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Abstract: Ethiopia has a small percentage of its population accessing electricity with some power utilized by its 

transportation sector; there are frequent power outages that slow down economic activities such as trade and railway 

transportation. From this previous statement, it is clear that the demand for energy is significantly increasing and there is 

too much dependability on the current energy source. With the development of sustainable energy technology in the 

world today, this problem can be alleviated, while utilizing component vibration in railway infrastructure. The aim of 

this study was to estimate energy generation potential from the vibration of a railway track induced by a passing train 

using a two degree of freedom oscillator. Data was collected; energy harvesting system was modeled and simulated. 

Based on the result, the system produces enough energy to power communication and signaling equipment on the track. 

The optimum parameters: mass of 1 kg, a spring stiffness of 6 N/m and a damping coefficient of 4 Ns/m of the energy 

harvester were determined using sensitivity analysis. The cumulative mechanical power harvested by the inter-city-125 

train at a speed of 195 km/h was calculated to be 224.56 W. Therefore, the energy demand of the communication and 

signaling equipment of the train track can be achieved using vibration energy harvesting system by installing the number 

that meets the demand. 
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1. Introduction 

Energy is the main driver of the economy of one country 

and living without access to energy is very challenging. 

Ethiopia is a country with approximately 110 Million 

population and Electricity is available for 41% of the 

population, but only 17% of households are connected to the 

central grid, all in major towns and cities [1]. Even though, 

Ethiopia is endowed with vast energy resources, only 5% of 

Hydropower, less than 1% of Solar energy, about 3.24% of 

Wind Energy potential and about 50% of Biomass potential 

has been exploited [2, 3]. Based on the 2016 Energy 

Statistics yearbook data published by united nation, the net 

installed capacity of electricity in Ethiopia is 4.238 GW out 

of which 99 MW is generated from combustible fuel, 3.808 

GW from hydropower, 324 MW from Wind and 7 MW from 

other sources [4]. 

In September 2015, Ethiopian introduced the first light rail 

transits system at Addis Ababa city (ALART). The tram 

currently consists of two lines (one north-south and one east 

west direction) covering 34 kilometers and serving 39 

stations [5]. Besides, the light rail transit system, the 750 

kilometers Ethio-Djibouti standard gauge Railway, which 

was built jointly by Ethiopia and Djibouti started operation 

on January 1, 2018 and is accelerating its impact on economy 

[5]. The light rail transit system in Addis Ababa and the 

Ethio-Djibouti railway lines consumes huge amount of 

energy of the installed 4.238 GW of net installed capacity of 

electricity. 

Several researches have been done to harvest energy from 

a moving train over the past decades. Most of the existing 
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railway energy harvesting technologies focus on low power 

applications and uses two ways to harvest energy from 

railway track vibration, i.e., Piezoelectric and 

Electromagnetic harvesters [6]. These low power applications 

include; Simulation of a program to detect obstacles on the 

right of way of trains, flood on the railway track and smoke 

in the train [7], could also be used for safety demonstration 

and risk management at rail-road level crossing [8]. An 

energy harvesting pad composed of piezoelectric stacks 

developed by Israeli company Innowattech Ltd was installed 

under the rail fastener and it can harvest large energy from 

the track vibration [9]. Even though this technology is 

effective in harvesting vibration energy, it needs to drill on 

the sleeper and the size of piezoelectric generator is limited 

[6, 9]. Tawaris et al (2013) highlighted that piezoelectric 

material is advantageous in harvesting vibration energy due 

to their large power densities and ease of applications [10]. 

When vibration input is applied; due to the piezoelectric 

effect, the piezoelectric generator generates electricity using 

piezoelectric material. Platt et al. (2005) mentioned that 

piezoelectric stack of thickness vibration is an effective 

method of energy harvesting large mechanical vibration [11]. 

However, Zhao Hongduo’s research revealed that power 

generation capacity of piezoelectric stack is not high because 

of its high stiffness [9, 12]. 

