained by choosing a higher limit one-
way clutch, increasing the reset spring stiffness and refining the installation condition. 

 

2. A smart energy harvesting railroad tie to power the trackside electrical device has been 

proposed, designed, modeled and tested for potentially improving the train operational 

efficiency and safety.  
 

• The smart tie, which is designed to have similar dimensions to a conventional railroad tie, can 

be installed in the same manner as a standard tie on the track.  

• Through a ball-screw, a pair of bevel gear and an output shaft with a single one-way clutch, the 

generator can be driven to generate electricity. Different from bidirectional energy harvesters, 
the proposed smart tie only harvests the kinetic energy of the railroad tie when the tie moves 
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downwards due to the approaching wheel, which resolves the preload and installation 
challenges and increases the overall system reliability.  

• An analytical model is developed, and the dynamic simulation is conducted to better understand 

the system nonlinearity and predict the performance.  

• During the bench tests, the smart tie demonstrates great sensitivity to the environment vibration 

due to its small backlash (less than 0.1 mm). In-lab test results show that an average power of 

26.1 and 42.2W for 4 and 2 Ohms external loads are obtained, respectively, under simulated 
tie movement conditions.  This indicates that the proposed smart tie is capable of powering 

most wayside electrical devices, with a great potential to improve the train operational safety. 

 

3. A rack-pinion based freight railcar energy harvester with a mechanical motion rectifier (MMR) 

mechanism was designed, modeled, and tested both in the lab and in the field.  

 

• The proposed energy harvester could translate the bidirectional freight railcar suspension 

vertical vibration into unidirectional rotation of the electromagnetic generator by utilizing two 

one-way clutches embedded in transmission bevel gears. An enclosed MMR gearbox with 
lubricant inside was designed to increase the transmission durability and decrease the friction 

loss.  

• A coupled model for the freight railcar integrated with the proposed energy harvesters at the 
secondary suspensions was developed. A simulation study was performed with the Association 

of American Railroad (AAR) Class 5 and 6 track irregularities as the system input, showing 

that the generated power from the harvester and the suspension vibration RMS velocity 
increase with the train speeds. Energy harvesting performances at different train speeds for the 

proposed harvester were also predicted through modeling and numerical simulations.  

• The in-lab and onboard field tests were carried out to evaluate the performance of the proposed 

train suspension energy harvester. In-lab test results showed that an average power of 14.5 and 
9.2W were achieved with the typical recorded suspension displacement (vibration RMS 

velocity is 0.030 m/s) at 90 km/hr on an operational track for the prototype harvesters with 66:1 

and 43:1transmission ratios, respectively. The model was validated through bench tests using 
both the sinusoidal inputs and the recorded displacement inputs.   

• An onboard test was also carried out on a test track in CRRC Yangtze, Co., Ltd., and test results 

showed a peak of 73.2W phase power and an average of 1.3W were achieved at a train speed 
of 30 km/hr (vibration RMS velocity is 0.017 m/s) for the harvester with 43:1 transmission 

ratio. Both the in-lab and onboard test results indicate that the proposed train suspension energy 

harvester could continuously generate an amount of power (watts to tens of watts level) useful 

for powering onboard auxiliary electrical devices, which can potentially improve the freight 
railcar operational safety.  
 

4. A power management system with an energy storage circuit is designed, prototyped and tested.  

 

• AC-DC and buck-boost (DC-DC) converters are employed in the energy storage circuit to 

convert the AC voltage to DC voltage and set an effective resistance (equivalent damping) to 

the transducers. The oscillator circuit in the self-designed buck-boost converter controls the 
switching frequency and duty cycle of the power MOSFET.  

• A modified commercial battery charging circuit is located at the output side of the buck-boost 

converter to maximally store the electrical energy into the lead-acid battery. Power 

management system is also integrated with the self-designed energy storage circuit, battery 
indicator circuits and two boost converters.  



 

5 

• Tests were conducted and results showed that an around 7-Ohm resistance and a maximum 

77% efficiency could be achieved for the buck-boost converter. The overall power management 
system could perform well in the bench test conditions. 

 

5. The MMR energy harvester on railcar dynamics has been also investigated.  
 

• A nonlinear railway vehicle model integrating EHSAs at the primary suspension with 

six degrees of freedom is built and simulations with analysis are presented.  

• Results shows that compared with vehicle with traditional shock absorbers, railcars 

with MMR energy harvester as new-type shock absorber could perform better for ride 

comfort when the equivalent inertia mass and damping coefficient is properly designed. 
 

1.6 Outline 
 

• Chapter 1 introduces the study and provides the objectives, challenges, approaches and 

contributions from the research, and outlines the dissertation. 

• Chapter 2 gives background knowledge and an overview of existing energy harvesting 

technologies for railroad track and railcars. 

• Chapter 3 presents the design, modeling and field-test of a compact ball-screw based 

electromagnetic energy harvester for railroad transportation 

• Chapter 4 presents the design, modeling and tests of a smart energy harvesting railroad tie 

• Chapter 5 presents the design, modeling and onboard test of an electromagnetic energy 

harvester for railway cars 

• Chapter 6 presents the power management system of energy harvester for railcar 

suspension and performance evaluation of energy harvesting shock absorber on railway 

vehicle dynamics 

• Chapter 7 provides the confusions for the investigation and discusses the future work. 
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 Background and Literature Review 
 

This chapter provides background information about the urgent need of alternative power sources 

and the energy harvesting technologies that have been employed in railroad. Firstly, the 

background for the railroad track energy harvesting is introduced in Chapter 2.1, and subsequently, 

the background for railcar energy harvesting is presented in Chapter 2.2. 

 

2.1 Background for railroad track energy harvesting 
 

In the past decade, energy harvesting techniques which could be used for powering smart 

electronic devices have received increasing attention. Based on piezoelectric and electromagnetic 

method via linear and nonlinear [1, 2] mechanism, researchers have investigated energy harvesting 

in many different modes including ocean waves [3, 4], wind flow [5], vibrations in automobile 

suspension [6, 7] and transportation infrastructure [8, 9].   

 

For transporting passengers living inner city, the rapid transit system has become one significant 

option in recent decades. Often seen along urban growth in congested cities, rapid transit systems 

are an appealing solution for reducing vehicle traffic. Interconnected metro lines cross, merge, and 

mingle with others beneath the crowded cities, leaving the safety consideration for the rapid transit 

system to be the highest priority. To achieve a safe and reliable transportation operation, many 

trackside electrical devices or smart technologies, such as signal lights, track switches, hotbox 

detectors, rail health monitoring systems, and wireless communication modules, have been applied 

to the rail system. Let alone the sophisticated operation auxiliaries, the tunnel lights themselves 

consume a lot of electricity. However, cost-effective stable power supplies for tunnel lights are 

very limited. Seeking an alternative cost-effective power source for the railway safety electrical 

devices has been an appealing research topic for the industry.  

 

There is a vast energy potential in the railway track deflection induced by wheel-rail vertical 

contact force. The amplitude and frequency of railway track deflection can vary from 1-12 mm 

and 1-4 Hz, respectively, depending on the types of trains, track structures and carrying loads [10, 

11]. Aiming at utilizing a relatively small fraction of the energy stored in the railroad tracks to 

power the electronic safety devices, many energy harvesting technologies, such as those using 

piezoelectric[12-16], hydraulic[14, 17] and electromagnetic [14, 18-29], have been widely studied. 

For example, Wischke et al.[12] developed a piezoelectric vibration harvester equipped with a 

power interface circuit to power wireless sensor nodes in railway tunnels, and an average energy 

of 395μJ per train was achieved during the in-field test. Nelson et al.[13] and Pourghodrat et 

al.[14] developed a piezoelectric energy harvester which can be mounted on the bottom of the rail 

track, exposing it to longitudinal strain during the passing of trains. Figure 2-1(a) shows the 

piezoelectric energy harvester. Numerical simulation indicated a maximum average power output 

of 1.1 mW and an average power of 53 𝜇W were obtained in the field test when an unloaded train 

traveled at approximately 24 km/hr (15 mph). Yuan et al.[15] established a model of piezoelectric 

drum harvester with 100 mW in the simulation analysis. An experiment was conducted in lab using 

a 1:10 track test rig with a single wheel and an average 0.1 mW was achieved when the speed of 

the wheel ran at 0.5 km/hr.  Wang et al.[16] established a detailed model for a piezoelectric stack 

in the railway track model under moving multi-loads and an average power of 0.19 mW was 

obtained in the simulation. Overall, due to low power output and high impedance of piezoelectric 
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material, the harvested power could only supply sensors for health monitoring purpose. This 

suggests that it is inadequate for most safety electronic devices such as signal lights, track switches 

and hotbox detectors. Hydraulic energy harvester for railway track has also been studied. 

Pourghodrat, Nelson and co-workers[14, 17] designed a hydraulic energy harvester with hydraulic 

motor, planetary gearbox and a generator, shown in Figure 2.1(b).  An average power of 11W was 

obtained in the lab bench test under 3.75 mm and 0.375 Hz harmonic excitation. However, there 

is no field test to validate its energy harvesting performance under real track vibrations.  

 
(a) 

 

 
 

(b) 

 
Figure 2-1. Piezoelectric energy harvester [13] and hydraulic energy harvester [14] for railway track 

 

Other than piezoelectric and hydraulic harvesters, mechanical based electromagnetic energy 

harvesters have been gaining more popularity in the past decade. Nelson et al.[13] and 

Pourghodrat et al. [14] designed an inductive voice coil energy harvester with the coil rigidly 

attached to the rail track and a permanent magnet with a radial magnetic field fixed on the ground, 

shown in Figure 2-2. A maximum average power of 0.146 mW was derived under a low-amplitude, 

10-Hz sinusoidal excitation in the lab bench test.  However, field tests provided different results 

including an average power of 4 mW when a train consisting of empty cars traveled at 18 km/hr 

(11 mph) and an average power of 12 mW when a loaded train ran at 21 km/hr (13 mph). Gao et 

al.[18] also developed a linear electromagnetic energy harvester with an inductive coil and an 

average power of 119 mW was attained with a simulated rail displacement of 1.2 mm in the lab 

bench test. Gatti et al. [19] researched on harvesting energy from the vibration of a passing train 

using a single-degree-of-freedom mechanical oscillator, and the optimal amount of energy 
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harvested per unit mass is found to be proportional to the product of the square of the input duration 

and acceleration amplitude. Brennan et al. [20] presented an investigation about the upper bound 

of the scavenged energy on mechanical oscillators, which can be used for harvesting energy from 

track deflections, and conducted a fundamental study to determine the optimal set of mechanical 

design parameters of a linear single degree of freedom spring-mass-damper system.  

 

       
 

(a)                                                                             (b) 

 

Figure 2-2. Inductive voice coil energy harvester: (a) voice-coil device; (b) in field test [14] 

 

Besides linear electromagnetic harvesters, many researchers have designed rotary harvesters which 

could have a higher power density than linear harvesters and can convert the bi-directional track 

vibration into rotation of an electromagnetic generator. Pourghodrat et al. [14, 21, 22] proposed a 

mechanical energy harvester using rack and pinion mechanism (shown in Figure 2-3(a)) with a 

clutch bearing to harvest the track vibration energy when the track moves down, while generator 

freewheels when the track moves up. The in-field test results showed an average power of 0.22W 

was obtained with 12.7 mm (0.5 in) track deflection when a loaded train traveled at 18.5 km/hr 

(11.5 mph). They also provided another updated design, which can harvest energy when the track 

vibrates in both directions, and simulation results showed a significant improvement in 

performance. Wang et al. [23] proposed a design to convert the bi-directional vibration into 

unidirectional rotation by using three shafts, three spur gears, a pair of rack and pinion, and two 

roller clutches which is shown in Figure 2-3(b). Lab test results indicated a maximum average 

power of 1.4W was obtained with a 10-25% mechanical efficiency.  Much of its low efficiency 

was attributed to the design complexity and backlash between the rack and pinion gears. Zhang et 

al. [24, 25] proposed two different kinds of track energy harvester design and lab tests illustrated 

that a 55.5% mechanical efficiency and a peak  voltage of 58 V at 1Hz with a displacement of 2.5 

mm were achieved, respectively. Wang and Lin et al. [26, 27] proposed a simplified single shaft 

rack-pinion design and then Lin et al. [28, 29] implemented an anchorless mounting in an updated 

design using MMR, converting the bi-directional track vibration into unidirectional rotation of the 

generator and increasing the energy harvesting performance. The single shaft design (shown in 

Figure 2-3(c))achieved a 74% mechanical efficiency [27] because of less friction loss, and the 

anchorless prototype [28, 29], with 60 cm length, 15 cm height and 40 kg weight, can be installed 

in-field without any physical anchor, avoiding damages to the railroad subgrade. An average power 

of 6.9W was obtained by the anchorless prototype under a 5.7 mm freight train track deflection 

infield when the train traveled at 64 km/hr (40 mph).  
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(a) 

 
 

(b) 

 

                   
 

(c) 
 

Figure 2-3 Electromagnetic energy harvesters: (a) rack-pinion based design with anchor [21]; (b) rack-

pinion based design with MMR mechanism [26]; (c) rack-pinion based design with anchorless mounting 

[28]. 

 

2.2 Background for railway car energy harvesting 
 

Compared with road vehicles, rolling stock generally encounters lower frictional resistance, so 

railcars could be coupled into longer trains, being a cost-effective choice for passenger travel and 
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goods transportation. For the safe operation and efficient management of rail transportation, 

electrical devices are installed both on the trackside and on board.  Researchers have investigated 

the energy harvesting technologies, such as piezoelectric [14] and electromagnetic [25] methods, 

to power trackside electronics, such as signal lights, track switches, and rail health monitors, etc. 

Besides trackside devices, onboard smart technologies, such as GPS and real-time train condition 

monitoring system, are also essential for trains [30, 31]. However, unlike the passenger railcars, 

which can obtain the electrical power from the electrical grid or the locomotives, for freight trains 

with up to 200 trailers, it is difficult for the freight trailers to obtain electricity from the locomotive 

for these electronic devices due to the overall length. Batteries or onboard diesel generators might 

be a choice for the trailers; however, the frequent replacement/recharging of batteries or refueling 

of the diesel generators will increase the maintenance cost and inevitably interrupt the 

transportation. Without dependable electrical supplies, these modern “smart” technologies would 

not be applied to the freight vehicles to improve operational safety and efficiency.  

 

 
 

Figure 2-4 Trial SPV Coach and Online Monitoring System (OMS) [32]: (a) MMS without SPV modules. 

(b) SPV modules mounted on the coach. (c) Line diagram of OMS. (d) Trial SPV Coach on Trials. 

 

Onboard energy harvesting solutions have been developed in academia to convert the ambient 

solar, heat, and vibration into electricity. Vasisht et al. [32] and Rohollahi et al. [33] conducted 

case studies using photovoltaic (PV) cells mounted on the roof of a passenger coach to harvest 

reasonably large power. Figure 2-4 shows the work from [32]. However, photovoltaic panels might 

not be a feasible choice for freight cars since many freight cars, such as gondolas, are open-topped 

vehicles for transporting loose bulk materials and there is no roof to mount the PV panels. Nagode 

et al. [34] designed and tested an axle generator (shown in Figure 2-5(b)), which can be clamped 

on the train axle and produced average 300W power on the test bench at simulated 88.5 km/hr (55 

mph). Ahn et al. [35] developed a thermoelectric energy harvester using the temperature difference 

between the axle bearing housing and ambient air during the train traveling and it yielded up 19.3 

mW average power during the onboard test for some low-power sensors. When the railway 

vehicles are operating, vibration usually occurs on the car bodies, wheelsets, and suspensions. 

Pasquale et al. [36] designed a piezoelectric energy harvester (shown in Figure 2-6(a))which 

produced 12 mW average power at a vibration acceleration of 1.53 𝑔 on a 1:4 scaled bogie. Cho 
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et al. [37] designed a piezoelectric energy harvesting system with magnetic pendulum movement 

for trains and achieved a maximum average power density of 40.24 𝜇𝑊/𝑐𝑚3 in the optimized 

conditions. Although the broadband [38, 39] or asymmetric tristable [2] piezoelectric vibration 

harvesters have been investigated to enhance the performance, the power output is still too small 

for onboard devices. Ung et al. [40] designed a two degree of freedom energy harvester using a 

magnet and a conductive coil and achieved peak power 0.35 and 0.23W at two resonances of 6 Hz 

and 14.6 Hz at 0.5g vibration acceleration. Pasquale et al. [41] developed an energy harvester with 

a magnetic suspended proof mass and obtained an average output power of 0.1W on a scaled roller 

rig test corresponding to 80 km/hr train speed. 

               
 

(a)                                                     (b) 

 
Figure 2-5 Axle generator: (a) FAG Axlebox generator [42]; (b) axle generator with friction wheels [34]. 

 

 

             
 

(a)                                                                                       (b) 

 

Figure 2-7 Vibration energy harvesters for railway vehicles: (a) piezoelectric energy harvester [36]; (b) 

electromagnetic rotary energy harvester for train suspensions [43]. 

 

There is a vast amount of kinetic energy in railway vehicle suspensions, which is usually dissipated 

into heat by wedge friction or oil shock absorbers. Matamoros-Sanchez [44] and Wang et al. [45] 

investigated the energy dissipated in the train suspension and showed a large amount of dissipated 

energy. Wang et al. [46] and Abdelkareem et al. [47] indicated a huge energy potential in the railcar 

suspensions. Mechanical based electromagnetic energy harvesting can be used to convert a small 

portion of this large-power vibration energy that is otherwise dissipated into heat, into useable 

electricity, which is a more promising solution to power onboard electrical devices than the 
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piezoelectric and other electromagnetic energy harvesting technologies. Nagode [43] and his co-

workers designed and tested three types of mechanical based electromagnetic railcar suspension 

energy harvesters, including a linear motion energy harvester in which the magnets move linearly 

with the train suspension inside coils, and two ball-screw based rotary electromagnetic energy 

harvesters with two customized planetary gearboxes, converting the bidirectional linear motion of 

the suspension into bidirectional rotation [48, 49] or unidirectional rotation (shown in Figure 2-

6(b)),  [43] of the generator. The in-lab bench test results showed the linear harvester produced 

average output power 0.545W under 19.05 mm (0.75 inch) and 1.5 Hz harmonic vibration, and the 

ball-screw based energy harvester achieved an average power of 65W under 25.4 mm (1 inch) 1.5 

Hz harmonic excitation. The onboard tests in Transportation Technology Center, Inc. (TTCI) 

facilities demonstrated an average power of 0.35-0.55W on the freight railcars.  
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 Design, Modeling and Field-test of a Compact Ball-

screw Based Electromagnetic Energy Harvester for 

Railroad Transportation 
 

To enable the smart technologies and safe operation of transit and rail transportation, such as 

hotbox detector, track health monitoring and wireless communication on the railroad side, a cost-

effective energy source is in need. This chapter presents the design, modeling, in-lab experiment 

and field-test results of a compact ball-screw based electromagnetic energy harvester with a 

mechanical motion rectifier (MMR) mechanism for smart railway transportation. The MMR 

mechanism is realized by the embedded one-way clutches in the bevel gears, which converts the 

bi-directional track vibration into the unidirectional rotation of the generator. Compared to 

previous designs, the proposed harvester has reduced backlash and thus can harvest energy from a 

small input of the track deflection induced by the moving train. Two prototypes with different key 

design parameters were built and tested. A comprehensive model considering the train-rail-

harvester interaction was developed to analyze the dynamic characteristics of the coupled system 

and predict the energy harvesting performance of the harvesters at different train speeds. Both in-

lab and field tests were carried out to examine the energy harvesting performance of the harvester 

and validate the model. Field test results illustrated that an average power of 1.12 and 2.24W were 

achieved for two prototypes respectively when a Type A rapid transit passed by with a 30 km/hr 

vehicle speed. 

 

3.1 Chapter Introduction 
 

As discussed in Chapter 2.1, among the energy harvesting technologies in railway, the rack pinion 

based electromagnetic energy harvesters, especially those with MMR mechanism, have proven to 

have reasonable performance for powering trackside electronics. However, three main challenges 

remain in the existing technologies: (i) almost all the current rotary track energy harvesters are 

relatively cumbersome or not easy to install; (ii) the backlash between the rack teeth and pinion 

teeth in rack-pinion based harvesters can be large and lead to relatively low energy harvesting 

performance when the excitation is small [50, 51]; (iii) a coupled model consists of the train, 

harvester and track system is needed for predicting the energy harvesting performance at different 

train speeds.  

 

In this chapter, a compact design with an MMR mechanism is proposed for harvesting energy from 

rapid transit track deflection in the tunnels or freight track deflection. The energy could be stored 

in a battery through self-designed or commercial battery charging circuits and used to power 

different trackside electrical devices, such as signal lights, track switches, hotbox detectors, rail 

health monitoring systems, and wireless communication modules, which could potentially increase 

the safety of train operation. Two prototypes are fabricated using the ball-screw mechanism with 

less backlash during transmission and high sensitivity to the vibration environment. A systematic 

model considering the train-track-harvester interaction is developed to analyze the dynamic 

characteristics of the coupled system and predict the energy harvesting performance of the 

harvesters at different train speeds. In-lab and field tests have been carried out to examine the 

performance of the harvester and validate the model. Field test results show that an average power 

of 1.12 and 2.24W are achieved for prototype 1 and 2 at 30 km/hr, respectively.  
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This chapter is organized as follows. Chapter 3.2 introduces the detailed design and working 

principle of the two prototypes with different parameters. Chapter 3.3 is the systematic modeling 

for the proposed energy harvester coupled with the rail system. Chapter 3.4 is the in-lab test of the 

proposed energy harvesters and Chapter 3.5 is the harvester in-filed test. Chapter 3.6 provides the 

concluding remarks. 

 

3.2 Design and Working Principle 
 

The proposed based track energy harvester is comprised of a ball-screw, an enclosed MMR 

gearbox, an electromagnetic generator with a gearhead and anchorless mounting parts, as shown 

in Figure 3-1(a). Compared with previous rack pinion based designs[27, 29], the ball-screw 

mechanism can significantly reduce the backlash during the process of converting the bi-

directional linear motion to rotation [51]. Therefore, it can provide a higher energy harvesting 

performance when the excitation displacement is small. The harvester is designed to be installed 

under the track between two adjacent sleepers, and the input plate could be considered as rigidly 

connected to the railway track by two clamping blocks with bolts. The bending stiffness of the 

input plate (made of steel) is large enough so that the deformation of the input plate can be ignored. 

To quickly install the harvester on site and prevent the potential risk of the physical anchor from 

changing the property of ballast and subgrade, two reset springs are pre-loaded and positioned 

between the input plate and ground plate, providing enough spring force to keep the ground plate 

stationary on the rail foundation. When the train passes by, the track deflects due to the wheel-rail 

vertical contact forces and the input plate of the harvester vibrates together with the track vertically. 

The ball nut is embedded near one end of the input plate and the ball-screw is used in the back-

driven mode, which can convert the low-speed reciprocal linear motion of the track vibrations into 

bi-directional rotation of the screw at a higher speed. A mechanical coupler is employed to connect 

the screw shaft and the input shaft of the enclosed MMR gearbox so that the input shaft can also 

rotate bi-directionally.  

 

The enclosed MMR gearbox consists of a pair of large bevel gears embedded with one-way sprag 

clutches, a small bevel gear connected to the gearhead shaft and five angular contact bearings. The 

rotational motion could be transmitted from the large bevel gear pair to the small bevel gear, and 

consequently, the gearhead and electromagnetic generator could rotate as well. Angular contact 

bearings are applied to provide shaft and gears with both the radial and thrust forces so that the 

overall transmission could be smooth and steady. Meanwhile, shaft seals and O-rings are used in 

the gearbox design, so, by adding the lubricant oil or grease inside the enclosed gearbox, the 

transmission reliability and efficiency could be improved.  
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(a) 

 

 
 

                          (b) 

 
Figure 3-1. Design of a ball-screw based railway track energy harvester with MMR mechanism: (a) Design 

details (b) Prototype 

 

Figure 3-2 illustrates the working principle of the ball-screw based MMR railway track energy 

harvester. For instance, in Figure 3-2, if the track moves down when the train wheel approaches, 

the ball-screw will spin counterclockwise from the bottom view, and at this moment, the upper 

bevel gear can be engaged with the embedded clutch and become the driving gear, while the lower 

bevel gear is disengaged with the embedded clutch and becomes an idle gear.  In this way, the 

small bevel gear is driven by the upper driving gear and will spin counter-clockwise (from the left 

view). If the track moves up when the train wheels move away, the ball-screw will spin clockwise 

from the bottom view, and at this moment, the lower bevel gear is engaged with the embedded 

clutch and becomes the driving gear, while the upper bevel gear is disengaged from the embedded 
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clutch and becomes an idle gear. In this way, the small bevel gear and thus the generator will 

continuously spin counter-clockwise (from the left view). In other words, no matter if the railway 

track moves upwards or downwards, the electromagnetic generator always rotates unidirectionally, 

resulting in high energy harvesting performance and low impact force during transmission [27]. 