Feng et al. (2018) highlighted that in order to realize larger 

force and power outputs with a small input, hundreds of thin 

piezoelectric films can be mechanically layered together in 

series and electronically connected in parallel so as to 

compromise a multilayer piezoelectric stack. In doing so the 

efficiency and power output is increased significantly. Xie et 

al (2017) concluded that in comparison with various well 

studied piezoelectric beam harvesters, the modeling and 

analysis of piezoelectric stack transducers are still 

underdeveloped [13]. Besides, knowing the 

electromechanical coupling behavior of the piezoelectric 

stack under various excitations is very critical and predicting 

accurately the electrical responses including voltage, current 

and power outputs of the piezoelectric stack transducer is 

important aspect for the success piezoelectric stack 

transducer [13, 14]. 

Investigation of energy harvesting from train vibrations 

for low power wireless sensors was done by the French 

national railway system [15]. Piezoelectric transducers are 

devices able to generate a voltage, between 3 to 10 V [16], 

without requiring a pre-charge to work [17]. Piezoelectric 

materials are, however, very sensitive to temperature, and 

therefore need to be applied in environment with limited 

temperature variability [18]. If piezoelectric materials are 

subject to high temperatures, they can become de-polarized 

and inoperative. Generally piezoelectric converters produce 

a current that is not compatible in microelectronics, but 

have a high voltage generated compared to electromagnetic 

converters [19]. 

There is a possibility of generating power by tapping 

vibration energy using a mass spring damper system 

(oscillator). A comprehensive investigation on this topic was 

recently presented by the authors in [20], where energy was 

harvested from the track-side vibration, induced by the 

passage of a train, as a specific practical application of time - 

limited excitation, where there is only significant vibration 

input for the duration of the train passage. A single degree of 

freedom oscillator was investigated by Gatti et al [20] to find 

the maximum available energy that could be potentially 

harvested from a passing train. Using an acceleration time 

history of vertical vibration measured on a sleeper during the 

passage of an Inter-city 125 train in the United Kingdom, 

passing at a speed of about 195 km/h, the optimum 

mechanical parameters of a linear energy harvesting device 

are determined. A numerical and analytical study was done; it 

was found that the maximum energy that could be harvested 

per unit mass of the oscillator is about 0.25 J/kg at a 

frequency of about 17 Hz. 

Jang et al., et al. (2009) showed that the single degree of 

freedom vibration-based Energy harvesting device generates 

the maximum power when its natural frequency matches the 

ambient frequency. However, this condition is difficult to 

guarantee when the excitation is not controllable or 

intrinsically frequency variant over a broad bandwidth [21]. 

Renno et al. (2009) highlighted that the bandwidth of the 

energy harvesting device also can be enhanced by 

sophisticated electronics [22]. 

Energy harvesting has been done before by various authors 

who used different harvesting mechanisms like piezoelectric 

materials, electromagnetic mechanism and many others. 

However, these technologies’ output power is low, 

mechanical friction is a challenge, air drag is increased by 

wind turbines and limited researches has been done to 

harvest energy from a moving train using a two degree of 

freedom oscillator. 

The aim of this study was to simulate energy harvested 

from vibration of a passing train using two degrees of 

freedom oscillator. Data collection of the vibration profile, 

modeling of the system using a damped mass spring two 

degree of freedom and simulation has been done to know the 

energy harvesting potential of the Addis Ababa Light Rail 

Transit Railway. Considering the electricity power problem 

of Addis Ababa city, generating additional source of 

electricity helps the country at large. This harvested energy 

can be used to power communication and signaling 

equipment. 

2. Methodology 

2.1. Vibration Data 

Vibrations occurs due to the wheel/rail interaction and 

they can be subdivided as trainload excitation (quasi-static 

excitation), roughness excitation, flat wheel and others, 

known as dynamic excitation [23]. Thompson [24] 

compared the quasi-static and dynamic excitation, and 

showed that the quasi-static is dominant at low 

frequencies (between 25 to 50 Hz, depending on the train 

speed) and generates high levels of vibration on the 
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sleepers. Dynamic excitations are dominant at higher 

frequencies (higher than 25 to 50 Hz depending on the 

train speed) due to the roughness between the wheel/rail 

interactions. Secondary data of the Inter- city 125 train at 

a speed of 195km/h was collected. The vibrational 

characteristics of the Inter- city -125 train were obtained 

and depicted as shown in Figure 1 as Acceleration vs time 

and Amplitude vs frequency curve. 