This special mechanism, converting the reciprocating vibration into unidirectional rotation of the 

generator, is referred to as mechanical motion rectifier (MMR) [52]. Two prototypes are fabricated 

with the same design but different ball-screw leads, reset springs, gearheads, and generators. The 

main parameters of these two prototypes are listed in Table 3-1.  

 

 
 
Figure 3-2. Bidirectional vertical track motion induced by wheel-rail vertical contact force will drive the 

generator to rotate in one direction using the proposed ball-screw MMR mechanism: green lines represent 

the case that track moves up and blue lines represent the case that the track moves down. 

 

 

 

 

 

 

 

 
Table 3-1. Parameters of the proposed energy harvesters 

 



 

17 

Parameters Value Discription Parameters Value Description 

𝑑𝑚  15.75 

mm 

Screw diameter 𝑟𝑏 2 Bevel gear transmission ratio 

𝑙1 20 mm Screw lead in Prototype 1  𝑟1𝑔  4.3 Generator 1 gearhead ratio 

𝑙2 16 mm Screw lead in Prototype 2 𝑟2𝑔 12 Generator 2 gearhead ratio 

𝐽1𝑚  3.06 

kgcm2 

Generator inertia of Prototype 1  𝑘1𝑒  0.163 V/rads Generator 1 voltage constant 

𝐽2𝑚 0.17 

kgcm2 

Generator inertia of Prototype 2  𝑘2𝑒  0.054 V/rads Generator 2 voltage constant 

𝐽𝑙𝑔 30 

kgcm2 

Large gear inertia 𝑘1𝑡  0.163 Nm/A Generator 1 torque constant 

𝐽𝑠𝑔 3 kgcm2 Small gear inertia 𝑘2𝑡  0.054 Nm/A Generator 2 torque constant 

𝐽𝑏𝑠 0.038 

kgcm2 

Screw inertia 𝐿1 2.5 mH Generator 1 phase to phase 

inductance 

 𝑅1𝑖  2.28 Ω Terminal resistance phase to phase of Generator 1 
 

𝐿2 0.443 mH Generator 2 phase to phase 

inductance 

 𝑅2𝑖  0.284 Ω Terminal resistance phase to phase of Generator 1 
 

𝑘1 26269N/m Spring constant of Prototype 1 

𝑆𝑡𝑟𝑜𝑘𝑒  15 mm Harvester stroke 𝑘2 95269N/m Spring constant of Prototype 2 

𝑊𝑒𝑖𝑔ℎ𝑡  15 kg Harvester weight 𝐻𝑒𝑖𝑔ℎ𝑡 20 cm Harvester overall height 

Note: Generator 1 and Generator 2 represent the generator inside the harvester prototype 1 and harvester 

prototype 2, respectively. 
 

3.3 Modeling and System Dynamics 
 

3.3.1 Dynamics of three-phase AC generator 

 

A three-phase AC generator is applied in the proposed railway track energy harvester and a star 

shape tunable resistive load is employed in the energy harvesting circuit model. Fig. 3 shows the 

dynamic model of the three-phase AC generator. 𝑉1, 𝑉2, 𝑉3 are the back electromotive force (EMF) 

of the generator, and 𝑖1, 𝑖2, 𝑖3 are induced current in each phase, respectively. 𝐿 is the inductance 

of coils per phase, which has a negligibly small value, and 𝑅𝑖  , 𝑅𝑒  are internal and external 

resistance, respectively.  

 

 
 

Figure 3-3. Modeling of star shape three-phase generator with star shape resistive load [29]. 

The dynamics and the electrical damping characteristics of the generator have been analyzed in 

[29]. By ignoring the inductance, the resistive torque 𝑇𝑔𝑒  induced by the electrical damping of a 

three-phase generator can be expressed as 
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𝑇𝑔𝑒 =
3𝑘𝑡𝑘𝑒

2(𝑅𝑖 + 𝑅𝑒)
𝜔𝑔𝑒  (3.1) 

 

where 𝑘𝑡 and 𝑘𝑒 are the speed and torque constants, and 𝜔𝑔𝑒  is the angular velocity of the three-

phase AC generator.  

 

According to Newton’s second law, the equation of motion of the generator can be expressed as  

 

𝑇𝑚 − 𝑇𝑔𝑒 = 𝐽𝑚𝜔̇𝑔𝑒 (3.2) 
 

where 𝑇𝑚 is the input torque. Substituting (1) into (2), the driving torque 𝑇𝑚 for the generator can 

be written as  

 

𝑇𝑚 = 𝐽𝑚𝜔̇𝑔𝑒 +
3𝑘𝑡𝑘𝑒

2(𝑅𝑖 + 𝑅𝑒)
𝜔𝑔𝑒 (3.3) 

 

3.3.2 Dynamic model of the proposed ball-screw based track energy harvester 

 

Figure 3-4 illustrates the dynamic model of the proposed ball-screw based energy harvester for 

railway track. Different from the linear harvesters and some rotary harvesters, ball-screw based 

MMR harvester can convert the bi-directional linear vibration into the unidirectional rotation of 

generator by utilizing the one-way clutches embedded in the large bevel gears, producing nonlinear 

dynamic characteristics within the harvester. Specifically, when the ball-screw angular velocity 

equals that of one of the large bevel gear, the one-way clutch embedded in that bevel gear is 

engaged to the shaft, so that the torque could be transmitted from the input shaft to the bevel gears 

and the generator is driven by small bevel gears to rotate. Instead, when the ball-screw angular 

velocity is smaller than that of the large bevel gears, both one-way clutches embedded in the bevel 

gears are disengaged from the shaft, indicating that there is no motion transmission from the shaft 

to the bevel gears so that gears and generator will rotate freely due to their inertia. 

 
 

Figure 3-4.  Dynamic model of the proposed railway track energy harvester 
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Assuming the track deflection is 𝑥, velocity is 𝑥̇, the ball-screw lead is 𝑙 , the gear ratio of the 

gearbox and MMR gearbox together is 𝑛𝑔, the rotational speed of the generator 𝜔𝑔𝑒  at engagement 

period can be obtained as 

 

𝜔𝑔𝑒 =
2𝜋𝑛𝑔
𝑙

𝑥̇ (3.4) 

 

The resisting force on the ball-screw nut due to the electrical damping of the generator, which can 

be obtained as  

 

𝐹𝑑 =
2𝜋𝑛𝑔
𝑙

𝑇𝑔𝑒 =
6𝜋2𝑛𝑔

2𝑘𝑡𝑘𝑒
𝑙2(𝑅𝑖 + 𝑅𝑒)

𝑥̇ = 𝑐𝑒𝑥̇ (3.5) 

 

where 𝑐𝑒 =
6𝜋2𝑛𝑔

2𝑘𝑡𝑘𝑒

𝑙2(𝑅𝑖+𝑅𝑒)
, which can be regarded as the equivalent damping coefficient of the 

proposed energy harvester during the engagement period. 

 

Using the energy method, the kinetic energy of the system could be obtained as follows 

 

∑𝑇𝑘𝑖𝑛𝑒𝑡𝑖𝑐

𝑛

1

=
1

2
𝑚𝑒𝑥̇

2 (3.6) 

 

∑𝑇𝑘𝑖𝑛𝑒𝑡𝑖𝑐

𝑛

1

=
1

2
𝑚𝑖𝑝𝑥̇

2 +
1

2
𝐽𝑏𝑠𝜔𝑏𝑠

2 +
1

2
𝐽𝑠𝜔𝑠

2 +
1

2
𝐽𝑙𝑏𝜔𝑙𝑏

2 +
1

2
𝐽𝑠𝑏𝜔𝑠𝑏

2 +
1

2
𝐽𝑔ℎ𝜔𝑔ℎ

2 +
1

2
𝐽𝑔𝑒𝜔𝑔𝑒

2 (3.7) 

𝜔𝑏𝑠 = 𝜔𝑠 = 𝜔𝑙𝑏 = 2𝜋
𝑥̇

𝑙
 (3.8) 

𝜔𝑠𝑏 = 2𝜔𝑙𝑏 (3.9) 

𝜔𝑔ℎ = 𝜔𝑔𝑒 = 2𝜋𝑛𝑔
𝑥̇

𝑙
(3.10) 

 

where 𝑚𝑒  and 𝑇𝑘𝑖𝑛𝑒𝑡𝑖𝑐  represent the equivalent mass and the kinetic energy of the engaged system, 

𝜔𝑏𝑠, 𝜔𝑠, 𝜔𝑙𝑏 , 𝜔𝑠𝑏 , 𝜔𝑔ℎ , and 𝜔𝑔𝑒  are the angular velocity of the ball-screw, shaft, large bevel gear, 

small bevel gear, gearhead and the generator respectively. 𝐽𝑏𝑠, 𝐽𝑠, 𝐽𝑙𝑏 , 𝐽𝑠𝑏 , 𝐽𝑔ℎ , and 𝐽𝑔𝑒  represent 

the moment of inertia of the ball-screw, shaft, large bevel gear, small bevel gear, gearhead and the 

generator, respectively. 𝑚𝑖𝑝 is the mass of the input plate.   

 

Substitute (3.7) - (3.10) into (3.6), the equivalent mass of the engaged system can be derived as 

 

𝑚𝑒 = 𝑚𝑖𝑝 +
4𝜋2

𝑙2
(𝐽𝑏𝑠 + 𝐽𝑏𝑠 + 𝐽𝑙𝑏 + 4𝐽𝑠𝑏) +

4𝜋2

𝑙2
𝑛𝑔

2𝐽𝑔𝑒 ≈
4𝜋2

𝑙2
𝑛𝑔

2𝐽𝑔𝑒 (3.11) 
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In Equation (3.11), the contribution of the inertia of the input plate, the gears, and the screws, 

𝑚𝑖𝑝 +
4𝜋2

𝑙2
(𝐽𝑏𝑠 + 𝐽𝑏𝑠 + 𝐽𝑙𝑏 + 4𝐽𝑠𝑏) , is much smaller than that of the generator 

4𝜋2

𝑙2
𝑛𝑔

2𝐽𝑔𝑒 , 

especially when the gear amplification ratio is large. Therefore, the equivalent inertance of the 

proposed track energy harvester is mainly dominated by the rotational inertia of the 

electromagnetic generator. The inertia of other mechanical components could be negligible.  

Hence, during the engagement period, the dynamic model of the proposed energy harvester can be 

simplified as a single degree of freedom spring-mass-damper system under a force excitation from 

the railway track. The total force the energy harvester gives to the railway track can be expressed 

as  

 

𝐹𝑒 = 𝑚𝑒 𝑥̈ + 𝑐𝑒𝑥̇ + 2𝑘(𝑥 + 𝛿0) =
4𝜋2

𝑙2
𝑛𝑔

2𝐽𝑔𝑒 𝑥̈ +
6𝜋2𝑛𝑔

2𝑘𝑡𝑘𝑒
𝑙2(𝑅𝑖 + 𝑅𝑒)

𝑥̇ + 2𝑘(𝑥 + 𝛿0) (3.12) 

 

where 𝛿0  is the original compression length of the pre-loaded springs. The above equation 

indicates that the energy harvester could be regarded as a fixed inerter in parallel with two pre-

loaded springs and a tunable damper.  

 

During the disengagement, the bevel gear disengages with the shaft, and therefore, there is no 

transmission from the shaft to the bevel gears. The only force from the energy harvester to the 

railway track is the spring force coming from the two reset springs, and at this time, the generator 

will rotate freely only with viscous damping from the generator.  

 

In summary, the dynamics equation and the induced single-phase voltage of the proposed railway 

energy harvester could be obtained as 

 

{
𝐹𝑒 =

4𝜋2

𝑙2
𝑛𝑔

2𝐽𝑔𝑒 𝑥̈ +
6𝜋2𝑛𝑔

2𝑘𝑡𝑘𝑒
𝑙2(𝑅𝑖 + 𝑅𝑒)

𝑥̇ + 2𝑘(𝑥 + 𝛿0) 𝐸𝑛𝑔𝑎𝑔𝑒𝑚𝑒𝑛𝑡

𝐹𝑒 = 2𝑘(𝑥 + 𝛿0) 𝐷𝑖𝑠𝑒𝑛𝑔𝑎𝑔𝑒𝑚𝑒𝑛𝑡

(3.13) 

{
 
 

 
 𝑉𝑔𝑒 = 2𝜋𝑘𝑒𝑛𝑔 sin (∫ 𝜔𝑒𝑑𝑡

𝑡

0

+
2𝑘

3
𝜋)
𝑥̇

𝑙
𝐸𝑛𝑔𝑎𝑔𝑒𝑚𝑒𝑛𝑡

𝑉𝑔𝑒 = 𝜃𝑠̇(𝑡) = 𝑒
− 
𝑐𝑒
𝑚𝑒

(𝑡−𝑡0)𝜃𝑠0̇ sin (∫ 𝜔𝑒𝑑𝑡
𝑡

0

+
2𝑘

3
𝜋) 𝐷𝑖𝑠𝑒𝑛𝑔𝑎𝑔𝑒𝑚𝑒𝑛𝑡

(3.14) 

 

where 𝑡0 and 𝜃̇𝑠0 are the time and angular velocity when disengagement occurs, and 𝜔𝑒  is the 

angular frequency of the induced voltage of the generator, which will be 𝜔𝑔𝑒  multiplied by the 

total number of generator pole pairs. 𝑘 = 0, 1, 2, representing the 1st, 2nd and 3rd phase of the 

generator.  

 

3.3.3 System dynamics 

 

To further understand the dynamic interaction among the train, rail and track harvester and to 

predict the energy harvesting performance at different train speeds, a comprehensive model is 

established and presented in Figure 3-5. A two-unit rapid transit train model is employed with four 

wheelsets per train. The wheel-rail vertical contact forces behave as the force input to the track-
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harvester system and can be considered as moving loads 𝑓1~𝑓8 with vehicle speed 𝑉0. It has been 

investigated that railway track can be modeled as a simply supported beam if the rail length is 

longer than 100 m [53]. Neglecting the shear deformation and rotational inertia of the railway track, 

a uniform Euler-Bernoulli beam of mass 𝑚𝑟  per unit length and flexural rigidity 𝐸𝐼 , with 

individual sleepers supported beneath, is applied in this model. Rail pads are positioned between 

the rail and sleepers to provide stiffness and damping, and sleepers are supported by the ballast 

bed.  The proposed energy harvester, which can be considered as a fixed inertia mass in parallel 

with a tunable damper and pre-loaded springs, is installed between two adjacent sleepers, as shown 

in the red dash box in Figure 3-5.  

 

 
Figure 3-5. Dynamic model of Train-track-harvester system 

𝐸𝐼
𝜕4𝑍𝑟
𝜕𝑥4

(𝑥, 𝑡) + 𝑚𝑟

𝜕2𝑍𝑟
𝜕𝑡2

(𝑥, 𝑡) = 𝑓(𝑥, 𝑡) (3.15) 

 

where 𝑍𝑟  is the rail deflection (subscript r means rail) and 𝑓(𝑥, 𝑡) is the total external forces 

applied on the rail, including the supporting forces 𝐹𝑟𝑠𝑘(𝑡) from the 1~𝑘 sleepers (subscript 𝑟𝑠 
means the force between the rail and sleeper, and 𝑘  means the 𝑘𝑡ℎ sleeper), eight wheel-rail 

vertical contact forces 𝑃𝑙(𝑡) (subscript l means the lth load) from the train wheels and supporting 

force  𝐹ℎ(𝑡)from the proposed harvester (subscript h means the harvester). This three forces could 

be expressed as follows 

 

𝐹𝑟𝑠𝑘(𝑡) = 𝐾𝑝𝑘[𝑍𝑟(𝑥𝑘, 𝑡) − 𝑍𝑠𝑘(𝑡)] + 𝐶𝑝𝑘[𝑍̇𝑟(𝑥𝑘, 𝑡) − 𝑍̇𝑠𝑘(𝑡)] (3.16) 
𝑃𝑙(𝑡) = 𝑓0 (3.17) 

𝐹ℎ(𝑡) = {
𝑚𝑒𝑍̈𝑟(𝑥ℎ, 𝑡) + 𝑐𝑒𝑍̇𝑟(𝑥ℎ, 𝑡) + 2𝑘𝑠𝑝𝑟𝑖𝑛𝑔(𝑍𝑟(𝑥ℎ , 𝑡) + 𝛿0)        𝑒𝑛𝑔𝑎𝑔𝑒

                  2𝑘𝑠𝑝𝑟𝑖𝑛𝑔(𝑍𝑟(𝑥ℎ , 𝑡) + 𝛿0)                                            𝑑𝑖𝑠𝑒𝑛𝑔𝑎𝑔𝑒
(3.18) 

 

where 𝐾𝑝𝑘 ,  𝐶𝑝𝑘  are stiffness and damping of the rail pad; 𝑥ℎ, 𝑥𝑘 are the horizontal coordinates of 

the harvester and 𝑘𝑡ℎ sleeper; 𝑍𝑠𝑘(𝑡), 𝑍̇𝑠𝑘(𝑡) are vertical displacement and velocity of 𝑘𝑡ℎ sleeper; 

𝑘𝑠𝑝𝑟𝑖𝑛𝑔  and 𝛿0  are the stiffness and pre-compressed length of the pre-loaded springs. The 

engagement happens when the rotational speed of one large bevel gear equals  that of the input 

shaft, while the disengagement happens when the rotation of large bevel gears is larger than that 

of the input shaft and no torque transmision exists between the shaft and gears. The force 𝐹ℎ(𝑡) 
from the energy harvester is a piecewise linear function during engagement and disengagement, 
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which endues the nonlinear characteristics to the system. The overall external force on the rail can 

be written as 

 

𝑓(𝑥, 𝑡) = −∑𝐹𝑟𝑠𝑘(𝑡)𝛿(𝑥 − 𝑥𝑘)

𝑁

𝑘=1

+∑𝑃𝑙(𝑡)𝛿(𝑥 − 𝑥𝑤𝑙)

8

𝑙=1

− 𝐹ℎ(𝑡)𝛿(𝑥 − 𝑥ℎ) (3.19) 

 

where 𝑁 is the number of sleepers, 𝛿(𝑥) is the Dirac delta function and 𝑥𝑤𝑙, ( 𝑙 = 1~8) is the 

horizontal coordinate of the eight moving loads. 

 

By using the method of separation of variables, the deflection of the rail can be written as: 

 

𝑍𝑟(𝑥, 𝑡) =∑𝜙𝑖(𝑥)𝑞𝑖(𝑡)

𝑀

𝑖=1

(3.20) 

 

where 𝑞𝑖(𝑡) is the 𝑖𝑡ℎ modal time coordinate and 𝑀 is the total number of modes considered in 

the model. It has been investigated that a good convergence of the solution could be obtained if 𝑀 

is larger than half of the system degrees of freedom [53]. For simply supported Euler-Bernoulli 

beam, the mode shape function could be written as 

𝜙𝑖(𝑥) = sin (𝑖
𝜋

𝑙
𝑥) (3.21) 

 

For 𝑖𝑡ℎ mode, the dynamic equation of the railway track is given by 
 

𝐸𝐼
𝜕4𝑍𝑟𝑖
𝜕𝑥4

(𝑥, 𝑡) + 𝑚𝑟

𝜕2𝑍𝑟𝑖
𝜕𝑡2

(𝑥, 𝑡) = 𝑓(𝑥, 𝑡) (3.22) 

 

After substituting Equation (3.21) into (3.22) and performing some manipulation, we can get  

 

𝐸𝐼𝛽4𝜙𝑖(𝑥)𝑞𝑖(𝑡) + 𝑚𝑟𝜙𝑖(𝑥)
𝜕2𝑞𝑖(𝑡)

𝜕𝑡2
= 𝑓(𝑥, 𝑡) (3.23) 

 

where 𝛽4 =
𝜔2

𝑐2
=

𝜌𝐴𝜔2

𝐸𝐼
. Using the orthogonality of the mode shapes, the above equation can be 

expressed as  

 

𝐸𝐼𝛽4𝑞𝑖(𝑡)∫ 𝜙𝑖(𝑥)𝜙𝑗(𝑥)𝑑𝑥
𝑙

0

+𝑚𝑟𝑞̈𝑖(𝑡)∫ 𝜙𝑖(𝑥)𝜙𝑗(𝑥)𝑑𝑥
𝑙

0

= ∫ 𝑓(𝑥, 𝑡)𝜙𝑗(𝑥)𝑑𝑥
𝑙

0

(3.24) 

 

where  

∫ 𝜙𝑖(𝑥)𝜙𝑗(𝑥)𝑑𝑥
𝑙

0

= {

0    𝑖 ≠ 𝑗
𝑙

2
    𝑖 = 𝑗

(3.25) 

 

Therefore, the final equation of motion for the rail is given by 
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𝐸𝐼𝛽4
𝑙

2
𝑞(𝑡) + 𝑚𝑟

𝑙

2
𝑞̈(𝑡) = ∫ 𝑓(𝑥, 𝑡)𝜙𝑖(𝑥)𝑑𝑥

𝑙

0

(3.26) 

 

During the engagement period, the governing equation of the rail track could be expressed as 

 

[𝑚𝑟

𝑙

2
+ 𝑚𝑒𝜙𝑖

2(𝑥ℎ)] 𝑞̈𝑖(𝑡) + [𝑐𝑒𝜙𝑖
2(𝑥ℎ) + 𝐶𝑝𝑘∑𝜙𝑖

2(𝑥𝑘)

𝑁

𝑘=1

] 𝑞̇𝑖(𝑡) − 𝐶𝑝𝑘∑𝜙𝑖(𝑥𝑘)

𝑁

𝑘=1

𝑍̇𝑠𝑘(𝑡)

+ [𝐸𝐼𝛽4
𝑙

2
+ 2𝑘𝑠𝑝𝑟𝑖𝑛𝑔𝜙𝑖

2(𝑥ℎ) + 𝐾𝑝𝑘∑𝜙𝑖
2(𝑥𝑘)

𝑁

𝑘=1

] 𝑞𝑖(𝑡) − 𝐾𝑝𝑘∑𝜙𝑖(𝑥𝑘)𝑍𝑠𝑘(𝑡)

𝑁

𝑘=1

 

= ∫ ∑𝑃𝑙(𝑡)𝛿(𝑥 − 𝑥𝑤𝑙)

8

𝑙=1

𝜙𝑖(𝑥)𝑑𝑥
𝑙

0

−∫ 2𝑘𝛿0𝜙𝑖(𝑥ℎ)𝛿(𝑥 − 𝑥ℎ)𝑑𝑥
𝑙

0

(3.27) 

 

During the disengagement period, the governing equation of the rail track could be expressed as 

𝑚𝑟

𝑙

2
𝑞̈𝑖(𝑡) + [𝐶𝑝∑𝜙𝑖

2(𝑥𝑘)

𝑁

𝑘=1

] 𝑞̇𝑖(𝑡) − 𝐶𝑝𝑘∑𝜙𝑖(𝑥𝑘)

𝑁

𝑘=1

𝑍̇𝑠𝑘(𝑡)

+ [𝐸𝐼𝛽4
𝑙

2
+ 2𝑘𝑠𝑝𝑟𝑖𝑛𝑔𝜙𝑖

2(𝑥ℎ) + 𝐾𝑝∑𝜙𝑖
2(𝑥𝑘)

𝑁

𝑘=1

] 𝑞𝑖(𝑡) − 𝐾𝑝∑𝜙𝑖(𝑥𝑘)𝑍𝑠𝑘(𝑡)

𝑁

𝑘=1

 

= ∫ ∑𝑃𝑙(𝑡)𝛿(𝑥 − 𝑥𝑤𝑙)

8

𝑙=1

𝜙𝑖(𝑥)𝑑𝑥
𝑙

0

−∫ 2𝑘𝛿0𝜙𝑖(𝑥ℎ)𝛿(𝑥 − 𝑥ℎ)𝑑𝑥
𝑙

0

(3.28) 

 

The equation of motion for the 𝑘𝑡ℎ sleeper is given by 

 

𝑚𝑠𝑘𝑍̈𝑠𝑘(𝑡) + (𝐶𝑝𝑘 + 𝐶𝑏𝑘)𝑍̇𝑠𝑘(𝑡) + (𝐾𝑝𝑘 +𝐾𝑏𝑘)𝑍𝑠𝑘(𝑡) − 𝐶𝑝𝑘∑𝜙𝑖(𝑥𝑘)𝑞̇𝑘(𝑡)

𝑁

𝑖=1

−𝐾𝑝𝑘∑𝜙𝑖(𝑥𝑘)𝑞𝑘(𝑡) = 0

𝑁

𝑖=1

 (3.29)

 

 

where 𝐾𝑏𝑘 , 𝐶𝑏𝑘  are the ballast stiffness and damping, respectively.  

 

By combining all the equations above, a standard matrix form of the governing equations of the 

system can be formulated and expressed as follows 

 

{
𝐌𝐞𝐧𝐠𝐚𝐠𝐞𝑋̈(𝑡) + 𝐂𝐞𝐧𝐠𝐚𝐠𝐞𝑋̇(𝑡) + 𝐊𝑋(𝑡) = 𝐅(𝐭)               𝑒𝑛𝑔𝑎𝑔𝑒

   𝐌𝐝𝐢𝐬𝐞𝐧𝐠𝐚𝐠𝐞𝑋̈(𝑡) + 𝐂𝐝𝐢𝐬𝐞𝐧𝐠𝐚𝐠𝐞𝑋̇(𝑡) + 𝐊𝑋(𝑡) = 𝐅(𝐭)    𝑑𝑖𝑠𝑒𝑛𝑔𝑎𝑔𝑒
(3.30) 
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where 𝑋̈(𝑡), 𝑋̇(𝑡), and 𝑋(𝑡) are the generalized acceleration, velocity and displacement vectors, 

respectively; 𝐌𝐞𝐧𝐠𝐚𝐠𝐞  and 𝐌𝐝𝐢𝐬𝐞𝐧𝐠𝐚𝐠𝐞  are generalized mass matrices during engagement and 

disengagement, respectively; 𝐂𝐞𝐧𝐠𝐚𝐠𝐞  and 𝐂𝐝𝐢𝐬𝐞𝐧𝐠𝐚𝐠𝐞  are generalized damping matrices during 

engagement and disengagement, respectively; 𝐊 is generalized stiffness matrices, which keeps 

unchanged during the switching of engagement and disengagement and 𝐅(𝐭) is the corresponding 

force, which contains the eight moving load 𝑓1~𝑓8 and the generalized modal forces. 

 

3.3.4 Simulation of energy harvesting performance 

 

Simulation has been conducted using the developed comprehensive train-track-harvester model. 

Since the formulated matrices have a very large size and equations are coupled with the 

nonlinearity of the engagement and disengagement characteristics, the conventional direct time 

integration method is inefficient and computationally expensive. An improved fast explicit 

integration algorithm, proposed by Zhai [53, 54], has been adopted in this paper to solve the 

governing equations, which can be expressed as follows 

 

{𝑋}𝑛+1 = {𝑋}𝑛 + {𝑉}𝑛∆𝑡 + (
1

2
+ 𝜓) {𝐴}𝑛∆𝑡

2 −𝜓{𝐴}𝑛−1∆𝑡
2 (3.31) 

{𝑉}𝑛+1 = {𝑉}𝑛 + (1 + 𝜑){𝐴}𝑛∆𝑡 − 𝜑{𝐴}𝑛−1∆𝑡 (3.32) 
 

where ∆𝑡 is the time step. The maximum time step size for the freight train-track system is found 

to be 5 × 10−5𝑠  [53, 54]. 𝑋 , 𝑉  and 𝐴  are modal displacement, velocity and acceleration, 

respectively. 𝑛 + 1, 𝑛 and 𝑛 − 1 represent every three adjacent time step. 𝜑 and 𝜓 are integration 

parameters, which are both chosen as 0.5 in the simulation. 

 
Table 3-2.  Simulation parameters 

 

Parameters Description Value 

f0 Static moving load 105 kN (@30 km/hr)  

mr Rail mass per meter 51.5 kg/m 

EI Elastic modulus of rail 4 × 106 

Kpk Rail-pad stiffness 20MN/m 

Cpk Rail-pad damping 21.8 KNs/m 

Kbk Ballast stiffness 10 MN/m 

Cpk Ballast damping 21.8 KNs/m 

msk Sleeper mass 125.5 kg 

ls Sleeper spacing 0.545 m 

l Rail length 139.52 m 

V0 Velocity of the wheel 20~80 km/hr  

 

The parameters of the simulation are listed in Table 3-2. A two-unit rapid transit train with 4 

wheelsets per unit was selected in the simulation, and the results of the two prototypes are shown 

in Figure 3-6. Figure 3-6(a) illustrates the simulated track displacement (at the harvester 
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installation point) at 20 km/hr train speed, single-phase voltage and single-phase power with an 8 

Ohm resistive load. It should be noted that while the train passes by the track deflects down and 

up when every wheelset approaches and leaves, exciting the harvester to produce energy twice for 

a single wheel. The first four wheelsets of the first rapid transit unit contribute the first four 

displacement valleys, while the last four displacement valleys come from the four wheelsets of the 

second rapid transit unit as shown in Figure 3-6(a). Results with similar shapes are also expected 

for the freight trains cases, but since freight train track deflection will have larger amplitudes and 

frequencies due to higher train speed and load, higher power output will be achieved.  

 

Figure 3-6(b) and 3-6(c) show the simulated average power versus different train speeds and 

external resistive loads for two different prototypes. The dash lines represent the results that 

consider the moving loads as constants, which means that the wheel-rail force remains unchanged 

when the train moves at different speeds. The solid lines represent the results that consider the 

moving loads as speed-dependent ones, in other words, the wheel-rail vertical contact force will 

be larger when the train runs faster due to the rail irregularity and train dynamics [55, 56], which 

is much closer to the real case. As the train speed increases, the simulated power could be larger 

and the average power is 5-10W for prototype 1 and 20-30W for prototype 2 at 60 km/hr, which 

could be an adequate energy source for most of the smart electronic devices.  

 

 
 

   (a) 
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                            (b)                                                                                     (c) 

 
Figure 3-6. (a) Simulation results with an 8 Ohm Wye shape resistive load when rapid transit speed is 20 

km/hr: prototype 1 and prototype 2. Simulated average power under different train speed with different 

resistive loads: the solid line is the simulation results with speed-dependent moving load and the dashed 
line is the simulation result with static moving load: (b) prototype 1; (c) prototype 2.   

3.3.5 Dynamic influence on the railway track and vehicle 

 

The dynamic influence of the energy harvester to the railway track and vehicle is very important 

to the train operation safety. Figure 3-7(a) shows the simulated vertical displacement comparison 

of railway track with and without energy harvesters: the black solid line, representing the track 

displacement without any harvester beneath, matches very well with the red dash line, representing 

the track displacement with Harvester 1 beneath, and green dot line, representing the track 

displacement with Harvester 2, when the rapid transit train runs 20 km/hr and harvester connected 

to a 2 Ohm Wye shape external resistive load. Figure 3-7(b) shows the simulated displacement 

RMS differences between the track with the harvester 1 and 2 beneath (connected to 2 Ohm Wye 

shape external resistive load) and the track without energy harvester beneath, at different vehicle 

speeds. Compared with harvester 1, harvester 2 has a larger RMS difference; this is because 

harvester 2 provides more damping to the train-track system and recovers more power from the 

system. This difference increases when the rapid transit train runs faster; however, the overall RMS 

difference is still very small even at the maximum operation speed of 80 km/hr for the rapid transit 

train. In other words, the influence of integrating the harvester to the railway track is so small that 

it will not affect the track and train dynamics, which will not bring any safety issue to the train 

operation.  
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(a)                                                                                               (b) 

 

Figure 3-7. Dynamic influence of the energy harvester to the track: (a) railway track vertical displacement 
due to the wheel-rail vertical force when the train runs at around 20 km/hr: the black solid line represents 

the track displacement without any harvester beneath, the red dash line represents the track displacement 

with harvester 1 beneath connected to a 2 Ohms external resistive load and the green dot line represents the 

track displacement with harvester 2 beneath connected to a 2 Ohms external resistive load; (b) the 
displacement RMS differences between the tracks with the harvester 1 and harvester 2 beneath (connected 

to 2 Ohms external resistive load) and the tracks without the harvester beneath, at different vehicle speeds. 

 

3.4 Lab Bench Test and Analysis 
 

3.4.1 Experiment setup 

 

Figure 3-8 shows the in-lab bench test setup for the proposed ball-screw based energy harvester. 

The ground plate was connected to the upper grip of the Instron hydraulic test machine through a 

T-shape adapter, and the input plate of the harvester was connected to the lower grip using an L-

shape adapter and a connecting board. The lower grip could be driven by the hydraulic actuator 

and controlled by the built-in software and a 100 KN load cell together with an LVDT 

displacement sensor was used to measure the force and displacement during the test. A Wye shape 

resistive load with a 19:1 voltage divider was prototyped into a printed circuit board (PCB) which 

was connected to the generator of the harvester during the in-lab test. The voltage across the 

external resistor was measured and recorded by both Instron software and external dynamic 

analyzer (Spider 80) during each test. The ball-screw harvester was tested with both sinusoidal 

excitation and measured track displacement excitation, and the corresponding energy harvesting 

performance will be evaluated in the following. 
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Figure 3-8. In-lab experiment setup 

 

3.4.2 Harmonic excitation 

 

A series of sinusoidal displacement excitations with different amplitudes and frequencies were 

input to the energy harvesters. During the test, the generator was observed to start to rotate at ±0.2 

mm vibration amplitude, which indicates the overall prototype has a relatively small backlash and 

a high sensitivity towards the environmental vibration. The average power of the prototype 1 and 

prototype 2 under 1 Hz excitation frequency, 1-3mm amplitude with different resistive loads are 

summarized in Table 3-3, as well as the electrical damping coefficient for the two prototypes. As 

we can see, with the same external resistive load, the damping of prototype 2 is much larger than 

prototype 1, because the two prototypes use different generators and gearhead amplification ratios. 

The average power of the two prototypes in the harmonic test becomes larger when the vibration 

amplitude increases since the average input speed is increased. Meanwhile, the average power 

becomes larger when the external resistive load decreases, and this is because the electrical 

damping coefficient becomes larger, which means more mechanical energy could be converted to 

electrical energy within the same period. The energy harvesting output power of the prototype 2 

is higher than that of the prototype 1 because the multiplication of speed constant of the generator 

2 and its corresponding gearhead amplification ratio is larger. 

 
Table 3-3. Test results under harmonic excitations with a 1 Hz frequency 

 
Prototype 1 Damping 1 mm 2 mm 3mm Prototype 2 Damping 1 mm 2 mm 3mm 

2 𝑜ℎ𝑚 67,762 Ns/m 0.8 W 3.2 W 7.1 W     2 𝑜ℎ𝑚 168,640 Ns/m 0.9 W 6.5 W 17.7 W 

4 𝑜ℎ𝑚 46,182 Ns/m 0.5 W 2.0 W 4.6 W     4 𝑜ℎ𝑚 89,908 Ns/m 0.8 W 4.9 W 12.3 W 

8 𝑜ℎ𝑚 28,212 Ns/m 0.3 W 1.40 W 3.0 W     8 𝑜ℎ𝑚 46,495 Ns/m 0.5 W 3.0 W 7.3 W 

 

Figure 3-9 shows the simulated and measured phase voltage and power of the ball-screw harvester 

2 with a Wye shape external resistive load of 8 Ohms, under amplitude of ±3 mm and frequency 

of 2Hz. The phase voltage subplot illustrates that the generator is still rotating when the 
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displacement reaches the peak or valley, showing the harvester disengages at that moment and 

generator rotates freely with viscous damping. An average power of 26.61W was achieved during 

this test and simulation results matched well with experimental results.  

 
Figure 3-9. Measured and simulated phase voltage and power of harvester prototype 2 under sinusoidal 

excitation with amplitude ±2 mm and frequency 3 Hz. The harvester is connected to an 8 Ohm resistive 

loads in a Wye shape and the average power of the total three phases is 26.61 W. 

 

3.4.3 Measured freight train track vibration 

 

A freight train track displacement previously measured in Transportation Technology Center, Inc. 

(TTCI) [29] was used as input to the harvester, to further investigate the performance of the 

proposed energy harvester. Figure 3-10 shows the phase voltage and power of ball-screw based 

energy harvester prototype 2 connected to 8 Ohm Wye shape resistive load under the measured 

displacement at the speed of 64km/hr (40mph), and a peak power of 114.98W at the single phase 

and an average power of 17.50W at three phases were achieved during the experiment. Simulation 

results by using harvester model with measured track displacement inputs are also illustrated in 

Figure 3-10. As we can see, the simulation results match well with the experiment results, which 

validates the effectiveness of the harvester model. Table 3-4 illustrates the damping coefficient 

and energy harvesting performance of the prototype 1 and prototype 2. It should be noted that, for 

both prototypes, when the external resistive load is reduced, the damping and average power will 

be increased. As we know, if the rotational speed of a generator is constant, the output power on 

the external resistor will be the maximum when the external resistive load approaches the internal 

resistive load. During the in-lab test, the displacement input can be regarded as constant, and 

prototype 1 has a 2.28 Ohms terminal resistance phase to phase, while prototype 2 has a 0.284 

Ohm terminal resistance phase to phase. Therefore, for prototype 1, when the external resistive 

load is 2 Ohm, the output power should be around the maximum point, however, for prototype 2, 

if the external resistive load is reduced continuously, ideally the output power will be even larger. 

From table 3-4, when the external resistive load of prototype 2 decreases from 4 Ohm to 2 Ohm, 

the power should increase significantly, however, the output power remains almost the same. One 

possible reason for this abnormal phenomenon is that the resisting torque from the generator 

becomes larger when the external resistive load is reduced. Therefore, the clutches embedded in 

the large bevel gears reach their torque limit and slip which reduces the rotational transmission 
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from the shaft to the bevel gears, resulting in less output power than what it is expected when 

decreasing the external resistive load.  

 

 
 

Figure 3-10. Energy harvesting performance of the ball-screw based harvester under measured freight train 

(running at 64 km/hr) track displacement with 8 Ohm resistive loads in a Wye shape. The peak power in a 
single phase is 114.98W and the average power in all three phases are 17.50 W. 

 

Table 3-4. Energy harvesting performance under freight train track deflection for ball-screw based track 
energy harvesters.  

 
Prototype 1   Damping Avg. Power Prototype 2    Damping Avg. Power 

2 𝑜ℎ𝑚 67,762 Ns/m 20.10 W     2 𝑜ℎ𝑚 168,640 Ns/m    23.54 W 

4 𝑜ℎ𝑚 46,182 Ns/m 17.60 W     4 𝑜ℎ𝑚 89,908 Ns/m    23.17 W 

8 𝑜ℎ𝑚 28,212 Ns/m 11.40 W     8 𝑜ℎ𝑚 46,495 Ns/m    17.50 W 

 

3.4.4 Rapid transit track vibration 

 

Rapid transit track deflections were measured with the vehicle running at different speeds on a 

rapid transit test line located at Tongji University campus, and harvesters were tested in lab with 

these measured track displacements. During the test, the preload of the reset springs was set to be 

around 2500 N. As shown in Figure 3-11(a), a single-phase peak power of 13.36W and a three-

phase average power of 1.58W were obtained from prototype 2 under rapid transit track 

displacement (measured when rapid transit runs at 30 km/hr) with 8 Ohm resistive loads in the 

Wye shape. The force measured in the test and obtained in the simulation is the force from the 

upper grip to the harvester base plate, and negative force means that the upper grip is continuously 

supporting or pushing the base plate.  As we can see, the simulation results match well with the 

experiment results, which validates the effectiveness of the harvester model. Figure 3-11(b) shows 
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single-phase peak power and three-phase average power of both prototype 1 and prototype 2 using 

the measured displacement with different resistive loads. 20 km/hr and 30 km/hr cases used real 

measured displacement as excitation input, and 60 km/hr and 80 km/hr cases used measured 

displacement with a compressed time, which means that the peak displacement will be kept as the 

same as low-speed case, while the time has been compressed to simulate higher train speed. As 

shown in Figure 3-11(b), the dash lines are the output power results for prototype 1 and the solid 

lines are for the prototype 2. The peak power and average power increase when the simulated train 

speed increases, and the average power at simulated 60km/hr and 80 km/hr cases could achieve 

around 5 and 9W for prototype 1 and 8 and 11W for prototype 2, which will be adequate for many 

trackside electronic applications and devices. The in-lab rapid transit track displacement track test 

results for prototype 1have the same trend with the simulation results in Figure 3-6 (c), and they 

match well with each other; however, for prototype 2, the test results and simulation results don’t 

match well, especially when the external resistive load is small, such as the 2 Ohm case and 1 Ohm 

case. The reason for the mismatches at lower external resistor cases can be the resisting torque on 

the one-way clutch is larger than its limits, so that the clutch slipped during the experiment and 

cannot transmit the motion to the bevel gears, therefore the output rotational speed of the generator 

could not be fast enough as it is expected, and the output power will not be as high as we expected 

or even lower at a smaller resistor case compared with a higher resistive load. 

  
 
                                                 (a)                                                                                     (b) 

 

Figure 3-11. (a) in-lab test and simulation results of prototype 2 under rapid transit train (running at around 
30 km/hr) track displacement with an 8 Ohm resistive loads in Wye shape: single phase peak power in lab 

test is 13.36W and three-phase average power in lab test is 1.58 W; (b) three-phase average power of both 

ball-screw harvester prototype 1 and prototype 2 under simulated track displacement input using the 

measured displacement with different external resistive loads: the dash lines are for prototype 1 and the 
solid lines are for the prototype 2. 

 

3.5 Field Test and Discussion 
 

3.5.1 Test setup 

 

Field test was carried out on a rapid transit test track located at Tongji University campus in 

Shanghai to validate the energy harvesting performance. Prototype 1 and 2 have been tested 

respectively. Fig. 12 shows the experimental setup. The harvester was placed between two wooden 
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sleepers on a ballast bed. The long input plate of the harvester was mounted rigidly under the test 

railway track. The ballast below the harvester prototype was cleared for fitting 4 jacks which 

supported the base plate of the harvester and provided a preload for the harvester input plate by 

compressing the reset springs. During the test, a two-unit rapid transit ran at around 20 km/hr and 

30 km/hr on the ballast test line repeatedly. Two laser displacement sensors were used to measure 

the rail motion and harvester motion. Different Wye shape resistive loads were connected to the 

harvester during tests. A data acquisition system was employed to collect the displacement and 

voltage data and record the condition of harvester and rail when the rapid transit trains passed by.  

 
 

 
 

Figure 3-12. In field test setup: (a) Harvester prototype 1 was clamped on the railway track and positioned 
between two adjacent sleepers. (b) A two-unit Type A rapid transit ran with a speed of 20-30 km/hr; (c) 

Two laser displacement sensors measured the railway track displacement and harvester input displacement, 

respectively. 

 

3.5.2 Results and discussion 

 

Figure 3-13(a) shows the measured and simulated rail displacements, harvester input 

displacements and measured single-phase voltage over an 8 Ohm Wye shape external resistor at 

the train speed of 20 km/hr. The input displacement of the harvester followed closely with the rail 

displacement. A peak power of 1.64W and an average power of 0.27W were achieved.  

(a) 

(c) 

(b) 
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Speed 
Resistor 

 
 

(a)                                                                        (b) 

 

Figure 3-13. Measured and simulated rail and harvester displacements and measured voltages at different 
vehicle speeds: (a) rapid transit train speed is 20km/hr and the external resistive load is 8 Ohm. The average 

power obtained in the test is 0.27W; (b) rapid transit speed is 30km/hr and the external resistive load is 2 

Ohm. An average 1.12W was achieved in the test. 

 

Figure 3-13(b) shows the measured and simulated rail displacements, harvester input displacement 

and measured single-phase voltage of generator of prototype 1 with a 2 Ohm Wye shape external 

resistor when the train passed with 30 km/hr speed. A peak power of 7.8W and an average power 

of 1.12W were achieved during this 8-second test. It is noted that during the test, the harvester 

displacement followed well when railway track moved downward, but not well when the track 

moved back. As a result, the voltage during the rail deflected was large, while relatively small 

when the track restores to its undeflected position. Possible reasons for this problem are as follows: 

(1) the spring force is not large enough, especially at a small resistive load or a large speed. When 

the vehicle speed increased, the track deflection speed and acceleration became large, so the 

damping force and the inertia force became larger, which means that the harvester needed larger 

spring force to push the base plate to keep still on the ground; (2) during the reciprocating test, 

ballast below the harvester became loose so that the preload provided by the reset spring was 

smaller than that of the first several tests. Inadequate spring force resulted in the base plate being 

separated with the rail foundation, so the restored speed of harvester was smaller, therefore, the 

voltage of the generator became smaller when the track restored back.  

 
Table 3-5. Field test results summary for Prototype 2 

 

 

 

 

 

 

 

Table 3-4 summarizes the field test results of the prototype 2. A maximum average power of 2.24W 

was achieved with 8 Ohm Wye shape resistive loads at a rapid transit speed of 30 km/hr.  This 

energy could be stored in a battery through self-designed or commercial battery charging circuits 

 8 Ω 4 Ω 2 Ω 

20 km/hr (12.4 

mph) 

1.16 W 1.24 W 1.36 W 

30 km/hr (18.6 
mph) 

2.24 W 2.04 W 1.48 W 
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and used to power different trackside electrical devices, such as signal lights, track switches, hot 

box detectors, rail health monitoring systems, and wireless communication modules, which could 

potentially increase the safety of train operation. The power outputs are expected to be larger with 

smaller resistive loads than that of 8 Ohm but ended up with a lower power due to possible 

inadequate spring forces and clutch slippage, which has been discussed above in this subsection 

and subsection 4.4. More power could be expected by choosing a higher limit one-way clutch, 

increasing the reset spring stiffness and refining the installation condition. 

 

3.6 Chapter Summary 
 

In this chapter, a novel ball-screw based railway track energy harvester with mechanical motion 

rectifier mechanism was designed, modeled and tested. Due to the nonlinear characteristics 

induced by the one-way clutches in the mechanical motion rectifier (MMR) mechanism, the 

proposed energy harvester could convert the bi-directional track vibration into unidirectional 

rotation of the generator, which significantly improves the motion transmission by reducing the 

impact forces. A comprehensive model considering the coupled dynamic behaviors of the train, 

railway track and harvester was developed and validated. It is shown that the proposed ball-screw 

based energy harvester acts as a fixed inerter in parallel with pre-compressed springs and an 

adjustable damper tuned by external resistive load of the generator, when the one-way clutch is in 

engagement. When both one-way clutches disengage from the bevel gears, the energy harvester 

behaves as pre-compressed springs only, and the inertia of the generator drives the generator itself 

continuously to produce electricity. This piece-wise mass-spring-damper of the single freedom 

harvester is integrated into the train-track model and the performance of the harvester at different 

train speeds can be predicted by the model.  

 

The in-lab and field tests were conducted to further validate the dynamic characteristics and 

evaluate the performance of the proposed energy harvester. The harvester could effectively work 

under a very small input with the amplitude of ±0.2 mm, which shows that the proposed harvester 

has an improved sensitivity to the environment vibrations. Field test results showed that an average 

power of 1.12 and 2.24W were achieved for prototype 1 and 2 respectively at 30 km/hr rapid transit 

speed. More power could be obtained by choosing a higher limit one-way clutch, increasing the 

reset spring stiffness and refining the installation condition.
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 Design, Modeling and Test of a Smart Energy 

Harvesting Railroad Tie 
 

This chapter presents the design, modeling and bench testing of a smart railroad tie for energy 

harvesting from the motion of railway track. The system is intended for applications that 

require trackside power in remote locations, such as wayside electrical devices and safety 

equipment, signal lights, crossing gates, wireless communication, as well as rail health 

monitoring systems. The smart tie, which is designed to have similar dimensions to a 

conventional railroad tie, is installed in the same manner as a standard tie on the track. In 

particular, the mechanical energy harvesting module, and its corresponding power 

management unit can be both embedded inside a composite, concrete or wooden tie, to shield 

the components from the harsh environment and protect the system against any potential theft 

or vandalism. Different from other railway track harvesters that typically harvest energy from 

bidirectional track deflections, the proposed smart tie only harvests the kinetic energy of the 

track when the wheels push it downwards, which resolves the preload and installation 

challenges of bidirectional harvesting and increases the overall system reliability. A nonlinear 

analytical model is developed to analyze the dynamic characteristic of the system, and the 

simulation is conducted to predict the performance. Bench tests are subsequently carried out 

under both harmonic and recorded tie displacement inputs to validate the model and assess the 

harvesting performance. During the bench tests, the generator shaft was observed to start 

rotation at 0.1 mm vibration amplitude, indicating that the overall prototype has a relatively 

small backlash. In-lab test results indicate that an average power of 26.1-42.2W on 4 Ohms 

and 2 Ohms external loads were achieved under simulated tie movement recorded from a 

service track. 

 

4.1 Chapter Introduction 
 

In the past decade, many emerging technologies have been applied to improve transportation 

conditions all over the world. Among them, the energy harvesting technique has been widely 

investigated in automobiles [51, 52], railcars [34, 57, 58], bridges [59, 60], roadways [8, 60], 

and railways [14, 29, 61], for potentially increasing the fuel economy, effectively powering 

onboard or wayside electronics, and smartly monitoring the health conditions, etc.   

 

Rail transport is more economical compared with air transport and experiences much less 

traffic compared with highway transport, which make it a great choice for transferring 

passengers and goods. However, large portions of tracks are in tunnels, mountains and remote 

areas, where grid power is in short supply. Without the electricity, most of the auxiliary devices 

and smart technologies for improving the operational safety of railroad, such as the signal 

lights, track switches, health monitoring and wireless communication systems, are not able to 

function.  

 

Facing this problem of lacking electricity along the railroad, researchers have proposed 

different alternative power sources to improve the predicament. Wischke et al. [12] designed 

a piezoelectric vibration energy harvester mounted on railroad tie for powering wireless sensor 

nodes in tunnels and achieved an average energy of 395 uJ per train in-field test. Yuan et al. 
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[15] developed a piezoelectric drum harvester that can be mounted below the railroad tie and 

tested it in a 1:10 test rig with a single wheel. In-lab test showed an average power of 0.1 mW 

when the wheel traveled at 0.5 km/hr. Pan et al. [62] proposed wind energy harvester for 

powering sensors in railroad tunnels and a maximum power of 107 mW was obtained in bench 

test with the wind speed of 11 m/s. Wang et al. [63] reported an acoustic energy harvesting 

noise barrier that can harvest sound energy when a high-speed train passes and in-lab test 

showed that an instantaneous power of 1.24 uW was obtained for a single honeycomb-structure 

unit of the barrier at 110 dB sound pressure level. Gao et al. [64] designed a thermoelectric 

generator (TEG) to harvest the thermal energy by utilizing the temperature difference between 

the track and substratum 200 mm below the track foundation. Field tests showed the TEG 

prototype could produce average 5.8 mW across a 7 Ohms resistive load at a temperature 

difference of 8 °C. Overall, these various energy harvesters are all promising solutions for low-

power sensors, however, they are not suitable for most powering wayside electrical devices 

that usually require power at watt-level or higher.  

 

To harvest more energy for the electrical devices along the railroad, motion-based 

electromagnetic energy harvesters have been investigated and developed. Pourghodrat et al. 

[14] developed a rack-pinion based track energy harvester and achieved an average power of 

0.22W when the train passed by at 18.5 km/hr (11.5 mph). Lin et al. [29] proposed a rack-

pinion based anchorless track energy harvester with a single shaft design, which can convert 

the bi-directional track vibration into unidirectional rotation of the electromagnetic generator. 

Field test results indicated that an average power of 6.9W was achieved when the loaded freight 

railcar traveled at 64 km/hr (40 mph). Later, Pan et al. [61] developed a compact ball-screw 

based track energy harvester, which is directly mounted between the track and railroad 

foundation and has a relatively small backlash. By harvesting the track energy bi-directionally, 

this compact prototype was able to generate an average power of 2.24W when the rapid transit 

train run at 30 km/hr (18.6 mph). However, a defect was observed on the bidirectional railway 

harvesters in [61], which is that the damping force and inertia force will lift up the harvester 

due to inadequate spring preload when the track moves upwards, resulting in less power output 

obtained. And simply increasing the preload of the spring will make the installation laborious 

and challenging in the limited space.  

 

Overall, compared with other energy harvesting methods, motion-based electromagnetic track 

harvesters can convert the vibration energy of the railroad track into the electrical energy with 

a much better performance and a greater potential for improving the safety of railroad 

transportation. However, three inadequacies still remain: (i) the installation of the previous 

track harvesters might interfere the normal maintenance of the track, such as the railroad 

tamping; (ii) previous track harvesters are directly exposed to the harsh environment of railroad 

and lack of protection; (iii) the bi-directional harvesters require large preload to prevent the 

harvester being lifted when the track rebounds, which introduces difficulties in initial 

installation and later maintenance.   

In this paper, a smart energy harvesting tie, which is designed to have similar dimensions to a 

conventional railroad tie, is proposed and presented. The smart tie can be installed in the same 

manner as a standard tie on the track. The two main parts of the smart tie, the mechanical 

energy harvesting module and power management unit, are both placed inside the railroad tie, 

to shield the components from the harsh environment and protect the system against any 
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potential theft or vandalism. Different from the previous railway track harvesters that typically 

harvest energy from bidirectional track deflections, the proposed smart tie only harvests the 

kinetic energy of the track when the wheels push it downward, which resolves the preload and 

installation challenges of bidirectional harvesting and increases the overall system reliability. 

A nonlinear model is developed to analyze the dynamic characteristic of the system, and the 

simulation is conducted to better understand the system and predict the performance. Bench 

tests are subsequently carried out under both harmonic and recorded tie displacement inputs to 

experimentally validate the model and assess the harvesting performance of the system. 

 

The rest of the Chapter is organized as follows. Chapter 4.2 presents the detailed design of the 

proposed smart energy harvesting tie and the working principles, Chapter 4.3 introduces the 

dynamic model and simulation study of the energy harvesting module inside the smart tie, 

Chapter 4.4 shows the lab bench test of the prototype and Chapter 4.5 summarizes the 

conclusion.   

 

4.2 Design and Working Principle 
 

A railroad track deflects and the ties (sleepers) more down vertically due to the forces applied 

by the rolling wheels.  Despite the fact that the track and ties displace with a small amplitude, 

the mechanical energy that is potentially available is quite large due to the high tonnage of the 

trainload [27].      

 

The proposed smart energy harvesting tie, which is designed to have similar dimensions to a 

conventional railroad tie, can be installed in the same manner as a standard tie on the track and 

convert the vibrational energy into electricity to power wayside electrical devices. Figure 1 

shows the overall design of a scaled smart tie prototype, which can be installed on a single 

track. This smart tie prototype mainly consists of an energy harvesting module, a tie housing, 

a tie box, and two coil springs. The top of the energy harvesting module is rigidly connected 

to the tie housing, while the bottom of the energy harvesting module is fixed on the base plate 

of the tie box. When the wheel of a railcar approaches, the tie housing is pushed downward; 

while when the wheel leaves, the tie housing rebounds due to the resilience of the track and 

coil springs.   

 
 
Figure 4-1. Overall design of the proposed smart energy harvesting tie. Half railroad tie is shown here. 

Similar design can be used for a full tie. 

 

4.2.1 Design of the energy harvesting module 

 

The energy harvesting module, playing an essential role as an energy transducer, is mainly 

comprised of a ball-screw with a nut, an enclosed gearbox with a single bevel gear-pair, an 

output shaft with an embedded one-way clutch, and an electromagnetic generator with a 

gearhead, as shown in Figure 2. The enclosed gearbox consists of casing 1, casing 2 and casing 
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3. The casing 1 and the nut adapter are rigidly connected to the tie housing and base plate of 

the tie box, separately. The ball-screw nut is embedded in and connected to the nut adapter by 

screws. Therefore, the gearbox of the energy harvesting module vibrates vertically together 

with the tie housing when the railcar passes by, while the tie box, where the nut adapter sits 

on, can be regarded as being stationary on the ballast. In this way, low speed reciprocal linear 

motion can be converted into the high-speed bidirectional rotation of the ball-screw shaft.  

 

The enclosed gearbox includes a large bevel gear, a small bevel gear, three casings, and two 

angular contact bearings. The bearing casing holds another angular contact bearing for 

supporting the ball-screw shaft. The rotation can be transmitted from the larger bevel gear to 

the small bevel gear, and subsequently, the output shaft can also rotate in two directions. The 

one-way clutch bearing is pressed fitted into the output shaft, and the input shaft of the 

gearhead with a key on the shaft can be inserted into keyway on the inner ring of the clutch. 

This one-way clutch can only transmit the torque in one direction, and hence, only one 

directional rotation can be transmitted to the gearhead, and consequently, the generator can 

only rotate unidirectionally. The O-ring grooves and shaft seals enclose the lubricant oil or 

grease inside the gearbox, which increases the transmission reliability and reduces the 

undesired friction losses. 

 

 
 

Figure 4-2. Detailed design of the energy harvesting module in the proposed smart tie 

 

 

 

4.2.2 Working principle 

 

Figure 3 illustrates the working principle of the energy harvesting module in the proposed 

smart tie. The solid line represents the motion transmission when the tie housing moves 

downwards and the one-way clutch engages with the gearhead shaft, while the dashed line 

represents the motion transmission when the tie housing rebounds back. Specifically, when the 

railcar wheel approaches, the enclosed gearbox with the generator moves downwards together 

with the tie housing. This linear downward motion of casings can be translated into the rotation 

of the ball-screw shaft and the large bevel gear, and subsequently, the small bevel gear and the 

output shaft both rotate. The embedded one-way clutch can be engaged with the generator 

shaft, depending on the rotational speed of the output shaft and the gearhead shaft, and the 

generator is driven to rotate as well to generate electricity. When the railcar wheel leaves, the 

enclosed gearbox with the generator moves upwards together with the tie. This linear upward 

motion will drive the ball nut and then drive the ball-screw shaft and two bevel gears to rotate 
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in opposite direction. The embedded one-way clutch is then disengaged with the generator 

shaft, and the generator can continue to spin freely under its rotation inertia with electrical 

damping until become stationary.  

 

 
 

Figure 4-3. Wheel-pass induced reciprocating motion will drive the generator to spin using the proposed 

mechanism: the solid lines represent the motion transmission when the wheel approaches and the 
represent the motion transmission when the wheel leaves. 

 

Previous energy harvesters [29, 61], that typically harvest energy from bidirectional track 

deflections, usually require relatively stiff springs to counteract the total force from the energy 

harvester during the track rebounds. The proposed design only harvests the kinetic energy of 

the tie when the wheels push it downwards, while the generator will be separated from the 

gearbox when the tie rebounds back. Therefore, there is no force transmitted back from the 

harvester during the disengagement period and the tie can rebound back quickly. The design 

resolves the preload and installation challenges [61] of bidirectional harvesting and increases 

the overall system reliability. 

 

A scaled smart tie prototype for installing on a single-side track is fabricated, and the main 

parameters of this prototype are listed in Table 4-1.  

 
Table 4-1. Parameters of the smart energy harvesting tie 
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Parameters    Value Description 

𝑙 25 mm Screw lead of ball-screw 

𝐽𝑚 0.264 
kgcm2 

Generator inertia 

𝐽𝑙𝑔 9.463 
kgcm2 

Large gear inertia 

𝐽𝑠𝑔 0.570 
kgcm2 

Small gear inertia 

𝐽𝑏𝑠 0.039 
kgcm2 

Screw inertia 

𝑅𝑖 0.24 Ohm Phase resistance of the generator 

𝑟𝑏 2 Bevel gear transmission ratio 

𝑟𝑔 19 Generator gearhead ratio 

𝑘𝑒 0.072 
V/rads 

Generator voltage constant 

𝑘𝑡  0.072 
Nm/A 

Generator torque constant 

𝐿 0.424 mH Generator phase to phase inductance 

𝑆𝑡𝑟𝑜𝑘𝑒 25.4 mm Stroke 

 

4.3 Modeling and Simulation 
 

4.3.1 Modeling of the energy harvesting module 

 

A three-phase AC motor is used as a generator in the proposed smart tie. Wye-shape external 

resistive loads are connected to the generator and the circuit model has been discussed in [29, 

61] and shown in Figure 4. 𝑉1, 𝑉2, and 𝑉3 are the induced voltages of the generator in each 

phase, respectively; and 𝑖1 , 𝑖2 , 𝑖3  are induced current of the generator in each phase, 

respectively. 𝐿, which is relatively small, is the inductance per phase. 𝑅𝑖 and 𝑅𝑒 are internal 

and external resistive loads, respectively. From [61], the resistive torque 𝑇𝑔𝑒  induced by the 

electrical damping the AC generator is 

 

𝑇𝑔𝑒 =
3𝑘𝑡𝑘𝑒

2(𝑅𝑖 + 𝑅𝑒)
𝜔𝑔𝑒 (4.1) 

 

where 𝑘𝑡 and 𝑘𝑒  are the speed and torque constants, and 𝜔𝑔𝑒  is the angular velocity of the 

generator input shaft.  

The induced voltages in each phase of the AC generator could be expressed as 

 

{
 
 

 
 

𝑉1 = 𝑘𝑒𝜔𝑔𝑒 sin(𝜔𝑒𝑡)

𝑉2 = 𝑘𝑒𝜔𝑔𝑒 sin (𝜔𝑒𝑡 −
2

3
𝜋)

𝑉3 = 𝑘𝑒𝜔𝑔𝑒 sin (𝜔𝑒𝑡 +
2

3
𝜋)

(4.2) 
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where 𝜔𝑒  is the angular frequency of the induced voltage of the generator, which will be 𝜔𝑔𝑒  

multiplied by the total number of generator pole pairs. 

 

 
 

Figure 4-4. Model of a Wye-shape three-phase generator with Wye-shape external resistive loads [10]. 

 

Figure 4-5 shows the dynamic model of the energy harvesting module in the proposed smart 

tie. The overall operation of the energy harvesting module can be divided into two cases: 

engagement case and disengagement case. Assume the vertical tie displacement is 𝑥, and its 

corresponding velocity is 𝑥̇. 𝜔𝑔𝑒 , 𝜔𝑠𝑏  are the rotational speed of the generator and small bevel 

gear. As shown in Table 4-1, 𝑙 is the ball-screw lead, 𝑟𝑔 is the gear ratio of the gearbox, and 𝑟𝑏 

is the gear ratio of the enclosed gearbox.  

 

 
 

Figure 4-5. Dynamic model of the energy harvesting model: left side is the engagement case and the 

right side is the disengagement case. 

 

When the tie moves downwards, 𝑥̇ < 0 and the system can be: 

 

• In engagement, if 𝜔𝑔𝑒 = 𝑟𝑔𝜔𝑠𝑏 =
2𝜋𝑟𝑏𝑟𝑔

𝑙
𝑥̇ 

• In disengagement, if |𝜔𝑔𝑒| > 𝑟𝑔|𝜔𝑠𝑏| = |
2𝜋𝑟𝑏𝑟𝑔

𝑙
𝑥̇| 
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More specifically, when the tie moves downward, the ball-screw shaft spins clockwise (from 

the bottom view) and drives the large bevel gear, small bevel gear, and output shaft  

successively. If the rotation speed of the generator gearhead equals that of the output shaft, the 

one-way clutch inner ring engages with the outer ring through a series of sprags in between, 

so that there is a torque transmission from the small bevel gear to the generator gearhead. In 

this case, by calculating the overall electrical resistance from the generator and using the 

energy method [61], we can get the expression for the equivalent electrical damping coefficient 

and equivalent mass of the system, written as below 

 

𝑐𝑒 =
6𝜋2𝑟𝑏

2𝑟𝑔
2𝑘𝑡𝑘𝑒

𝑙2(𝑅𝑖 + 𝑅𝑒)
(4.3) 

𝑚𝑒 ≈
4𝜋2

𝑙2
𝑟𝑏
2𝑟𝑔

2𝐽
𝑔𝑒

(4.4) 

 

The corresponding total force and output phase voltage during the engagement can be 

expressed as 

 

𝐹𝑒𝑛𝑔𝑎𝑔𝑒
𝑑𝑜𝑤𝑛 = 𝑚𝑒 𝑥̈ + 𝑐𝑒 𝑥̇ =

4𝜋2

𝑙2
𝑟𝑏
2𝑟𝑔

2𝐽𝑔𝑒 𝑥̈ +
6𝜋2𝑟𝑏

2𝑟𝑔
2𝑘𝑡𝑘𝑒

𝑙2(𝑅𝑖 + 𝑅𝑒)
𝑥̇ (4.5) 

𝑉𝑘𝑒𝑛𝑔𝑎𝑔𝑒
𝑑𝑜𝑤𝑛 = 2𝜋𝑘𝑒𝑟𝑏𝑟𝑔𝑠𝑖 𝑛 (∫ 𝜔𝑒𝑑𝑡

𝑡

0

+
2𝑘

3
𝜋)
𝑥̇

𝑙
(4.6) 

 

If the rotation speed of the generator gearhead is larger than that of the output shaft, the inner 

ring of the clutch separates from the outer ring, so there is no motion transmission from the 

small bevel gear to the generator gearhead, as shown in Figure 5 (b). Then, the generator will 

freely spin with the electrical damping coming from the generator until stop. 

 

The corresponding total force and output phase voltage during the disengagement can be 

expressed as 

 

𝐹𝑑𝑖𝑠𝑒𝑛𝑔𝑎𝑔𝑒
𝑑𝑜𝑤𝑛 = 0 (4.7) 

𝑉𝑘_𝑑𝑖𝑠𝑒𝑛𝑔𝑎𝑔𝑒
𝑑𝑜𝑤𝑛 = 𝑒

− 
𝑐𝑒
𝑚𝑒

(𝑡−𝑡0)𝜃𝑠0̇ sin (∫ 𝜔𝑒𝑑𝑡
𝑡

0

+
𝑘

3
𝜋) (4.8) 

 

where 𝑡0 and 𝜃̇𝑠0 are the time and angular velocity when disengagement occurs 

When the tie moves upwards, 𝑥̇ > 0 and the system is always in disengagement mode. The 

expression of the force and the output phase voltage when the tie moves up can be written as 

follows 

 

𝐹𝑢𝑝 = 0 (4.9) 

𝑉𝑘
𝑢𝑝
= 𝑒

− 
𝑐𝑒
𝑚𝑒

(𝑡−𝑡0)𝜃𝑠0̇ sin (∫ 𝜔𝑒𝑑𝑡
𝑡

0

+
2𝑘

3
𝜋) (4.10) 
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4.3.2 Numerical simulations 

 

Dynamic simulations have been conducted for the energy harvester module based on the 

developed model, considering engagement and disengagement, to better understand the system 

and predict the energy harvesting performance. Simulation results have been discussed in this 

section and presented in the following section together with the test results.  

 

Figure 4-6 shows the simulated force and phase voltage with the input of 2 Hz, 3 mm harmonic 

excitation with different resistive loads. Results with 20-Ohm resistive loads are shown in 

Figure 4-6 (a), indicating that engagement happens only when the tie displacement moves 

downwards, while the generator can continue rotating after the engagement ends when the tie 

moves downward and when the tie moves upward, if the electrical damping is small. Figure 4-

6 (b) demonstrates the simulated force and phase voltage with 2-Ohm resistive load. It shows 

that with the smaller resistive load (larger electrical damping from the generator), the 

disengagement period will be reduced, and the generator only rotates when the tie moves down. 

When the tie moves up, the system will always be in the disengagement period and the 

generator stays stationary.  

 

 
 

(a)                                                                      (b) 
 

Figure 4-6. Simulated force and phase voltage with the input of 2 Hz, 3 mm harmonic excitation with 

different resistive loads. (a) 20 Ohms, (b) 2 Ohms. 

 

4.4 Bench Test and Analysis 
 

4.4.1 Experimental setup 
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Figure 4-7. Bench test setup 

 

Figure 4-7 shows the experimental setup for the energy harvesting module of the proposed 

smart tie. The nut adapter and the casing 1 of the energy harvester were connected to two T-

shape adapters which are clamped by the upper and lower grips of the Instron machine, 

respectively. The hydraulic actuator with an LVDT displacement sensor, locating under the 

lower grip, can be controlled by the built-in software, and the 100 kN load cell, locating above 

the upper grip, can measure the dynamic force applied on the nut adapter. The external resistive 

load was connected to the generator in “wye” configuration, together with a 19:1 voltage 

divider. The energy harvesting module of the proposed smart tie was tested with both harmonic 

excitation and recorded tie displacement during the experiment and the results will be analyzed 

in the following subsection.  

 

4.4.2 Results with harmonic excitation 

 

A series of harmonic excitation tests with different input frequencies, amplitudes and external 

resistive loads were conducted. During the experiment, the generator was observed to rotate 

and generate electricity at 0.1 mm vibration amplitude input, indicating that the smart tie that 

we proposed has a relatively small backlash and can sense and harvest energy from minor 

vibrations. The calculated average power and the measured peak force under the 1 Hz 

frequency with amplitudes varying from 1-5 mm and different resistive loads were shown in 

Figure 4-8. As we can see, with the increasing of the input vibration amplitude, both the 

average power and peak force increase due to a higher rotational speed. Meanwhile, with the 

same amplitude, both the average power and peak force increase when the external resistive 

load decrease. This is because the electrical damping increases, which means more mechanical 

energy could be converted into electrical energy when the loads are reduced. Figure 4-9 shows 

the measured and simulated force, phase voltage and phase power of the energy harvesting 

module under the harmonic excitation with 2 Hz frequency and 3 mm amplitude. The solid 

lines represent the measured or calculated data while the dash lines represent the simulated 
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ones. An average power of 88W was achieved with 2-Ohm resistive load and from plot, we 

can see that the experiment results match well with the simulation result.  

 

 
 

(a)                                                                   (b) 

 

Figure 4-8. Bench test results under 1 Hz frequency harmonic excitation with different amplitudes and 
resistive loads: (a) average power; (b) peak force. 

 

 
Figure 4-9. Measured and simulated force, phase voltage and phase power of the energy harvesting 

module under the harmonic excitation 2 Hz of frequency and 3 mm of amplitude. The external resistive 

loads are 2 Ohms, and the average power is 88 W. 

 

4.4.3 Results with recorded railroad tie vibration 

 

In order to further evaluate the energy harvesting performance of the proposed smart tie, a 

railroad tie movement recorded in Transportation Technology Center, Inc. (TTCI) when the 

freight railcars passed by at around 64 km/hr (40 mph) [28] was used as an excitation input for 
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in-lab bench testing. Figure 4-10 illustrates the measured and simulated force, phase voltage 

and phase power of the energy harvesting module under the recorded railroad tie movement 

when several consecutive railcars traveling at 64 km/hr (40 mph). The external resistive loads 

were 2 Ohms and the average power of 42.2W was obtained during the experiment. 

Experimental results match well with the simulated ones, which validates the accuracy and 

effectiveness of the energy harvester model. As indicated in Figure 4-10, the energy harvesting 

module only generates electricity when the tie moves downward, while when the tie moves 

upward, output power is zero and the force is positive but with a relatively small amplitude. 

Therefore, different from the need of strong reset springs for previous railroad bi-directional 

energy harvesters [29, 61], the proposed smart energy harvesting tie doesn’t require a large 

spring resilience force for keeping the tie box being stationary, resolving the preload and 

installation challenges of bidirectional harvesting and increasing the overall system reliability.  

 

 
Figure 4-10. Measured and simulated force, phase voltage and phase power of the energy harvesting 

module under the recorded railroad tie movement when railcars traveling at 64 km/hr (40 mph). The 
external resistive loads are 2 Ohms and the average power of 42.2W was obtained. 

 

Table 4-2 summarizes the test results about the peak force and average power obtained during 

this recorded tie displacement input test. As expected, the peak force and average power 

increase when the external resistive load gets reduced. 

 
 

Table 4-2. Bench test results under recorded tie movement with various resistive loads 

 

Resistive load Peak force Average Power 

2 𝑜ℎ𝑚 19535 N 42.2 W 

4 𝑜ℎ𝑚 12129 N 26.1 W 

8 𝑜ℎ𝑚 9759 N 15.3 W 
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4.5 Chapter Summary 
 

In this chapter, a smart energy harvesting railroad tie to power the trackside electrical device 

has been proposed, designed, modeled and tested for potentially improving the train 

operational efficiency and safety. The smart tie, which is designed to have similar dimensions 

to a conventional railroad tie, can be installed in the same manner as a standard tie on the track. 

Through a ball-screw, a pair of bevel gear and an output shaft with a single one-way clutch, 

the generator can be driven to generate electricity. Different from bidirectional energy 

harvesters, the proposed smart tie only harvests the kinetic energy of the railroad tie when the 

tie moves downwards due to the approaching wheel, which resolves the preload and 

installation challenges and increases the overall system reliability. An analytical model is 

developed, and the dynamic simulation is conducted to better understand the system 

nonlinearity and predict the performance. During the bench tests, the smart tie demonstrates 

great sensitivity to the environment vibration due to its small backlash (less than 0.1 mm). In-

lab test results show that an average power of 26.1 and 42.2W on 4 Ohms and 2 Ohms external 

loads are obtained under simulated tie movement, indicating that the proposed smart tie is 

capable to power most wayside electrical devices, which has a great potential to improve the 

train operational safety. 

 

  

𝑜𝑝𝑒𝑛 𝑐𝑖𝑟𝑐𝑢𝑖𝑡 8012 N NA 
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 Design, Modeling and Onboard Test of an 

Electromagnetic Energy Harvester for Railway Cars 
 

To enable the smart technologies on the freight railcars, such as the global positioning system 

(GPS), real-time train condition monitoring and positive train control, a cost-effective power 

source is required. This paper presents the design, modeling, in-lab and onboard field-tests of 

an electromagnetic energy harvester for freight railcars. The proposed harvester with a 

mechanical motion rectification (MMR) mechanism can scavenge the vibration energy that is 

usually dissipated or wasted. An analytical model considering the train-harvester interaction is 

established to analyze the dynamic characteristic and predict the performance of the harvesters 

on different tracks at various train speeds. An in-lab bench test is carried out to experimentally 

validate the harvester model and evaluate the characteristics of the proposed energy harvester. 

The experimental results show that an average power of 14.5 and 9.2W are achieved 

respectively for the harvester using 66:1 and 43:1 gearheads under typical suspension 

vibrations recorded on an operational railcar at 90 km/hr. An onboard field test is also 

performed using the harvester with 43:1 gearhead on a test track, which yields a peak phase 

power of 73.2W and an average power of 1.3W at 30 km/hr. Both the in-lab and onboard test 

results indicate that the proposed energy harvester could continuously generate an amount of 

power useful for the implementation of smart technologies to improve the operational safety 

on the freight cars. 

 

5.1 Chapter Introduction 
 

As discussed in Chapter 2.2, compared with other technologies (solar, axle generator, and 

thermoelectric), vibrational energy harvesters, especially the mechanical-based 

electromagnetic ones, have a great potential to scavenge the dissipated energy from the railcar 

vibrations without adding energy loss to the train operation. However, three main challenges 

remain in the existing onboard energy harvesting technologies for freight cars: (i) increasing 

the power output of the harvesters under realistic train vibrations since many onboard 

applications of electrical devices require more power (watts to tens of watts level); (ii) 

improving the conversion efficiency through simple and reliable designs; and (iii) developing 

a train-harvester coupled model to predict the energy harvesting performance at different train 

speeds and on different tracks. 

 

In this chapter, a rack-pinion based suspension energy harvester with a simplified structure is 

designed, modeled, and tested both in lab and onboard, for smart freight railcars. Facing the 

severe vibration and huge load conditions during the operation of the freight cars, an enclosed 

lubricated gearbox and a unique two guide-rail mechanism are specifically designed for the 

harvester to reduce the friction loss and increase transmission reliability and durability. A 

nonlinear systematic model considering the train-harvester interaction is developed to predict 

the energy harvesting performance at different train speeds and on different tracks. In-lab tests 

are then carried out at various conditions to experimentally characterize the proposed energy 

harvester. An average power of 14.5 and 9.2W are achieved respectively for the harvester with 

the 66:1 and 43:1 gearhead under typical suspension vibrations recorded at 90 km/hr on an 

operational track. On-board tests are also conducted on a low-speed freight car on a test track 
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in CRRC Yangtze Co., Ltd. An average power of 1.3W was obtained when the train traveled 

at around 30 km/hr, which is close to the model prediction. The paper shows that the proposed 

harvester could generate a useable amount of power for certain on-board auxiliary electronic 

devices, which has the potential to improve the operational safety of the freight railcars.   

 

This chapter is organized as follows. Chapter 5.2 introduces the detailed design and working 

principle of proposed rack-pinion based train suspension energy harvester. Chapter 5.3 

introduces the systematic modeling for the proposed suspension energy harvester. Chapter 5.4 

summarizes the in-lab testing of the proposed energy harvesters and Chapter 5.5 introduces the 

harvester onboard testing. Chapter 5.6 provides the concluding remarks.  

 

5.2 Design and Working Principle 
 

5.2.1 Design and installation of the freight railcar suspension energy harvester  

 

Figure 5-1(a) shows the detailed design of the proposed rack-pinion based train suspension 

energy harvester. The harvester consists of a rack, a pinion gear integrated with a shaft, an 

enclosed gearbox with lubricant inside, and an electromagnetic generator with a planetary 

gearhead. One guide rail is mounted on the back of the rack and the rack is connected to the 

upper square case, while the corresponding carriage is installed in the lower square case. 

Another pair of guide rail and carriage are connected to the upper square case and lower square 

case, respectively. By using these two face-to-face pairs of guide rail and carriage, the upper 

and lower case could slide smoothly vertically. The pinion gear shaft is driven by the rack to 

rotate bi-directionally. Lubricant grease is placed in the chamber between the rack teeth and 

pinion teeth to increase the transmission durability. The enclosed gearbox is composed of two 

large bevel gears, one small bevel gear, two one-way sprag clutches, bearings, O-rings and 

shaft seals. The two one-way clutches are positioned between the large bevel gears and the 

pinion gear shaft. A small bevel gear is connected to the shaft of the geared generator. The 

shaft seals and O-ring enclose the gearbox so that lubricant could be sealed inside. A flywheel 

could be added at the end of the generator shaft at the bottom side to adjust the total inertia 

property of the suspension energy harvester.  

 

Figure 5-1(b) illustrates the installation of the energy harvester on a freight K5 bogie (an 

improved version of the traditional three-piece bogie). The overall dimensions of the energy 

harvester are chosen so that they can be retrofitted into the majority of the commercial freight 

railcars, such as those by CRRC Yangtze Co. LTD.  The harvester dimensions are 283 mm 

(fully compressed) and 378 mm (fully extended), for an overall stroke of 95 mm. The K5 bogie 

is mainly comprised of two wheelsets, side frames, bolster, spring plank, center plate, roller 

bearing adapters, and coil springs. The primary stiffness comes from the roller bearing adapters, 

which is very stiff. The secondary suspension consists of coil springs and wedge friction 

dampers between the bogie and car body. The harvester is designed to be installed at the 

secondary suspension (between the spring plank and the bolster) in parallel with the coil 

springs.  
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(a)              
                                                                                                       

 
 

(b) 

 
Figure 5-1. Design and installation of a rack-pinion based train suspension energy harvester: (a) design 

details (b) installation of the prototype. 

 

5.2.2 Working principle 

 

A special mechanism, named mechanical motion rectification (MMR) [23], which could 

convert the bidirectional linear motion of the rack into the unidirectional rotation of the 

generator, is adopted in the design. Figure 5-2 illustrates the working principle of the harvester. 

In Case 1, when the rack moves downward, it drives the pinion gear shaft to rotate 

counterclockwise (from the left side view). At this moment, the left one-way clutch between 

the pinion shaft and the left large bevel gear is engaged, while the right clutch between the 

pinion shaft and the right large bevel gear is disengaged. The left bevel gear becomes the 

driving gear, and the right large bevel gear becomes an idler. Therefore, the small bevel gear 

and the electromagnetic generator will be driven to rotate clockwise (from the bottom side). If 

the rack moves upward, as shown in Case 2 of Figure 5-2, it drives the pinion gear shaft to 

rotate clockwise (from the left side view). Currently, the right one-way clutch is engaged while 

the left clutch is disengaged. The right bevel gear behaves as the driving gear and drives the 

small bevel gear and electromagnetic generator to rotate clockwise (from the bottom side), 

while the left large bevel gear becomes an idler. With this unique MMR mechanism, no matter 
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the rack moves upward or downward, the generator will always rotate in one direction, 

resulting in a high energy harvesting performance and low impact force during transmission 

[24]. The main parameters of the proposed suspension energy harvester are listed in Table 5-

1. 

 

 
 
Figure 5-2. Irregular reciprocating suspension vibration will drive the generator to rotate in one 

direction using the MMR mechanism: Case 1 represents rack moving downward and Case 2 represents 

the rack moving upward 

 
Table 5-1. Parameters of the proposed suspension energy harvester 

 

Parameters Value Description Parameters Value Description 

𝑚 1.25 Pinion gear/rack modulus 𝑙𝑚𝑖𝑛 283 mm Harvester compression length 

 
𝛼    20° Pinion gear/rack pressure angle  𝑆𝑡𝑟𝑜𝑘𝑒 95 mm Harvester stroke 

𝑛𝐿 40 Large bevel gear  teeth number 𝑊𝑒𝑖𝑔ℎ𝑡 5.5 kg Harvester weight 

𝑛𝑆 20 Small bevel gear  teeth number 𝐵𝑎𝑐𝑘𝑙𝑎𝑠ℎ 0.5 mm Rack and pinion gear backlash 

𝑛𝑃 16 Pinion gear teeth number 𝐶𝑜𝑚𝑝𝑙𝑖𝑎𝑛𝑐𝑒  0-1 mm Mechanical compliance 

𝑟𝑝 10 mm Pinion gear pitch radius  𝑅𝑖  1.44 Ω Terminal resistance phase to 

phase 

 𝐽𝑙𝑔 2.16 kgcm2 Large bevel gear inertia 𝐿 1.15 mH Terminal inductance phase to 

phase 

𝐽𝑠𝑔 0.13 kgcm2 Small bevel gear inertia 𝐼𝑛 1.61 A Norminal (max. continuous) 

current 

𝐽𝑚 0.0128 

kgcm2 

Generator inertia  𝐼𝑚𝑎𝑥 25 A Maximum peak current 

𝑛𝑏 2 Bevel gear transmission ratio 𝑉𝑛𝑣 36 V Nominal voltage 

𝑛𝑔1 4.3 Gearhead 1 transmission ratio 𝑉𝑛𝑠 6080 rpm Nominal speed 

𝑛𝑔2 12 Gearhead 2 transmission ratio 𝑘𝑒  0.0461 V/rad Generator voltage constant 
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5.3 Modeling and Dynamics 
 

5.3.1 Dynamics of the three-phase AC generator and energy harvesting circuit 

 

In the proposed train suspension energy harvester, a three-phase AC electromagnetic generator 

is adopted. Figure 3 shows the dynamic model of the three-phase AC generator with Wye shape 

resistive loads. 𝑉1, 𝑉2, 𝑉3 are the back electromotive forces (EMF) or induced voltages of the 

generator, and 𝑖1, 𝑖2, 𝑖3 are induced current per phase, respectively. 𝐿 is the inductance of coils 

per phase, which has a very small value and could be ignored. 𝑅𝑖 and 𝑅𝑒 represent the internal 

phase resistance and the external electrical load of the generator, respectively.  

 

 
 

Figure 5-3. Modeling of Wye shape three-phase generator with Wye shape resistive loads [25]. 

 

The dynamics of the generator and its damping characteristics have been studied in [29, 51]. 

Since the inductance of the coils is ignorable, the resistive torque 𝑇𝑔𝑒   induced by the electrical 

currents of the three-phase electromagnetic generator could be obtained as 𝑇𝑔𝑒 = 𝐶𝑔𝑒𝜔𝑔𝑒 , 

where 𝐶𝑔𝑒 =
3𝑘𝑡𝑘𝑒

2(𝑅𝑖+𝑅𝑒)
 is the rotary damping coefficient of the generator with shunt resistance. 

The 𝑘𝑡 and 𝑘𝑒 are the speed and torque constants of the AC generator, respectively, and 𝜔𝑔𝑒  

is the angular velocity of the generator.  

 

From Newton’s second law, the equation of motion for the generator could be written as 

𝑇𝑚 − 𝑇𝑔𝑒 = 𝐽𝑔𝑒𝜔̇𝑔𝑒  (5.1) 
where 𝑇𝑚  and 𝐽𝑔𝑒   are the external driving torque and rotary inertia of the generator, 

respectively. Therefore, the driving torque 𝑇𝑚 can be expressed as  

𝑇𝑚 = 𝐽𝑔𝑒𝜔̇𝑔𝑒 +
3𝑘𝑡𝑘𝑒

2(𝑅𝑖 + 𝑅𝑒)
𝜔𝑔𝑒 (5.2) 

 

5.3.2 Dynamic model of the suspension energy harvester 

 

The simplified model of the energy harvester is illustrated in Figure 5-4. Different from the 

linear and rotary harvesters, MMR energy harvester can convert the bi-directional vibration 

into unidirectional rotation of the generator by utilizing the one-way clutches embedded inside 

the large bevel gears. Specifically, the one-way clutch embedded in that bevel gear is engaged 

𝑙𝑚𝑎𝑥 378 mm Harvester extension length 

 
𝑘𝑡 0.0461 Nm/A Generator  torque constant 
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to the shaft when the pinion gear shaft angular velocity ω𝑔𝑠 equals that of the large bevel gears 

ω𝑙𝑏 , enabling the torque to be transmitted from the pinion gear shaft to the generator. 

Conversely, when the instant angular velocity ω𝑔𝑠 of pinion gear shaft is smaller than that of 

the large bevel gears ω𝑙𝑏, both one-way clutches are disengaged from the shaft, resulting in no 

motion transmission from the pinion shaft to the bevel gears, so that the generator will rotate 

freely due to the inertia.  

 

      
(a)                                  (b)                    

Figure 5-4.  Dynamic model of the proposed train suspension energy harvester: (a) engagement case; 
(b) disengagement case 

                                                    

Let 𝑥 , 𝑥̇  and 𝑥̈  be the suspension vibration displacement, velocity, and acceleration, 

respectively. The pinion gear radius is 𝑟𝑝, the transmission ratio from large bevel gears to the 

small bevel gear is 𝑛𝑏, and the planetary gearhead transmission ratio is 𝑛𝑔. Therefore, at the 

engagement period, the rotational speed of the generator is 𝜔𝑔𝑒 = 𝑛𝑏𝑛𝑔
𝑥̇

𝑟𝑝
. 

 

Therefore, the motion for the small bevel gear, larger bevel gear, and pinion gear shaft could 

be obtained. Let 𝐽𝑠𝑏 , 𝐽𝑙𝑏  and 𝐽𝑔𝑠 represent the rotational inertia of the small bevel gear, large 

bevel gear and gear shaft, respectively, and 𝑚𝑟 represents the mass of the rack and the upper 

casing. The driving force 𝐹𝑒𝑛𝑔𝑎𝑔𝑒  on the rack (the harvester) during the engagement could be 

derived as 

 

𝐹𝑒𝑛𝑔𝑎𝑔𝑒 = (
𝑛𝑏

2𝑛𝑔
2

𝑟𝑝2
𝐽𝑚 +

𝑛𝑏
2𝐽𝑠𝑏 + 2𝐽𝑙𝑏 + 𝐽𝑔𝑠

𝑟𝑝2
+𝑚𝑟) 𝑥̈ +

𝑛𝑏
2𝑛𝑔

2𝑘𝑡𝑘𝑒
𝑟𝑝2(𝑅𝑖 + 𝑅𝑒)

𝑥̇ (5.3) 

 

From Equation (3), the suspension energy harvester during engagement could be considered 

as a linear inertia mass in parallel with a viscous damper. The damping coefficient of such a 

damper could be tuned by adjusting the external resistive loads. The equivalent linear inertia 

mass and equivalent linear viscous damping could be expressed as  
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{
 
 

 
 𝑚𝑒 =

𝑛𝑏
2𝑛𝑔

2

𝑟𝑝2
𝐽𝑚 +

𝑛𝑏
2𝐽𝑠𝑏 + 2𝐽𝑙𝑏 + 𝐽𝑔𝑠

𝑟𝑝2
+𝑚𝑟 ≈

𝑛𝑏
2𝑛𝑔

2

𝑟𝑝2
𝐽𝑚

𝐶𝑒 =
𝑛𝑏

2𝑛𝑔
2𝑘𝑡𝑘𝑒

𝑟𝑝2(𝑅𝑖 + 𝑅𝑒)

(5.4) 

 

In Equation (4), when the transmission gear ratio 𝑛𝑔 of the planetary gearhead is large (the 

ratios are 43 and 66 for the two  prototyped harvesters), the total equivalent linear mass of the 

bevel gears, gear shaft and rack 
𝑛𝑏

2𝐽𝑠𝑏+2𝐽𝑙𝑏+𝐽𝑔𝑠

𝑟𝑝
2 +𝑚𝑟  is much smaller than that of the 

electromagnetic generator 
𝑛𝑏

2𝑛𝑔
2

𝑟𝑝
2 𝐽𝑚. Therefore, the dominant contribution of the inertance of 

the suspension energy harvester comes from the electromagnetic generator (and the flywheel 

on the generator shaft). Therefore, the driving force at the end of the rack (the harvester) during 

the engagement could be approximated as 𝐹𝑒𝑛𝑔𝑎𝑔𝑒 =
𝑛𝑏

2𝑛𝑔
2

𝑟𝑝
2 𝐽𝑚𝑥̈ +

𝑛𝑏
2𝑛𝑔

2𝑘𝑡𝑘𝑒

𝑟𝑝
2(𝑅𝑖+𝑅𝑒)

𝑥̇ , and the 

induced phase voltages can be expressed as 

 

𝑉𝑔𝑒 = 𝑘𝑒𝑛𝑏𝑛𝑔
𝑥̇

𝑟𝑝
sin (∫ 𝜔𝑒𝑑𝑡

𝑡

0

+
2𝑘

3
𝜋) (5.5) 

 

where 𝑘 = 0, 1, 2 , represent the 1st, 2nd and 3rd phase of the generator. 𝜔𝑒  is the angular 

frequency of the induced voltage of the generator, which will be 𝜔𝑔𝑒  multiplied by the total 

number of generator pole pairs. 

 

When both one-way clutches are disengaged, as shown in Fig. 4(b), the generator separates 

with the gearbox and there is no torque transmission from the pinion shaft to the bevel gears. 

The generator rotates freely due to the inertia and damping, which means that the rotor 

continues to spin with the stored momentum and exponentially decelerates due to its damping. 

Therefore, the driving force at the end of the rack (the harvester) will be  𝐹𝑑𝑖𝑠𝑒𝑛𝑔𝑎𝑔𝑒 =

(𝑚𝑟 +
𝐽𝑔𝑠

𝑟𝑝
2) 𝑥̈ ≈ 0, and the single-phase voltage during the disengagement could be expressed 

as 

 

𝑉𝑔𝑒 = 𝜃𝑠̇(𝑡) = 𝑒
− 
𝑐𝑒
𝑚𝑒

(𝑡−𝑡0)𝜃𝑠0̇ sin (∫ 𝜔𝑒𝑑𝑡
𝑡

0

+
2𝑘

3
𝜋) (5.6) 

 

where 𝑡0 and 𝜃̇𝑠0 are the instant time and angular velocity when disengagement occurs. 

 

In summary, the dynamics driving force equation, and the induced single-phase voltage of the 

proposed train suspension energy harvester could be obtained and derived as 
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{
𝐹𝑒𝑛𝑔𝑎𝑔𝑒 ≈

𝑛𝑏
2𝑛𝑔

2

𝑟𝑝2
𝐽𝑚𝑥̈ +

𝑛𝑏
2𝑛𝑔

2𝑘𝑡𝑘𝑒
𝑟𝑝2(𝑅𝑖 + 𝑅𝑒)

𝑥̇ 𝐸𝑛𝑔𝑎𝑔𝑒𝑚𝑒𝑛𝑡: |ω𝑔𝑠| = |ω𝑙𝑏|

𝐹𝑑𝑖𝑠𝑒𝑛𝑔𝑎𝑔𝑒 ≈ 0 𝐷𝑖𝑠𝑒𝑛𝑔𝑎𝑔𝑒𝑚𝑒𝑛𝑡: |ω𝑔𝑠| < |ω𝑙𝑏|

(5.7) 

{
 
 

 
 𝑉𝑔𝑒 = 𝑘𝑒𝑛𝑏𝑛𝑔

𝑥̇

𝑟𝑝
sin (∫ 𝜔𝑒𝑑𝑡

𝑡

0

+
2𝑘

3
𝜋) 𝐸𝑛𝑔𝑎𝑔𝑒𝑚𝑒𝑛𝑡: |ω𝑔𝑠| = |ω𝑙𝑏|

𝑉𝑔𝑒 = 𝜃𝑠̇(𝑡) = 𝑒
− 
𝑐𝑒
𝑚𝑒

(𝑡−𝑡0)𝜃𝑠0̇ sin (∫ 𝜔𝑒𝑑𝑡
𝑡

0

+
2𝑘

3
𝜋) 𝐷𝑖𝑠𝑒𝑛𝑔𝑎𝑔𝑒𝑚𝑒𝑛𝑡: |ω𝑔𝑠| < |ω𝑙𝑏|

(5.8) 

 

5.3.3 System dynamics 

 

To investigate the power output of the harvester at different train speeds and on different tracks, 

a systematic vertical model of the freight railcar coupled with suspension harvesters at the 

secondary suspension is developed in the following. In this coupled railcar-harvester model, 

the suspension harvester can be modeled as a tunable damper in parallel with an inerter 

between the car body and each side frame, as discussed in Subsection 3.2. While for the freight 

railcar, the bounce motions of the car body, side frames, and wheelsets, as well as the pitch 

motions of the car body and side frames, are taken into consideration. The wheel-rail contact 

is a complex but very essential part for the train dynamics and has been continuously 

researched and studied in the past several decades [53, 65, 66]. For simplicity, the wheel-rail 

contact can be modelled as a stiff spring in parallel with damper between the track and every 

wheelset, as discussed in [67].  

 

In this dynamic study, the simplified wheel-rail contact model is adopted, and the vertical 

vehicle-harvester coupled model is shown in Figure 5-5, which consists of 10 degrees of 

freedom: the bounce and pitch motions of the car body and both side frames, as well as the 

bounce motions of the four wheelsets. Being consistent with the K5 bogie where the suspension 

harvester is installed in the onboard experiment, the secondary suspension consists of coil 

springs with stiffness 𝐾𝑠𝑧 and friction boards and wedges (behaving as the friction damper) 

with damping coefficient 𝐶𝑓  in the model. For the primary suspension, the roller bearing 

adapters provide stiffness 𝐾𝑝𝑧, while there is no oil damper or friction damper. 𝐾𝑤𝑟 and 𝐶𝑤𝑟 

are the wheel/rail contact stiffness and damping [67], respectively. The railcar is assumed to 

travel longitudinally on a tangent track with a constant speed 𝑉0. 
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Figure 5-5. The dynamic model of a half freight car with energy harvesters installed at the secondary 

suspension 

 

𝑀𝑐, 𝑀𝑡 and 𝑀𝑤 are the mass of the car body, the side frame and the wheelset, respectively; 𝐽𝑐 
and 𝐽𝑡 are moment inertia of the car body and side frames, respectively; 𝑍𝑐, 𝑍𝑡1 and 𝑍𝑡2 are the 

vertical displacements, relative to the static balanced position, of the car body, front side frame 

and rear side frame, respectively; 𝛽𝑐, 𝛽𝑡1 and 𝛽𝑡2 are the pitch angle of the car body, front side 

frame and rear side frame, respectively. 𝑍𝑤1, 𝑍𝑤2, 𝑍𝑤3 and 𝑍𝑤4 are the vertical displacements 

of the four wheelsets, and 𝑍01, 𝑍02, 𝑍03 and 𝑍04 are the track irregularity at the wheel-rail 

contact point. 𝑙𝑐  is the semi-longitudinal distance between bogies, and 𝑙𝑡  is the semi-

longitudinal distance between wheelsets in the bogie.  

 

The friction forces mainly come from the relative motion between the wedges and friction 

boards on the side frames in the secondary suspension [68] and they could be simplified to be 

the total spring force in secondary suspension multiplied by a relative friction coefficient 𝜑. 

The spring forces could be expressed as  

 

{
𝐹𝑠1 = 𝐾𝑠𝑧(𝑓𝑠𝑡 + 𝑍𝑐 − 𝑙𝑐𝛽𝑐 − 𝑍𝑡1)

𝐹𝑠2 = 𝐾𝑠𝑧(𝑓𝑠𝑡 + 𝑍𝑐 + 𝑙𝑐𝛽𝑐 − 𝑍𝑡2)
(5.9) 

 

where 𝐹𝑠1 represents the spring force between the front bogie and car body, and 𝐹𝑠2 represents 

the spring force between the rear bogie and the car body. (𝑍𝑐 ∓ 𝑙𝑐𝛽𝑐 − 𝑍𝑡1) represents the 

dynamic relative displacement between the front/rear bogie and car body. 𝑓𝑠𝑡  is the static 

deflection of the springs at the secondary suspension.  

 

Therefore, the friction forces could be expressed in the Coulomb friction model as 

{
𝐹𝑓1 = 𝛼1𝜑𝐹𝑠1 = 𝑠𝑔𝑛(𝑍̇𝑐 − 𝑙𝑐𝛽̇𝑐 − 𝑍̇𝑡1)𝜑𝐾𝑠𝑧(𝑓𝑠𝑡 + 𝑍𝑐 − 𝑙𝑐𝛽𝑐 − 𝑍𝑡1)

𝐹𝑓2 = 𝛼2𝜑𝐹𝑠2 = 𝑠𝑔𝑛(𝑍̇𝑐 + 𝑙𝑐𝛽̇𝑐 − 𝑍̇𝑡2)𝜑𝐾𝑠𝑧(𝑓𝑠𝑡 + 𝑍𝑐 + 𝑙𝑐𝛽𝑐 − 𝑍𝑡2)
(5.10) 
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where 𝜑  is the relative fiction coefficient, 𝛼1 = 𝑠𝑔𝑛(𝑍̇𝑐 − 𝑙𝑐𝛽̇𝑐 − 𝑍̇𝑡1) =

{

𝑍̇𝑐 − 𝑙𝑐𝛽̇𝑐 − 𝑍̇𝑡1 > 0 1

𝑍̇𝑐 − 𝑙𝑐𝛽̇𝑐 − 𝑍̇𝑡1 = 0 0

𝑍̇𝑐 − 𝑙𝑐𝛽̇𝑐 − 𝑍̇𝑡1 < 0 −1

and 𝛼2 = 𝑠𝑔𝑛(𝑍̇𝑐 + 𝑙𝑐𝛽̇𝑐 − 𝑍̇𝑡2) = {

𝑍̇𝑐 + 𝑙𝑐𝛽̇𝑐 − 𝑍̇𝑡2 > 0 1

𝑍̇𝑐 + 𝑙𝑐𝛽̇𝑐 − 𝑍̇𝑡2 = 0 0

𝑍̇𝑐 + 𝑙𝑐𝛽̇𝑐 − 𝑍̇𝑡2 < 0 −1

.  

 

(𝑍̇𝑐 − 𝑙𝑐𝛽̇𝑐 − 𝑍̇𝑡1)  and (𝑍̇𝑐 + 𝑙𝑐𝛽̇𝑐 − 𝑍̇𝑡2)  represent the relative velocities in the secondary 

suspension for the front bogie and rear bogie, respectively.  

 

The suspension harvester could be in the engaged mode or disengaged mode while the train is 

moving. When the rotational speed of the bevel gears inside the harvester equals the input 

rotational speed of the pinion gear shaft, the harvester will be in the engaged mode. However, 

if the rotational speed of the bevel gears is larger than that of the input rotational speed of the 

pinion gear shaft, then the harvester will be in the disengaged mode. The forces of the 

harvesters in the secondary suspension could be expressed as  

 

{
𝐹𝐸𝐻1 = 𝛽1[𝑚𝑒(𝑍̈𝑐 − 𝑙𝑐𝛽̈𝑐 − 𝑍̈𝑡1) + 𝐶𝑒(𝑍̇𝑐 − 𝑙𝑐𝛽̇𝑐 − 𝑍̇𝑡1)]

𝐹𝐸𝐻2 = 𝛽2[𝑚𝑒(𝑍̈𝑐 + 𝑙𝑐𝛽̈𝑐 − 𝑍̈𝑡2) + 𝐶𝑒(𝑍̇𝑐 + 𝑙𝑐𝛽̇𝑐 − 𝑍̇𝑡2)]
(5.11) 

 

where 𝑚𝑒 and 𝐶𝑒 represent the equivalent mass and damping of the harvester, respectively; 

(𝑍̈𝑐 − 𝑙𝑐𝛽̈𝑐 − 𝑍̈𝑡1)  and (𝑍̈𝑐 + 𝑙𝑐𝛽̈𝑐 − 𝑍̈𝑡2)  are the relative accelerations in the secondary 

suspension for the front and rear bogie, respectively. 𝛽1 = {
1 𝑒𝑛𝑔𝑎𝑔𝑒
0 𝑑𝑖𝑠𝑒𝑛𝑔𝑎𝑔𝑒

 and 𝛽2 =

{
1 𝑒𝑛𝑔𝑎𝑔𝑒
0 𝑑𝑖𝑠𝑒𝑛𝑔𝑎𝑔𝑒

.  

 

Therefore, the dynamic equations of the motion for railcar coupled with suspension energy 

harvesters at secondary suspension could be derived as follows 

 

Car body bounce motion: 

𝑀𝑐𝑍̈𝑐 + 2𝐾𝑠𝑧𝑍𝑐 −𝐾𝑠𝑧𝑍𝑡1 − 𝐾𝑠𝑧𝑍𝑡2 + 𝛼1𝜑𝐹𝑠1 + 𝛼2𝜑𝐹𝑠2 + 𝐹𝐸𝐻1 + 𝐹𝐸𝐻2 = 0 (5.12) 
 

Car body pitch motion: 

𝐽𝑐𝛽̈𝑐 + 2𝐾𝑠𝑧𝑙𝑐
2𝛽𝑐 + 𝐾𝑠𝑧𝑙𝑐𝑍𝑡1 −𝐾𝑠𝑧𝑙𝑐𝑍𝑡2 − 𝛼1𝜑𝐹𝑠1𝑙𝑐 + 𝛼2𝜑𝐹𝑠2𝑙𝑐

−𝐹𝐸𝐻1𝑙𝑐 + 𝐹𝐸𝐻2𝑙𝑐 = 0 (5.13)
 

 

Front bogie bounce motion: 

𝑀𝑡𝑍̈𝑡1 + (2𝐾𝑝𝑧 + 𝐾𝑠𝑧)𝑍𝑡1 − 𝐾𝑠𝑧𝑍𝑐 −𝐾𝑝𝑧𝑍𝑤1 −𝐾𝑝𝑧𝑍𝑤2 +𝐾𝑠𝑧𝑙𝑐𝛽𝑐
−𝛼1𝜑𝐹𝑠1 − 𝐹𝐸𝐻1 = 0 (5.14)

 

Front bogie pitch motion: 

𝐽𝑡𝛽̈𝑡1 + 2𝐾𝑝𝑧𝑙𝑡
2𝛽𝑡1 + 𝐾𝑝𝑧𝑙𝑡𝑍𝑤1 −𝐾𝑝𝑧𝑙𝑡𝑍𝑤2 = 0 (5.15) 

 

Rear bogie bounce motion: 
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Class 
Parameter 

𝑀𝑡𝑍̈𝑡2 + (2𝐾𝑝𝑧 + 𝐾𝑠𝑧)𝑍𝑡2 − 𝐾𝑠𝑧𝑍𝑐 −𝐾𝑝𝑧𝑍𝑤3 −𝐾𝑝𝑧𝑍𝑤4 −𝐾𝑠𝑧𝑙𝑐𝛽𝑐
−𝛼2𝜑𝐹𝑠2 − 𝐹𝐸𝐻2 = 0 (5.16)

 

 

Rear bogie pitch motion: 

𝐽𝑡𝛽̈𝑡2 + 2𝐾𝑝𝑧𝑙𝑡
2𝛽𝑡2 + 𝐾𝑝𝑧𝑙𝑡𝑍𝑤3 −𝐾𝑝𝑧𝑙𝑡𝑍𝑤4 = 0 (5.17) 

 

First wheelset bounce motion: 

𝑀𝑤𝑍̈𝑤1 + 𝐶𝑤𝑟𝑍̇𝑤1 − 𝐶𝑤𝑟𝑍̇01 −𝐾𝑝𝑧Z𝑡1 + 𝐾𝑝𝑧𝑙𝑡𝛽𝑡1 + (𝐾𝑝𝑧 + 𝐾𝑤𝑟)𝑍𝑤1 −𝐾𝑤𝑟𝑍01 = 0 (5.18) 
 

Second wheelset bounce motion: 

𝑀𝑤𝑍̈𝑤2 + 𝐶𝑤𝑟𝑍̇𝑤2 − 𝐶𝑤𝑟𝑍̇02 −𝐾𝑝𝑧Z𝑡1 − 𝐾𝑝𝑧𝑙𝑡𝛽𝑡1 + (𝐾𝑝𝑧 + 𝐾𝑤𝑟)𝑍𝑤2 −𝐾𝑤𝑟𝑍02 = 0 (5.19) 
 

Third wheelset bounce motion: 

𝑀𝑤𝑍̈𝑤2 + 𝐶𝑤𝑟𝑍̇𝑤2 − 𝐶𝑤𝑟𝑍̇02 −𝐾𝑝𝑧Z𝑡1 − 𝐾𝑝𝑧𝑙𝑡𝛽𝑡1 + (𝐾𝑝𝑧 + 𝐾𝑤𝑟)𝑍𝑤2 −𝐾𝑤𝑟𝑍02 = 0 (5.20) 
 

Fourth wheelset bounce motion: 

𝑀𝑤𝑍̈𝑤2 + 𝐶𝑤𝑟𝑍̇𝑤2 − 𝐶𝑤𝑟𝑍̇02 −𝐾𝑝𝑧Z𝑡1 − 𝐾𝑝𝑧𝑙𝑡𝛽𝑡1 + (𝐾𝑝𝑧 + 𝐾𝑤𝑟)𝑍𝑤2 −𝐾𝑤𝑟𝑍02 = 0 (5.21) 
 

5.3.4 Numerical simulation for energy harvesting performance 

 

The excitation input comes from the irregularities on the surface of the railroad track, which 

are due to the track formation technology limit, track wear, clearances, ground subsidence, 

contemporary mechanical maintenance, settlement and other factors [69]. Based on a large 

quantitative field measurements data in the United States, the Association of American 

Railroad (AAR) proposed that the track irregularity in the vertical profile could be 

characterized by a one-sided power spectral density function (PSD) [70, 71], which is 

 

𝑆𝑣 =
𝐾𝐴𝑣Ω𝑐

2

Ω2(Ω2 + Ω𝑐2)
(5.22) 

 

where  𝐾  (usually chosen as 0.25) and 𝐴𝑣  (value listed in Table. 2) are the vertical track 

irregularity parameters, Ω is spatial frequency, and Ω𝑐 = 0.8245 is the critical number. Table 

5-2 also lists the operating speed limits and the percentage of the mileages for each class track.  
 

Table 5-2. Parameters for track vertical profile PSD 
 

*Total track mileage measured in the United States is 513380 km (319,000 miles) [33]. 

 

 Class 6 Class 5 Class 4 Class 3 Class 2 Class 1 

𝐴𝑣(cm2 ∙ rad/m) 0.0339 0.2095 0.5376 0.6816 1.0181 1.2107 

Speed limit (freight) 177 km/hr 129 km/hr 96 km/hr 64 km/hr 40 km/hr 16 km/hr 

Percentage of mileages 0.6% 6.0% 10% 21.9% 25.8% 35.7% 
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For Chinese railways (not including high-speed rails), the spectrum of the rail vertical profile 

irregularities is usually located between those of the AAR Class 5 and Class 6 track [35]. In 

this simulation study, the AAR Classes 5 and 6 track irregularities are both chosen as the 

excitation inputs, respectively. By transforming the spatial spectrum in the frequency domain 

into the general geometry variations in the time domain, AAR Classes 5 and 6 railway track 

irregularities under the different vehicle speeds could be generated. Figure 5-6 shows the time 

domain Class 6 and 5 track irregularity (deflection) under 30 km/hr vehicle speed. 

 

 
 

(a) 

 

 
 

(b) 

 
Fig. 5-6. Simulated track vertical irregularity in the time domain with 30 km/hr train speed: (a) AAR 

Class 6 track; (b) AAR Class 5 track 

 

 
 

 

 
 

 

 

 
 

 

Table 5-3. Parameters (half vehicle) for the simulation 
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Parameter Value Description Parameter      Value Description 

𝑀𝑐 11472.5 𝑘𝑔 Car body mass 𝐾𝑠𝑧  1.841 𝑀𝑁/𝑚 Secondary suspension stiffness 

𝑀𝑡  377 𝑘𝑔 Bogie frame mass 𝐾𝑤𝑟  6 × 108 𝑁/𝑚 Wheel/rail contact stiffness 

𝑀𝑤 570.5 𝑘𝑔  Wheelset mass 𝐶𝑤𝑟 10 k𝑁𝑠/𝑚 Wheel/rail contact damping 

𝐽𝑐 205000 𝑘𝑔𝑚2 Moment of inertia of car body 𝜑 0.121 Relative friction coefficient 

𝐽𝑡 155.38 𝑘𝑔𝑚2 Moment of inertia of side frame 𝑙𝑐 4.605 𝑚 Semi-longitudinal distance between bogies 

𝐾𝑝𝑧  35 𝑀𝑁/𝑚 Primary suspension stiffness 𝑙𝑡  0.9 𝑚 Semi-longitudinal distance between wheelsets 

 

The half-vehicle parameters are listed in Table 5-3 for the simulation. The wheel/rail contact 

stiffness and damping coefficient are adopted from [67], while other parameters are provided 

by CRRC Yangtze Co. Ltd. A railcar with an 8t weight in the car body (empty full car body is 

14945 kg) was simulated in the simulation, and the results of the train suspension energy 

harvester with 66:1 transmission ratio are shown in Figure 5-7. Backlash and compliance 

phenomenon are taken into consideration, which will also be discussed in the lab test sections. 

Figure 5-7(a) illustrates the simulated secondary suspension relative displacement, single-

phase voltage and single-phase power with a 4 Ohm Wye-shape resistive load at for 66:1 

harvester at 30 km/hr train speed on an AAR Class 5 track. The secondary suspension 

displacement is in the range of ±3mm, and the root mean square (RMS) relative velocity is 

0.017 m/s. The total power gained in this simulation is 3.2W and the total energy obtained in 

this 3-min period is 1140 J.  

 

 
 
Figure 5-7. Simulation results for the harvester (66:1 gear ratio) with a 4 Ohm Wye-shape resistive 

load: (a) simulated suspension displacement, single-phase voltage and single-phase power with train 

speed of 30 km/hr for 66:1 harvester; (b) simulated average power and suspension vibration RMS speed 
under different train speeds on both 3 km-length AAR Class 5 and 6 track. 

 

Figure 5-7(b) shows the simulated average power of the 66:1 harvester with 4 Ohms external 

resistive loads versus different train speeds on both Class 5 and 6 tracks. Since most freight 

railcars in China are running less than 90 km/hr, the simulation study is performed with the 

train speed range of 0-90 km/hr. The red line (solid for Class 5 and dashed for Class 6) with 

circle markers represents the results of the simulated average power for the harvester at 

different train speeds. The blue line (solid for Class 5 and dash for Class 6) with star makers 

represents the RMS velocity of the secondary suspension. The average power and RMS 

velocity are calculated at different freight railcar speed conditions, but all with 3 km-length 
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track irregularities. It should be noted that the generated power and suspension RMS velocities 

on both track classes increase with the train speeds. As indicated by Figure 5-7(b), for Class 5 

track, the RMS velocity increases from 0.017 m/s to 0.033 m/s when the train speed increases 

from 30 km/hr to 90 km/hr; the corresponding average power gained shows the similar trend 

towards suspension vibration speed, which also increases with the rising speeds achieved 

around 19W at 90 km/hr. As mentioned in Subsection 3.3, the railcar is assumed to travel 

longitudinally on a tangent track with a constant speed 𝑉0  and only the bounce and pitch 

motion are taken into consideration, while roll motion and yaw motion are ignored. In the real 

case, the suspension vibration could be larger due to the difference of irregularities between 

left and right track, etc. Therefore, the energy harvester performance could be larger during 

real train operation than that in the simulated condition. 

 

In addition, as discussed in Subsection 5.3.2, the proposed energy harvester can be modeled as 

a viscous damper (due to harvesting) in parallel with an inerter (due to rotational inertia), with 

dynamic engagement and disengagement. A Preliminary study in [72] indicates that such a 

suspension harvester can further improve the vehicle dynamics and ride comfort if the damping 

coefficient and rotational inertia are selected properly.  

 

5.4 Lab Bench Test and Analysis 
 

5.4.1 Experimental setup 

 

The prototype of the energy harvester and in-lab experiment setup are shown in Figure 5-8. 

Eyelets on both ends of the harvester were removed and replaced by two screw bolts to connect 

the harvester with the upper and lower grip of the Instron® hydraulic test machine. The lower 

grip is rigidly connected to the hydraulic actuator, which is controlled by built-in software. An 

LVDT displacement sensor inside the actuator was used to measure the input displacement and 

a 100 KN load cell connected to the upper grip is used for force measurement. The three-phase 

wye resistive loads with a 20:1 voltage divider was connected to the generator, and both the 

Instron® built-in software and Spider 80 dynamic analyzer recorded the voltage across the 

external resistor during each test. The train suspension harvester was tested under both 

harmonic excitation and recorded suspension displacement excitation, and the corresponding 

energy harvesting performance will be analyzed in the subsections that follow. 
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Figure 5-8. In-lab bench test setup 

 

5.4.2 Harmonic excitation 

 

A series of harmonic-excitation tests with different amplitudes and frequencies were carried 

out. During the tests, a combination of backlash and compliance of the prototype in the range 

of ±0.5mm was observed, mainly from the rack teeth and pinion gear teeth. The average power 

of the harvester with transmission ratio 43:1 under 2-4 Hz excitation frequency, 2-4 mm 

amplitude with a Wye-shape 10 Ohm resistive load are summarized in Table 5-4, along with 

the engaged electrical damping calculated from Equation (7). It should be noted that the 

average power of the energy harvester could reach tens of watts in the sinusoidal-wave test, 

and this average power becomes larger when the vibration amplitude and excitation frequency 

increase.  

 

Table 5-4. Test result under harmonic excitation with 10 Ohms resistive loads. 
 

Load Resistance: 10 Ohms  2 mm 3 mm 4mm 

Transmission ratio 43:1 2 Hz 2.16 W 10.92 W 16.47 W 

Engaged damping: 14,076 Ns/m 3 Hz 9.93 W 22.73 W 38.56 W 

 4 Hz 18.06 W 40.57 W 62.62 W 

 

Furthermore, the mechanical efficiency of the energy harvester can be obtained by calculating 

the ratio of total electrical energy obtained and mechanical input work. The mechanical work 

input is 𝑊𝑚𝑒𝑐ℎ = ∫ 𝐹(𝑡) ∙ 𝐷(𝑡)𝑑𝑡
𝑡

0
, where 𝐹(𝑡) is the input force of the harvester and 𝐷(𝑡) is 

the harvester input displacement. The total electrical energy obtained in all three phases could 

be expressed as 𝐸𝑒𝑙𝑒𝑐 = 3 × ∫
(𝑅𝑖+𝑅𝑒)𝑉𝑒

2

𝑅𝑒2
𝑑𝑡

𝑡

0
, where 𝑉𝑒  is the instant phase voltage across the 

external resistor, 𝑅𝑖 is the internal resistance of the generator and 𝑅𝑒 is the external resistive 

load. Therefore, the mechanical efficiency 𝜂 of the train suspension energy harvester could be 

expressed as 

 

𝜂 =
𝐸𝑒𝑙𝑒𝑐
𝑊𝑚𝑒𝑐ℎ

=
3 × ∫

(𝑅𝑖 + 𝑅𝑒)𝑉𝑒
2

𝑅𝑒2
𝑑𝑡

𝑡

0

∫ 𝐹(𝑡) ∙ 𝐷(𝑡)𝑑𝑡
𝑡

0

(5.23) 

 

In the harmonic excitation experiment, after calculating 𝜂 for every single case, we found that 

the maximum efficiency was achieved at 4Hz, 3mm excitation with a 2 Ohm resistive load. 

The mechanical work input obtained in one period at this condition is 71 J, and the total 

electrical energy in this period is 48J, therefore, the maximum mechanical efficiency obtained 

in the harmonic excitation tests is around 68%. The loss of the mechanical efficiency includes 

the frictions and damping in the rack and pinion, bevel gears sets, bearings and clutches, and 

the gearhead. By selecting low-friction bearings, using proper lubricants for the motion 

transmission system, and increasing the machining precision (such as avoiding undesired 

machining misalignment) will increase the mechanical efficiency.  
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Figure 5-9 shows the simulated and measured phase voltage and power (transmission ratio 

43:1) with a Wye shape external resistive load of 10 Ohms, under amplitude of ±3 mm and 

frequency of 2 Hz. An average power of 10.92W was achieved during this test, and a total 

energy obtained in this one-second period is 10.92 J. The red dashed lines in the phase voltage 

subplot and phase power subplot are the simulation results (backlash and compliance were set 

to be zero in this simulation), and it should be noted that there is a difference between the 

simulation and test results. This is due to the backlash between rack teeth and pinion teeth and 

the compliance of the mechanical system, resulting in no voltage or power since there is no 

rotation of the generator when the opposite direction displacement input happens at the 

beginning.  

 

 
 

Figure 5-9. Measured and simulated phase voltage and power of harvester with transmission ratio 43:1 

under sinusoidal excitation with an amplitude of ±3 mm and a frequency of 2 Hz. The generator is 

connected to an external 10 Ohm resistive load in a “Wye” shape and the average power of the total 

three phases is 10.92 W, and the energy obtained is 10.92 J in this one-second experiment. 

 

5.4.3 Bench tests with recorded freight railcar vibrations 

 

5.4.3.1 Recorded freight railcar suspension displacement on the test train in CRRC 

 

A freight railcar suspension displacement which was recorded on a train tested in CRRC 

Yangtze, Co., Ltd, Wuhan, China, was used as the input to investigate the performance of the 

proposed harvester in the lab bench test. Figure 10 shows the phase voltage and power of the 

harvester with the transmission ratio 66:1 connected to a 4 Ohm Wye shape resistive load under 

the recorded train secondary suspension displacement at the train speed of 30km/hr. A peak 

phase power of 88.8W and a total average power of 3.3W were achieved. Figure 5-10 shows 

that the vibration amplitude (mostly less than 2mm) and frequency (dominant frequency is 0.5-

0.6 Hz) are small when the test train moves at the low speed of 30 km/hr. The calculated RMS 

velocity of this 20-second recorded suspension displacement is 0.017 m/s.  
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The zoomed-in plot on the right shows the simulation results together with the bench test 

results. The simulation results agree well with the experiment results. However, a difference 

can be observed when the force is large. One possible explanation is that the corresponding 

torque on the one-way clutch is larger than its torque capacity due to the large damping 

coefficient of the harvester during the engagement. This over-limit torque might make the slip 

happen between the clutch and bevel gears or the shaft (which means that the clutches cannot 

transmit the entire torque from the shaft to the bevel gear), resulting in less generated voltage 

and power in the experiment than the expectation in the simulation. One way to increase the 

torque capacity of the clutch and avoid the slippage is to select appropriate materials for the 

shaft and gears, which can withstand more torque transmission and can be heat treated to obtain 

proper surface hardness. 

 

Table 5-5 lists the engaged damping coefficients and energy harvesting performance of the 

harvester with different gear transmission ratios and resistive loads under the recorded 

suspension displacement on the CRRC test track. A maximum average power of 3.3W was 

achieved with 4 Ohm resistors for the large gear ratio harvester, and the total energy obtained 

in this 20-second period is 66 J. For the small gear ratio case, the power output and the damping 

coefficients are higher when the resistive load decreases. However, for the large gear ratio case, 

the power outputs with a 2 Ohm resistive load are a little bit lower than those of the 4 Ohms 

case. The explanation for this abnormality is that the clutches slip due to the higher damping 

and large required torque, resulting in lower power output in the experiment. 

 
 
Figure 5-10. Measured phase voltage and power of rack-pinion based energy harvester (transmission 

ratio 66:1) connected to a 4 Ohm Wye shape resistive load under the recorded train secondary 

suspension displacement at the train speed of 30km/hr: the left figure is the 20-second in-lab test result, 
and the right figure is zoomed in test results with simulations. 

 

Table 5-5. Performance of the harvesters under the recorded suspension displacement at 30 

km/hr train speed in CRRC. 
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Ratio 43:1 Engaged Damping Avg. Power Ratio 66:1 Engaged Damping Avg. Power 

2 𝑜ℎ𝑚 55,475 Ns/m 2.4 W        2 𝑜ℎ𝑚      130,690 Ns/m 3.0 W 

4 𝑜ℎ𝑚 31,969 Ns/m 2.0 W        4 𝑜ℎ𝑚 75,315 Ns/m 3.3 W 

8 𝑜ℎ𝑚 17,304 Ns/m 1.8 W        8 𝑜ℎ𝑚 40,767 Ns/m 2.9 W 

 

5.4.3.2 Recorded freight railcar suspension displacement of a normal operational train on 

operational tracks 

 

To further investigate the performance of the proposed harvester on the train running at higher 

speeds, bench tests were performed with recorded suspension displacements of a freight railcar 

(parameters the same as Table 3) on different operational track sections in China. Figure 5-

11(a) shows the phase voltage and power of the harvester with a transmission ratio of 66:1 

connected to a 4 Ohm Wye shape resistive loads at the train speed of 90km/hr. In this test 

condition, the corresponding calculated peak current, RMS current, peak voltage, and 

generator rotational speed are 5.25 A, 1.1 A, 21 V, and 3908 rpm, respectively, which is 

reasonable compared with the suggested values of listed in Table 1. The total energy obtained 

in this around 20-second period is 278.4 J, and a peak phase power of 117.18W and a total 

average power of 14.5W were achieved during the bench test. In order to store the energy into 

a battery, a two-stage energy harvesting circuit (AC-DC and buck-boost converter) [73] with 

a battery charger circuit could be applied. The buck-boost could be placed between the AC/DC 

rectifier and the battery charger circuit, which can set an ideal effective resistance [73, 74] for 

the harvester. Commercial battery charging circuits [75] are able to handle the irregular and 

multi-gap voltage/current effectively. 

Compared with the recorded CRRC test train suspension displacement with the RMS velocity 

of 0.017 m/s, the amplitude and frequency of the displacement at 90 km/hr are much higher 

with the RMS velocity of 0.030 m/s, resulting in larger power output. Figure 5-11(b) shows 

the average power versus different train speeds at 4 Ohms external resistive loads for the 

harvester with both transmission ratio 66:1 and 43:1. The 20-second suspension displacements 

recorded at different track sections and different speeds, which are used as inputs for the 

harvester during the tests, are provided by CRRC. The red lines (circle markers for 66:1 and 

squares makers are for 43:1) represent the average power obtained at different train speeds. 

The blue dashed line with star makers represents the corresponding RMS velocity of the 

secondary suspension at different train speeds. As shown in Figure 11(b), the RMS velocity 

increases from 30 km/hr to 90 km/hr and the corresponding average powers show a similar 

trend towards speed.  
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(a)                                                                                              (b) 

 

Figure 5-11. Lab test results of the suspension harvester with 4 Ohms Wye shape resistive 

loads under recorded secondary suspension displacements of a freight railcar running on an 

operational track: (a) suspension displacement, force, phase voltage and phase power at 90 

km/hr train speed; an average power of 14.5W and a total energy 278.4 J were obtained for 

66:1 harvester; (b) average power and suspension vibration RMS velocity for both 66:1 and 

43:1 harvester at different train speeds. 

 

Compared with the simulations conducted in Subsection 5.3.4, the power outputs and 

suspension velocities in this experiment have a similar value and the trend agrees well with the 

simulation, which could validate the effectiveness of the model. Note that the tested suspension 

RMS velocities are between the simulated suspension RMS velocities on Class 5 and Class 6 

tracks, corresponding to the average power outputs in the tests and simulations. This also 

agrees with the statement mentioned before that Chinese rail roughness is usually located 

between those of the AAR Class 5 and Class 6 tracks [76].  

 

For the sake of comparison, Table 5-6 lists the calculated damping coefficients and average 

power outputs of the harvesters with different gear transmission ratios and resistive loads. 

Maximum average power of 14.5 and 9.2W were obtained at the 90 km/hr train speed with 

66:1 and 43:1 gear ratios, respectively. Average power outputs are expected to be higher with 

the 2 Ohm load for the 66:1 gearhead ratio case; however, these are lower compared to the 4 

Ohms case. This is consistent with subsection 4.3.1, with the same explanation for this 

abnormality: the clutches slip due to the higher damping coefficient and large required torque 

with 66:1 ratio at 2 Ohms load condition, resulting in lower power output in the experiment. 
Table 5-6. Energy harvesting performance of train suspension harvester under the recorded suspension 

displacement on an operational track: (a) 43:1 transmission ratio harvester; (b) 66:1 transmission ratio 
harvester 

 

Table 5-6(a): prototype with 43:1 gear ratio 
 

External 
Resistance 

Engaged 
Damping 

Avg. Power @40 
km/hr 

Avg. Power @60 
km/hr 

Avg. Power @90 
km/hr 

2 𝑜ℎ𝑚 55,475 Ns/m 0.6 W 2.2 W             9.2 W 



 

67 

 

Table 5-6(b): prototype with 66:1 gear ratio 
 

 

5.5 Onboard Field Test and Discussion 
 

5.5.1 Test setup 

 

The onboard experiment was carried out on a test track located inside CRRC Yangtze, Co., 

Ltd in Wuhan, China, to validate the proposed suspension energy harvester. The harvester with 

the 43:1 gearhead transmission ratio was tested. Figure 5-12 shows that the harvester was 

installed at the secondary suspension of a C70H general-purpose Gondola car by using two 

welded adapters. The adapters are welded on the bolster and spring plank, respectively; and 

two elastic rubber attachments are placed between the adapters and eyelets of the harvester for 

reducing the impact force to the harvester during train operation. The loaded car has a total 

weight of around 23 tons. The onboard test maintained a constant locomotive speed of 30 

km/hr for around 20 seconds and then started to brake on a ballast track. Due to the overall 

length limit of the testing track in the company, the train speed could not be higher than 30 

km/hr; otherwise, there is not enough time for the train to stop. A pull rod linear position 

displacement sensor was used to measure the relative displacement of the secondary 

suspension. Wye shape 4 Ohms resistive loads were connected to the harvester during the 

onboard tests. A data acquisition (DAQ) system was employed to collect the displacement and 

phase voltage data.  

 

 

4 𝑜ℎ𝑚 31,969 Ns/m 0.5 W 2.0 W              9.0 W 

8 𝑜ℎ𝑚 17,304 Ns/m 0.4 W 1.5 W              7.2 W 

External 

Resistance 

Engaged 

Damping 

Avg. Power @40 

km/hr 

Avg. Power @60 

km/hr 

Avg. Power @90 

km/hr 

2 𝑜ℎ𝑚    130,690 Ns/m 0.7 W 3.0 W             12.5 W 

4 𝑜ℎ𝑚 75,315 Ns/m 0.8 W 3.1 W              14.5 W 

8 𝑜ℎ𝑚 40,767 Ns/m 0.6 W 2.8 W              13.4 W 
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Figure 5-12. Onboard experiment setup 

 

5.5.2 Results and discussions 

 

Figure 5-13 shows the recorded relative displacement (harvester displacement input) in the 

secondary suspension, single-phase voltage across a 4 Ohms external resistive load, and the 

calculated single-phase power. A peak phase power of 73.2W and an average power of 1.3W 

in total three phases were achieved. The total energy obtained in this 20-second period is 26 J. 

Higher power output could be obtained at higher train speeds. The harvested energy is enough 

to power some onboard devices, such as sensors for real-time structure health monitoring, GPS 

and wireless communication systems, which could potentially increase the safety of the train 

operation. Some onboard electronic devices, like electronic anti-skid, may demand much larger 

power (like 100W) for a short period time. These can be enabled in intermittent operation mode 

with onboard battery energy storage.   

 
Figure 5-13. Recorded harvester displacement, phase voltage, and the corresponding phase power for 

the suspension energy harvester with 43:1 transmission ratio and 4 Ohms resistive loads at 30 km/hr 
train speed: suspension vibration RMS velocity is 0.017 m/s and an average of 1.3W was achieved 

during the onboard test. The total energy obtained in this 20-second period is 26 J. 

 

During the onboard experiment, the freight railcar ran at a low speed (30 km/hr) on the ballast 

track located in the company, resulting in a small amplitude (mostly less than 2 mm) and low 

frequency (0.5-0.6 Hz) vibration of the secondary suspension. Compared with the in- lab test 

of subsection 4.3.1, the power output in the onboard test with 1.3W is smaller than that in the 

lab test with 1.96W for the harvester with 43:1 gearhead transmission ratio. The difference is 

that for the onboard tests rubber bushings were used at each end to connect the harvester to the 

railcar, which absorbs some of the fact forces.  For the lab tests, the harvester was attached to 

the Instron® test machine by steel grippers.  

 

5.6 Chapter Summary 
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In this chapter, a rack-pinion based freight railcar energy harvester with a mechanical motion 

rectifier (MMR) mechanism was designed, modeled, and tested both in the lab and in the field. 

The proposed energy harvester could translate the bidirectional freight railcar suspension 

vertical vibration into unidirectional rotation of the electromagnetic generator by utilizing two 

one-way clutches embedded in transmission bevel gears. An enclosed MMR gearbox with 

lubricant inside was designed to increase the transmission durability and decrease the friction 

loss.  

 

A coupled model for the freight railcar integrated with the proposed energy harvesters at the 

secondary suspensions was developed. A simulation study was performed with the Association 

of American Railroad (AAR) Class 5 and 6 track irregularities as the system input, showing 

that the generated power from the harvester and the suspension vibration RMS velocity 

increase with the train speeds. Energy harvesting performances at different train speeds for the 

proposed harvester were also predicted through modeling and numerical simulations.  

The in-lab and onboard field tests were carried out to evaluate the performance of the proposed 

train suspension energy harvester. In-lab test results showed that an average power of 14.5 and 

9.2W were achieved with the typical recorded suspension displacement (vibration RMS 

velocity is 0.030 m/s) at 90 km/hr on an operational track for the prototype harvesters with 

66:1 and 43:1transmission ratios, respectively. The model was validated through bench tests 

using both the sinusoidal inputs and the recorded displacement inputs.  An onboard test was 

also carried out on a test track in CRRC Yangtze, Co., Ltd., and test results showed a peak of 

73.2W phase power and an average of 1.3W were achieved at a train speed of 30 km/hr 

(vibration RMS velocity is 0.017 m/s) for the harvester with 43:1 transmission ratio. Both the 

in-lab and onboard test results indicate that the proposed train suspension energy harvester 

could continuously generate an amount of power (watts to tens of watts level) useful for 

powering onboard auxiliary electrical devices, which can potentially improve the freight railcar 

operational safety.   
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 Power Management System of Energy Harvester for 

Railcar Suspension and Performance Evaluation of 

Energy Harvesting Shock Absorber on Railway 

Vehicle Dynamics 
 

6.1 Chapter Introduction 
 

Without dependable electrical supplies, modern smart devices and technologies, such as GPS, 

electromagnetic braking, train condition real-time monitoring system and positive train 

control, cannot be applied to the freight vehicles to improve the operational safety and 

efficiency. A suspension energy harvester, which has been discussed in the previous section, 

could potentially improve the awkward situation for freight trains lack of electricity.  To store 

the energy that harvested from the suspension vibration and manage the power, a power 

management system for the electromagnetic harvester is needed. 

 

In this chapter, a power management system with an energy storage circuit is designed, 

prototyped and tested. AC-DC and buck-boost (DC-DC) converters are employed in the energy 

storage circuit to convert the AC voltage to DC voltage and set an effective resistance 

(equivalent damping) to the transducers. The oscillator circuit in the self-designed buck-boost 

converter controls the switching frequency and duty cycle of the power MOSFET. A modified 

commercial battery charging circuit is located at the output side of the buck-boost converter to 

maximally store the electrical energy into the lead-acid battery. Power management system is 

also integrated with the self-designed energy storage circuit, battery indicator circuits and two 

boost converters. Tests were conducted in CPES, and results showed the overall power 

management system could perform well in the bench test conditions.  

 

The ongoing studies of the influence of the MMR-EHSA on railway vehicle dynamics are also 

included in this chapter. A nonlinear railway vehicle model integrating EHSAs at the 

secondary suspension with six degrees of freedom is built and simulations with analysis about 

the train ride comfort are presented.  

 

6.2 Power Management System for Train Suspension Energy Harvester 
 

6.2.1 Power management system overview 

 

The suspension energy harvester, which can be also called the transducer, can convert the 

mechanical energy into the electrical energy. In other to further store or utilize the energy that 

harvested through the transducer, a power management system with an energy storage circuit 

is needed. Figure 6-1 shows the diagram of the power management system with an energy 

storage circuit for the train suspension energy harvester. The energy storage circuit consists of 

four parts: the AC-DC converter, DC-DC converter, oscillator circuit and battery charger 

circuit. The voltage generated from the electromagnetic (EMG) is a three-phase AC voltage 

with a 120° phase difference between each phase. Therefore, for the energy storage circuit 

connected to the EMG, the first step is converting the AC oscillating voltage to DC voltage 
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through an AC-DC converter. Afterwards, a DC-DC converter is employed to set a resistance 

to the EMG. The oscillator circuit controls the switching frequency and duty cycle of the 

MOSFET inside the DC-DC converter. A commercial battery charger circuit is connected to 

the output of the DC-DC converter to storage the electricity into the lead acid battery.  

 

 
 

Fig. 6-1. Diagram of the power management system for the suspension energy harvester 

 

The management system consists of a 12V lead acid battery, a battery indicator and 2 boost 

converters. The battery indicator could show real-time voltage and capacity percentage of the 

battery. Two boost converter could boost the 12V DC voltage to 24V and, respectively. In this 

way, during the train operation, the vibration energy in the train suspension could be converted 

into the electrical energy, which could be stored in the battery and boosted to higher voltages 

for different electronic devices to use.  

 

6.2.2 Energy storage circuit 

 

Figure 6-2 shows the energy harvesting storage circuit diagram, which includes a self-designed 

converter with oscillator circuit and a commercial battery charger. The self-designed converter 

sets an equivalent resistance for the harvester to control a reasonable damping of the 

mechanical part, while the battery charger circuit functions as storing the electricity into the 

lead acid battery. Figure 6-3 shows the layout of the printed circuit board (PCB) for the train 

suspension energy harvester.  

     
(a)                                                                                    (b) 
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Figure 6-2. Energy storage circuit schematic: (a) the self-designed converter with oscillator circuit; 

(b) the commercial battery charger circuit 

 

 
 

Figure 6-3. Print Circuit Board (PCB) layout of AC-DC and DC-DC converter for suspension energy 

harvester 

 

6.2.2.1 AC-DC converter 

 

The electromagnetic generator used in the suspension energy harvester is a three-phase AC 

generator. The reciprocating vibration input results in an oscillating AC output voltage, which 

is the input of the conditioning circuit. As shown in Figure 6-4, a three-phase AC-DC rectifier 

is employed in the circuit to convert the AC voltage to a DC voltage. A TVS diode is connected 

right after the AC-DC rectifier for clamping the voltage back to its breakdown. With the help 

to the front TVS diode, the following converter circuit could be protected from high voltage 

spike due to sudden impacts on the suspension harvester. An electrolytic capacitor is placed 

after the TVS diode and before the DC-DC converter to smooth the output voltage of the AC-

DC rectifier.  

 
 

Figure 6-4. AC-DC rectifier circuit 

 

6.2.2.2 Buck-boost converter 

 

Traditional buck-boost converter includes buck, boost, buck-boost, flyback and Sepic 

converters. Among these converters, buck-boost converter is widely used in energy harvesting 
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area for the following reasons: (a) it can step up or step down the input voltage; (b) compared 

with flyback and Sepic converters, the buck-boost converter requires a smaller number of 

components; (c) when buck-boost converter works in discontinuous conduction mode (DCM), 

it behaves as a resistor and the equivalent resistive load is independent of the output load of 

the circuit. The effective input load of a DCM buck-boost converter could be expressed as [77]. 

 

𝑅𝑖𝑛 =
2𝐿

𝐷2𝑇𝑠
(6.1) 

 

where R𝑖𝑛  represents the effective resistance of the buck boost converter, 𝐿 represents the 

inductance of the inductor in the buck-boost converter, 𝐷 represents the duty cycle of the 

switch and 𝑇𝑠 represents the period when the switch is on.  

 

Figure 6-5 shows the schematic of the self-designed buck-boost converter. In this design, to 

maintain a reasonable damping, we set a 7 Ohm effective resistive load to the designed buck-

boost converter. From large number of trials in the simulations and in-lab tests, the inductance 

is finally selected as 4.7 𝑢𝐻, switching frequency is 40 KHz and the duty cycle is 23.3%. And 

calculated from the Equation (6.1), the corresponding effective resistance is 6.925 Ohm 

theoretically. 20 electrolytic capacitors are located at the output side of the buck-boost 

converter to smooth the output voltage and to distribute the output current.  

 

 
 

Figure 6-5. Buck-boost converter schematic 

 

6.2.2.3 Oscillator circuit 

 

Oscillator circuit is very important in the buck-boost converter, and it decides the switching 

frequency and duty cycle of the MOSFET in the buck-boost main circuit. Figure 6-6 shows the 

schematic of the oscillator circuit for the energy storage circuit, which consists of a linear drop 

off regulator (LDO), comparator circuit and a gate driver.  
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Figure 6-6. Oscillator circuit schematic 

 

An LDO (LT1962) is located at the first stage of the oscillator circuit, regulating the 12Vdc 

voltage from the battery to lower DC voltage for powering the comparator. By tuning the 

resistor 𝑅4 and 𝑅5, the LDO output voltage could be adjusted to be in the range of 1.22Vdc-

20Vdc. In this design, the LDO output is tuned to be 6.5 V for powering the comparator.  

 

A comparator circuit is located at the second stage of the oscillator circuit. LT1719 is used in 

this circuit to output the switching signal to turn on or off the MOSFET. By tuning the (𝑅7 +
𝑅8 + 𝑅9) , (𝑅10 + 𝑅11)  and (𝐶23 + 𝐶24 + 𝐶25 + 𝐶26) , the charging and discharging period 

could be adjusted and therefore, the duty cycle and switching frequency could be tuned [78, 

79]. From the simulation and experiment together, the duty cycle is chosen as 23.3% and the 

switching frequency is chosen as 40 KHz.  

 

A gate driver is a power amplifier that accepts a low-power input from a controller IC and 

produces a high-current drive input for the gate of a high-power transistor such as an IGBT or 

power MOSFET. A gate driver (LTC4441-1) is located at the last stage of the self-designed 

oscillator circuit to amplify the current to the MOSFET. The resistor 𝑅6 is the tuning resistor 

to make sure there is no false turn on for the MOSFET by removing or suppressing the ringing 

signals. Figure 6-7 shows the final prototyped PCB of the AC-DC and buck-boost converter.  
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Figure 6-7. PCB of AC-DC and DC-DC (buck-boost) converter 

 

6.2.2.4 Battery charger circuit 

 

A demonstration circuit (DC-1721B), as shown in Figure 6-8 is located at the output side of 

the buck-boost converter. This commercial demo board is a 14.6V, 5A battery charger with an 

input range of 6-36V, which is suitable for a wide variety of portable applications including 

instruments, industrial equipment, power tools and computers. The chip LTC4000-1 on the 

board has an input voltage regulation loop for Maximum Power Point (MPP) control, which 

can extract near maximum power from the former circuit. Overall, by connecting the battery 

charging circuit between the buck-boost converter and the lead acid battery, the electricity 

could be stored in the battery. 

 

 
 

Figure 6-8. Commercial battery charging circuit demo board 

 

6.2.3 In-lab test of the buck-boost converter 

 

To test the self-designed buck-boost converter with high power (watts to tens of watts level) 

input and output, we seek the help from Center of Power Electronic System (CPES) to use 

their equipment. The buck-boost converter was tested in both DC condition and AC condition 
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with a large input range. Extreme conditions were also considered, and the harvester  

successfully passed the tests, showing the circuit could work in the severe train suspension 

vibration conditions.  

 

6.2.3.1 DC test of buck-boost converter 

 

Figure 6-9 shows the DC test diagram of the buck boost converter. The DC power supply has 

an output voltage range of 0-100V and an output current range of 0-30A, which is good enough 

to test our circuits. The buck-boost converter is connected to the DC power supply and a 20 

Ohm power resistor is connected at the output side of the buck-boost converter. Voltages and 

currents of the input and output of the buck-boost converter were measured. Table 6-1 shows 

the test result of the DC condition test. It shows that with the input range of 1.9-24.9 V input 

voltage, the circuit can function well with a maximum 77.28% efficiency. The effective 

resistance of the buck-boost converter is also calculated for each case, and it shows that the 

effective resistance stays in the range of 7-7.5 Ohm, which is very close to the designed value 

(6.925 Ohm). 

 

 
 

Figure 6-9. DC test of the buck-boost converter 

 

Table 6-1 Test results with DC inputs 
 

𝑉𝑖𝑛 (𝑉) 𝐼𝑖𝑛 (𝐴) 𝑉𝑜𝑢𝑡  (𝑉) 𝐼𝑜𝑢𝑡  (𝐴) Efficiency 𝑅𝑖𝑛_𝑡𝑒𝑠𝑡  (Ω) 

1.9 0.27 2.39 0.11 51.24% 7.03 

4.96 0.69 6.58 0.32 61.52% 7.19 

10.22 1.40 13.48 0.69 65.00% 7.3 

14.65 1.96 20.40 0.99 70.33% 7.47 

19.2 2.63 27.29 1.43 77.28% 7.30 

24.9 3.35 32.43 1.89 73.48% 7.43 

 

6.2.3.2 AC test of the AC-DC and buck-boost converters 

 

Figure 6-10 shows the AC test diagram of the buck boost converter. The function generator 

generates some sine wave AC signal, and in this case, a 3000 Hz signal was generated as an 

extreme case for the testing. The goal of this high frequency input is that test the circuit in an 

extreme condition and if it can pass, then we can conclude that the circuit should be able to 

survive in the train suspension case. Through the power amplifier, the current could be 

amplified to power the following buck-boost converter with a constant power resistor. The 

buck-boost converter is connected to the power amplifier and a 20 Ohm power resistor is 
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connected at the output side of the buck-boost converter. Voltages and currents of the input 

and output of the buck-boost converter were measured. Table 6-2 shows the test result of the 

AC condition test. Due to the current limit of the power amplifier, the voltage cannot be 

increased over 15 Vrms. The measured results showed that the circuit can function well with 

a maximum 66.82% efficiency. The power loss could mainly come from the full bridge 

rectifier, MOSFET and Diodes. To work in a high range of voltage, a robust bridge rectifier 

was chosen and each diode in the 3-phase full bridge rectifier has a forward voltage drop 1.06V, 

which might cause a not small power loss in the circuit. 

 
 

Figure 6-10. AC test of the buck-boost converter 

 
Table 6-2 Test results with AC inputs 

 

𝑉𝑖𝑛_𝑝𝑝 (𝑉) 𝑉𝑖𝑛_𝑅𝑀𝑆  (𝑉) 𝐼𝑖𝑛_𝑅𝑀𝑆 (𝐴) 𝑉𝑜_𝑅𝑀𝑆  (𝑉) 𝐼𝑜_𝑅𝑀𝑆  (𝐴) Efficiency 

NA 7.83 1.74 9.09 0.46 30.70% 

44.00 12.44 2.46 16.74 0.86 47.04% 

48.6 14.86 2.51 22.32 1.15 68.82% 

6.2.3.3 Test of the energy storage circuits 

 

Figure 6-11 shows the testing diagram of the energy storage circuit. The converters, battery 

chargers and the battery are tested together. Table 6-3 shows the test results of the energy 

storage circuit, indicating that the whole circuit could function well for a large range of voltage 

and current input. The overall system maximum efficiency is around 43% during the test. 

Besides the power loss from the converters, the battery charger will also have some power loss 

due to the battery current capacity. The battery tested in lab is a nearly fully charged battery, 

therefore, the output power to the battery is not large and the overall efficiency is not high. 

 
 

Figure 6-11. Test of the energy storage circuit 
 

Table 6-3 Test results of the energy storage circuit 
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𝑉𝑖𝑛 (𝑉) 𝐼𝑖𝑛 (𝐴) 𝑉𝑜𝑢𝑡_𝐵𝐵  (𝑉) 𝑉𝑜𝑢𝑡  (𝑉) 𝐼𝑜𝑢𝑡  (𝐴) Efficiency 

2.03 0.18 0->6 12.80 0.006 21.02% 

5.01 0.57 ~6 12.87 0.04 18.06% 

10.25 1.34 ~6 12.93 0.36 33.89% 

15.25 2.10 ~6 13.16 0.91 37.39% 

20.21 2.90 6->36 14.2 1.77 42.88% 

 

6.2.4 Test of the other subsystem of the management system 

 

The other commercial components, including the battery indicator and boost converters are 

also tested and validated for their functionalities. Figure 6-12 shows the overall power 

management system for the train suspensions.  

 

 
 

Figure 6-12 Power management system 

 

6.3 Performance Evaluation of MMR Energy Harvesting Shock Absorber (EHSA) 

on Railway Vehicle Dynamics 
 

The railcar suspension energy harvester has a similar appearance of a shock absorber; 

therefore, we can also call the energy harvester as the energy harvesting shock absorber 

(EHSA). Although the energy harvesting performance of the MMR suspension energy 

harvester has been validated from Chapter 5, the influences of this type of unique 

harvester/shock absorber on the railway vehicle dynamics have not been studied yet. The 

MMR-EHSA, as discussed before, could be regarded as a tunable nonlinear damper in parallel 

with a nonlinear inerter. The influence of the linear inerter on the railway vehicle has been 

studied by several researchers [80-85]. Zhang et al. [80] proved that a 12.84% improvement 
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of later acceleration of vehicle body could be obtained by parallel inerter after optimizing 

parameters in the primary and secondary suspension.  Wang et al. [83-85] proved that adding 

the inerter into the railway vehicle could enhance vertical ride comfort and reduce the settling 

time. However, these previous investigations only focused on the influences of the linear 

inerter on the vehicle dynamics, while MMR-EHSA involves a nonlinear inerter in parallel 

with a nonlinear damping induced by the engagement and disengagement, which shall have 

different performances and has not been researched yet on railway vehicles.  In this sub-

chapter, the vehicle dynamics with the MMR-EHSA in the primary suspension is studied. A 

six degree-of-freedom vehicle model with the MMR-EHSA at primary suspension is built.  

Simulations towards system nonlinearity due to engagement and disengagement are 

conducted, to analyze the characteristics of vehicle dynamics with the random rail surface 

irregularities. Results show vertical ride comfort could be improved if the nonlinear equivalent 

inertance and damping could be properly designed.  

 

6.3.1 Dynamics of the railway vehicle with EHSA at primary suspension 

 

From the view of dynamics and energy, the difference between the traditional shock absorber 

and energy harvesting shock absorber are: (a) the EHSA could be regarded as a tunable 

nonlinear damper (by adjusting the external resistive load) in parallel with a nonlinear inerter, 

while the traditional shock absorber can only function as a damper with fixed damping 

coefficient; (b) the traditional shock absorber mitigates the suspension vibration by dissipating 

the suspension vibration energy into heat, while the EHSA can convert the vibration energy 

into electrical energy and harvest it.  

 

In this sub-chapter, the traditional shock absorber in the primary suspension is replaced with 

our MMR-EHSA. Figure 6-13 illustrates the components of the vehicle model integrated with 

energy harvesting shock absorber. The car body is supported on the two double-axle bogies at 

both end. The EHSAs replace the original hydraulic shock absorber in the primary suspension, 

which linked the bogie frame and the wheelsets. The two bogies are also linked with the rail 

car body through the secondary suspensions, which consists of the two-stage springs. The 

displacement of the wheelsets is assumed to be the same as the track movement at the wheel-

rail contact. The overall vertical vehicle system involves six degrees of freedom, as the car 

body and two bogies have bouncing and pitching motion, respectively. The railcar is assumed 

to run along with the track with a constant speed 𝑉0. 
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Figure 6-13 Railway vehicle model with MMR-EHSA at primary suspension 

 

𝑀𝑐 and 𝑀𝑡 are mass of car body and side frames, respectively; 𝐽𝑐 and 𝐽𝑡 are moment inertia of 

the car body and side frames, respectively; 𝑍𝑐 , 𝑍𝑡1 and 𝑍𝑡2 are the vertical displacements, 

relative to the static balanced position, of car body, front side frame and rear side frame, 

respectively; 𝛽𝑐, 𝛽𝑡1 and 𝛽𝑡2 are the pitch angle of the car body, front side frame and rear side 

frame, respectively. 𝑍𝑤1 , 𝑍𝑤2 , 𝑍𝑤3  and 𝑍𝑤4  are the vertical displacements of the four 

wheelsets due to the irregularity of the railway track. 𝑙𝑐  is the semi-longitudinal distance 

between bogies, and 𝑙𝑡 is the semi-longitudinal distance between wheelsets in bogie.  

 

The suspension harvester could be in the engaged mode or disengaged mode during the railway 

car is running. When the rotational speed of one of the bevel gears inside the harvester equals 

the input rotational speed of the pinion gear shaft, the harvester will be in the engage mode. 

While if the rotational speed of the bevel gears inside the harvester is larger than that of the 

input rotational speed of the pinion gear shaft, then the harvester will be in the disengaged 

mode. The forces of the harvesters in the primary suspension could be expressed as 

 

𝐹𝐸𝐻𝑆𝐴1 = 𝑚𝑒(𝑍̈𝑡1 − 𝑙𝑡𝛽̈𝑡1 − 𝑍̈𝑤1) + 𝐶𝑒(𝑍̇𝑡1 − 𝑙𝑡𝛽̇𝑡1 − 𝑍̇𝑤1) (6.2) 

𝐹𝐸𝐻𝑆𝐴2 = 𝑚𝑒(𝑍̈𝑡1 + 𝑙𝑡𝛽̈𝑡1 − 𝑍̈𝑤2) + 𝐶𝑒(𝑍̇𝑡1 + 𝑙𝑡𝛽̇𝑡1 − 𝑍̇𝑤2) (6.3) 

𝐹𝐸𝐻𝑆𝐴3 = 𝑚𝑒(𝑍̈𝑡2 − 𝑙𝑡𝛽̈𝑡2 − 𝑍̈𝑤3) + 𝐶𝑒(𝑍̇𝑡2 − 𝑙𝑡𝛽̇𝑡2 − 𝑍̇𝑤3) (6.4) 

𝐹𝐸𝐻𝑆𝐴4 = 𝑚𝑒(𝑍̈𝑡2 + 𝑙𝑡𝛽̈𝑡2 − 𝑍̈𝑤4) + 𝐶𝑒(𝑍̇𝑡2 + 𝑙𝑡𝛽̇𝑡2 − 𝑍̇𝑤4) (6.5) 

 

where 𝑚𝑒 and 𝐶𝑒 represent the equivalent mass and damping of the harvester, respectively;  

𝛼1~4 = {
1 𝑒𝑛𝑔𝑎𝑔𝑒
0 𝑑𝑖𝑠𝑒𝑛𝑔𝑎𝑔𝑒

. 

 

Therefore, the dynamic equation of the motion for car body and side frames could be derived 

as follows 
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Car body bounce motion: 

𝑀𝑐𝑍̈𝑐 + 2𝐶𝑠𝑧𝑍̇𝑐 − 𝐶𝑠𝑧𝑍̇𝑡1 − 𝐶𝑠𝑧𝑍̇𝑡2 + 2𝐾𝑠𝑧𝑍𝑐 − 𝐾𝑠𝑧𝑍𝑡1 −𝐾𝑠𝑧𝑍𝑡2 = 0 (6.6) 
 

Car body pitch motion: 

𝐽𝑐𝛽̈𝑐 + 2𝐶𝑠𝑧𝑙𝑐
2𝛽̇𝑐 + 𝐶𝑠𝑧𝑙𝑐𝑍̇𝑡1 − 𝐶𝑠𝑧𝑙𝑐𝑍̇𝑡2 + 2𝐾𝑠𝑧𝑙𝑐

2𝛽𝑐 + 𝐾𝑠𝑧𝑙𝑐𝑍𝑡1 −𝐾𝑠𝑧𝑙𝑐𝑍𝑡2 = 0 (6.7) 
 

Former bogie bounce motion 

𝑀𝑡𝑍̈𝑡1 −𝐾𝑠𝑧(𝑍𝑐 − 𝑙𝑐𝛽𝑐 − 𝑍𝑡1) − 𝐶𝑠𝑧(𝑍̇𝑐 − 𝑙𝑐𝛽̇𝑐 − 𝑍̇𝑡1)

+𝐾𝑝𝑧(𝑍𝑡1 − 𝑙𝑡𝛽𝑡1 − 𝑍𝑤1) + 𝛼1𝐶𝑒(𝑍̇𝑡1 − 𝑙𝑡𝛽̇𝑡1 − 𝑍̇𝑤1)

+𝛼1𝑚𝑒(𝑍̈𝑡1 − 𝑙𝑡𝛽̈𝑡1 − 𝑍̈𝑤1) + 𝐾𝑝𝑧(𝑍𝑡1 + 𝑙𝑡𝛽𝑡1 − 𝑍𝑤2)

+𝛼2𝐶𝑒(𝑍̇𝑡1 + 𝑙𝑡𝛽̇𝑡1 − 𝑍̇𝑤2) + 𝛼2𝑚𝑒(𝑍̈𝑡1 + 𝑙𝑡𝛽̈𝑡1 − 𝑍̈𝑤2) = 0 (6.8)

 

 

Former bogie pitch motion: 

𝐽𝑡𝛽̈𝑡1 −𝐾𝑝𝑧(𝑍𝑡1 − 𝑙𝑡𝛽𝑡1 − 𝑍𝑤1)𝑙𝑡 − 𝛼1𝐶𝑒(𝑍̇𝑡1 − 𝑙𝑡𝛽̇𝑡1 − 𝑍̇𝑤1)𝑙𝑡

−𝛼1𝑚𝑒(𝑍̈𝑡1 − 𝑙𝑡𝛽̈𝑡1 − 𝑍̈𝑤1)𝑙𝑡 +𝐾𝑝𝑧(𝑍𝑡1 + 𝑙𝑡𝛽𝑡1 − 𝑍𝑤2)𝑙𝑡

+𝛼2𝐶𝑒(𝑍̇𝑡1 + 𝑙𝑡𝛽̇𝑡1 − 𝑍̇𝑤2)𝑙𝑡 + 𝛼2𝑚𝑒(𝑍̈𝑡1 + 𝑙𝑡𝛽̈𝑡1 − 𝑍̈𝑤2)𝑙𝑡 = 0 (6.9)

 

 

Latter bogie bounce motion: 

𝑀𝑡𝑍̈𝑡2 −𝐾𝑠𝑧(𝑍𝑐 + 𝑙𝑐𝛽𝑐 − 𝑍𝑡2) − 𝐶𝑠𝑧(𝑍̇𝑐 + 𝑙𝑐𝛽̇𝑐 − 𝑍̇𝑡2)

+𝐾𝑝𝑧(𝑍𝑡2 − 𝑙𝑡𝛽𝑡2 − 𝑍𝑤3) + 𝛼3𝐶𝑒(𝑍̇𝑡2 − 𝑙𝑡𝛽̇𝑡2 − 𝑍̇𝑤3)

+𝛼3𝑚𝑒(𝑍̈𝑡2 − 𝑙𝑡𝛽̈𝑡2 − 𝑍̈𝑤3) + 𝐾𝑝𝑧(𝑍𝑡2 + 𝑙𝑡𝛽𝑡2 − 𝑍𝑤4)

+𝛼4𝐶𝑒(𝑍̇𝑡2 + 𝑙𝑡𝛽̇𝑡2 − 𝑍̇𝑤4) + 𝛼4𝑚𝑒(𝑍̈𝑡2 + 𝑙𝑡𝛽̈𝑡2 − 𝑍̈𝑤4) = 0 (6.10)

 

 

Latter bogie pitch motion: 

𝐽𝑡𝛽̈𝑡2 − 𝐾𝑝𝑧(𝑍𝑡2 − 𝑙𝑡𝛽𝑡2 − 𝑍𝑤3)𝑙𝑡 − 𝛼3𝐶𝑒(𝑍̇𝑡2 − 𝑙𝑡𝛽̇𝑡2 − 𝑍̇𝑤3)𝑙𝑡

−𝛼3𝑚𝑒(𝑍̈𝑡2 − 𝑙𝑡𝛽̈𝑡2 − 𝑍̈𝑤3)𝑙𝑡 + 𝐾𝑝𝑧(𝑍𝑡2 + 𝑙𝑡𝛽𝑡2 − 𝑍𝑤4)𝑙𝑡

+𝛼4𝐶𝑒(𝑍̇𝑡2 + 𝑙𝑡𝛽̇𝑡2 − 𝑍̇𝑤4)𝑙𝑡 + 𝛼4𝑚𝑒(𝑍̈𝑡2 + 𝑙𝑡𝛽̈𝑡2 − 𝑍̈𝑤4)𝑙𝑡 = 0 (6.11)

 

 

6.3.2 Numerical Simulation and Analysis 

 

The main function of the shock absorber is to mitigate vehicle car body vibration induced by 

the rail surface irregularities. The influence of MMR-EHSA on the ride performance is 

analyzing the car body vertical acceleration, which is a main and important index when 

evaluating the vertical ride comfort. Simulation study is conducted using the developed railway 

vehicle model with EHSA at the primary suspension. The system inputs come from the railway 

track irregularities, which has been discussed in Chapter 5. The parameters of a 160 km/hr 

freight railcar for the simulation are listed in Table 6-4. CRRC Yangtze Co., Ltd. provides this 

set of parameter. 

 
Table 6-4 List of the main parameters of a fast 160 km/hr freight railcar 
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Parameter Value Discription Parameter       Value Description 

𝑀𝑐_𝑒𝑚𝑝𝑡𝑦 20300 𝑘𝑔 Car body mass (empty) 𝐾𝑝𝑧_𝑒𝑚𝑝𝑡𝑦 0.905 𝑀𝑁
/𝑚 

Primary stiffness (empty) 

𝑀𝑐_𝑙𝑜𝑎𝑑𝑒𝑑  59000 𝑘𝑔 Car body mass (fully loaded) 𝐾𝑝𝑧_𝑙𝑜𝑎𝑑𝑒𝑑  1.896 𝑀𝑁
/𝑚 

Primary stiffness (fully loaded) 

𝑀𝑡 2767 𝑘𝑔 Side frame mass 𝐾𝑠𝑧  15 𝑀𝑁/𝑚 Secondary stiffness 

𝐽𝑐_𝑒𝑚𝑝𝑡𝑦 545800 𝑘𝑔𝑚2 Moment of inertia of car body (empty) 𝐶𝑝𝑧  40/60 𝑘𝑁𝑠
/𝑚 

 

Primary damping (empty/fully loaded) 

𝐽𝑐_𝑙𝑜𝑎𝑑𝑒𝑑  1677900 𝑘𝑔𝑚2 Moment of inertia of car body(fully loaded) 𝑙𝑐  4.605 𝑚 Semi-longitudinal distance between bogies 

𝐽𝑡 833 𝑘𝑔𝑚2 Moment of inertia of side frame 𝑙𝑡 0.9 𝑚 Semi-longitudinal distance between wheelsets 

 

Figure 6-14 shows the car body bouncing and pitching accelerations with MMR energy 

harvesting shock absorber when the railcar is empty. The green stars represent the accelerations 

with the traditional shock absorber. As we can see, with the optimal pair of equivalent inertial 

mass and damping, the car body vertical central acceleration and pitching acceleration can be 

reduced by 5~6%, which potentially improve the railcar dynamics while harvesting the energy. 

 

 

 
(a)                                                                     (b) 

 
                                     (c)                                                                      (d)      
Figure 6-14. RMS accelerations for empty car condition: (a) car body central vertical acceleration; (b) 
car body pitching acceleration; (c) car body front-end vertical acceleration; (d) car body rear-end 

vertical acceleration. 
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Figure 6-15 shows the car body bouncing and pitching accelerations with MMR energy 

harvesting shock absorber when the railcar is fully loaded. The green stars represent the 

accelerations with the traditional shock absorber. As we can see, with the optimal pair of 

equivalent inertial mass and damping, the car body vertical central acceleration and pitching 

acceleration can be reduced by 5~12.3%, which potentially improve the railcar dynamics while 

harvesting the energy. 

 

 
 

(a)                                                                    (b) 

 
 
                                    (c)                                                                               (d) 

 

Figure 6-15. RMS accelerations for fully loaded car condition: (a) car body central vertical acceleration; 
(b) car body pitching acceleration; (c) car body front-end vertical acceleration; (d) car body rear-end 

vertical acceleration. 

 

6.4 Chapter Summary 
 

In this chapter, a power management system with an energy storage circuit is designed, 

prototyped and tested. AC-DC and buck-boost (DC-DC) converters are employed in the energy 

storage circuit to convert the AC voltage to DC voltage and set an effective resistance 

(equivalent damping) to the transducers. The oscillator circuit in the self-designed buck-boost 



 

84 

converter controls the switching frequency and duty cycle of the power MOSFET. A modified 

commercial battery charging circuit is located at the output side of the buck-boost converter to 

maximally store the electrical energy into the lead-acid battery. Power management system is 

also integrated with the self-designed energy storage circuit, battery indicator circuits and two 

boost converters. Tests were conducted in CPES, and results showed that an around 7 Ohm 

resistance and a maximum 77% efficiency could be achieved for the buck-boost converter. The 

overall power management system could perform well in the bench test conditions.  

 

The influence of the MMR-EHSA on railway vehicle dynamics has been also investigated in 

this chapter. A nonlinear railway vehicle model integrating EHSAs at the primary suspension 

with six degrees of freedom is built and simulations with analysis are presented. Results shows 

that compared with vehicle with traditional shock absorbers, trains with MMR-EHSAs could 

reduce 5~12.3% accelerations when the equivalent inertia mass is properly designed according 

to the vehicle parameter, which will improve the ride comfort of the railway cars.   
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 Conclusion and Future Work 
 

This chapter will provide a summary of the work completed, draw some conclusions, and 

suggest future direction on the energy harvesting research on railroad and railcar application.  

 

7.1  Conclusion 
 

Up to now, the following conclusions can be drawn from the work accomplished in this 

dissertation. 

 

1. A novel ball-screw based railway track energy harvester with mechanical motion rectifier 

mechanism was designed, modeled and tested.  

 

• Due to the nonlinear characteristics induced by the one-way clutches in the mechanical 

motion rectifier (MMR) mechanism, the proposed energy harvester could convert the bi-

directional track vibration into unidirectional rotation of the generator, which significantly 
improves the motion transmission by reducing the impact forces.  

• A comprehensive model considering the coupled dynamic behaviors of the train, railway 

track and harvester was developed and validated. It is shown that the proposed ball-screw 

based energy harvester acts as a fixed inerter in parallel with pre-compressed springs and 

an adjustable damper tuned by external resistive load of the generator, when the one-way 
clutch is in engagement. When both one-way clutches disengage from the bevel gears, the 

energy harvester behaves as pre-compressed springs only, and the inertia of the generator 

drives the generator itself continuously to produce electricity. This piece-wise mass-spring-
damper of the single freedom harvester is integrated into the train-track model and the 

performance of the harvester at different train speeds can be predicted by the model.  

• The in-lab and field tests were conducted to further validate the dynamic characteristics 

and evaluate the performance of the proposed energy harvester. The harvester could 

effectively work under a very small input with the amplitude of ±0.2 mm, which shows 
that the proposed harvester has an improved sensitivity to the environment vibrations. Field 

test results showed that an average power of 1.12 and 2.24W were achieved for prototype 

1 and 2 respectively at 30 km/hr rapid transit speed. More power could be obtained by 
choosing a higher limit one-way clutch, increasing the reset spring stiffness and refining 

the installation condition. 

 

2. A smart energy harvesting railroad tie to power the trackside electrical device has been 

proposed, designed, modeled and tested for potentially improving the train operational 

efficiency and safety.  
 

• The smart tie, which is designed to have similar dimensions to a conventional railroad tie, 

can be installed in the same manner as a standard tie on the track.  

• Through a ball-screw, a pair of bevel gear and an output shaft with a single one-way clutch, 
the generator can be driven to generate electricity. Different from bidirectional energy 

harvesters, the proposed smart tie only harvests the kinetic energy of the railroad tie when 

the tie moves downwards due to the approaching wheel, which resolves the preload and 

installation challenges and increases the overall system reliability.  

• An analytical model is developed, and the dynamic simulation is conducted to better 
understand the system nonlinearity and predict the performance.  



 

86 

• During the bench tests, the smart tie demonstrates great sensitivity to the environment 

vibration due to its small backlash (less than 0.1 mm). In-lab test results show that an 
average power of 26.1 and 42.2W on 4 Ohms and 2 Ohms external loads are obtained under 

simulated tie movement, indicating that the proposed smart tie is capable to power most 

wayside electrical devices, which has a great potential to improve the train operational 

safety. 
 

3. A rack-pinion based freight railcar energy harvester with a mechanical motion rectifier 

(MMR) mechanism was designed, modeled, and tested both in the lab and in the field.  

 

• The proposed energy harvester could translate the bidirectional freight railcar suspension 
vertical vibration into unidirectional rotation of the electromagnetic generator by utilizing 

two one-way clutches embedded in transmission bevel gears. An enclosed MMR gearbox 

with lubricant inside was designed to increase the transmission durability and decrease the 

friction loss.  
• A coupled model for the freight railcar integrated with the proposed energy harvesters at 

the secondary suspensions was developed. A simulation study was performed with the 

Association of American Railroad (AAR) Class 5 and 6 track irregularities as the system 
input, showing that the generated power from the harvester and the suspension vibration 

RMS velocity increase with the train speeds. Energy harvesting performances at different 

train speeds for the proposed harvester were also predicted through modeling and 
numerical simulations.  

• The in-lab and onboard field tests were carried out to evaluate the performance of the 

proposed train suspension energy harvester. In-lab test results showed that an average 

power of 14.5 and 9.2W were achieved with the typical recorded suspension displacement 
(vibration RMS velocity is 0.030 m/s) at 90 km/hr on an operational track for the prototype 

harvesters with 66:1 and 43:1transmission ratios, respectively. The model was validated 

through bench tests using both the sinusoidal inputs and the recorded displacement inputs.   
• An onboard test was also carried out on a test track in CRRC Yangtze, Co., Ltd., and test 

results showed a peak of 73.2W phase power and an average of 1.3W were achieved at a 

train speed of 30 km/hr (vibration RMS velocity is 0.017 m/s) for the harvester with 43:1 
transmission ratio. Both the in-lab and onboard test results indicate that the proposed train 

suspension energy harvester could continuously generate an amount of power (watts to tens 

of watts level) useful for powering onboard auxiliary electrical devices, which can 

potentially improve the freight railcar operational safety.  
 

4. A power management system with an energy storage circuit is designed, prototyped and 

tested.  

 

• AC-DC and buck-boost (DC-DC) converters are employed in the energy storage circuit to 

convert the AC voltage to DC voltage and set an effective resistance (equivalent damping) 
to the transducers. The oscillator circuit in the self-designed buck-boost converter controls 

the switching frequency and duty cycle of the power MOSFET.  

• A modified commercial battery charging circuit is located at the output side of the buck-

boost converter to maximally store the electrical energy into the lead-acid battery. Power 
management system is also integrated with the self-designed energy storage circuit, battery 

indicator circuits and two boost converters.  
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• Tests were conducted and results showed that an around 7 Ohm resistance and a maximum 

77% efficiency could be achieved for the buck-boost converter. The overall power 
management system could perform well in the bench test conditions. 

 

5. The MMR energy harvester on railcar dynamics has been also investigated.  

• A nonlinear railway vehicle model integrating EHSAs at the primary suspension 

with six degrees of freedom is built and simulations with analysis are presented.  

• Results shows that compared with vehicle with traditional shock absorbers, railcars 

with MMR energy harvester as new-type shock absorber could perform better for 

ride comfort when the equivalent inertia mass and damping coefficient is properly 

designed. 
 

7.2  Future Work 
 

This sub-chapter discusses future work based on the knowledge accumulated thus far. Future 

work should primarily address the following: 

 

1. Energy harvesting Tie project 

• Field test of the smart energy harvesting tie. 

2. Performance evaluation of train suspension energy harvesting shock absorber on 

railway vehicle and its dynamic influence 

• Optimizing the primary suspension stiffness, inertia mass and engaged damping for 

further improving the railcar dynamics.  

• Use commercial software Simpack to validate the model. (Might collaborate with 

CRRC engineer.) 
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