 
(a) 

 
(b) 

Figure 1. Measured vertical acceleration of a sleeper as an Inter-city 125 

train passes: (a) time history and (b) Amplitude spectrum of the sleeper 

acceleration 

Figure 1a shows that the train induces vibration on the 

track for about 4 seconds. From figure 1b the amplitude 

spectrum of the sleeper acceleration shows the dominant 

frequencies. The dominant frequencies, corresponding to the 

highest peaks are at about 7.14 Hz, 14.29Hz, 16.57Hz, and 

21.29 Hz. 

2.2. Modeling the Energy Harvester as a Damped Two 

Degree of Freedom Oscillator 

The energy harvester is a two degree of freedom mass-

spring-damper oscillator enclosed in a rigid housing. This 

Oscillator is placed under the sleeper from which the 

vibrating base transmits vertical vibration to the seismic mass 

through the spring and damper. The schematic representation 

of the Energy Harvester is shown in figure 2. The following 

points have been assumed for the modeling. 

1. The vibration of the energy harvesting device does not 

affect the vibration of the sleeper. 

2. The energy harvested is the same as the energy dissipated 

by the damper, therefore identifying the ideal upper limit 

case where no mechanical loss is considered. 

3. Electrical energy harvested is equal to the mechanical 

energy dissipated 

 

Figure 2. Model of a two degree of freedom, damped spring- mass system. 

where; 

M1 and M2 are masses, k1 and k2 are the spring stiffness, c1 

and c2 are the damping coefficient, X, Y, Z are the 

displacements of mass 1, mass 2 and the casing respectively 

and H is the relative displacement of the energy harvester 

Assume a linear spring and damper system with x= 0, y = 

0, when the system is in static equilibrium (allows gravity to 

be neglected as the sum of all force acting on a body need to 

be equal to the time rate of change of momentum). ∑ � =  ��                                (1) 

Mass 1 ���+ �	� - ��
 - �	
 = ���                   (2) ��� =  ��(� − �)                       (3) �	� =  	�(�� − ��)                        (4) ��
 =  �
(� − �)                      (5) �	
 =  	
(�� − ��)                       (6) 

Mass 2 

- ��
 - �	
 = �
�                      (7) 

2.3. Equation of Motion of the Harvesting System 

The derivation of the equations is based upon a Newtonian 

approach, as the Newton´s Second Law is applied to a free 
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body diagram. The equation of motion is shown in equation 

(8 and 9) from newton’s second law of motion. This equation 

is solved using state space equation in Matlab to get the 

maximum relative displacement of the two degree of freedom 

oscillator with an input of vibration force. The velocity of the 

signal is found using cumulative trapezoidal integration of 

the input acceleration signal in figure 1 (a). Likewise, the 

displacement of the input signal is found using cumulative 

trapezoidal integration of the input velocity signal. The input 

vibration force is put into the state space equation. The 

relative mass displacement of the two degree of freedom 

oscillator is obtained from the state space equations. After 

substituting equations 3, 4, 5 and 6 in to 2 and 7, the 

equations of motion of the energy harvester can be written as: m�x + (c� + c
)x� + (k� + k
)x − k
y − c
y� = k�z + c�z�                                                  (8) m�y + k
y+c�y� − c�x� − k
x = 0                                                                    (9) 

Using State space; 

x =x�                                                                                        (10) 

x� 
 =  �(�����) �  x�(t) − ("��"�) �  x
 (t) + 
�� � x#(t) + 

"� � x$ (t) + 
% �                                         (11) 

y = x#                                     (12) 

F= k�z + c�z�                               (13) 

x� $= 
�� � x�(t) + 

"� � x
(t) - 
�� � x#(t) - 

"� � x$(t)      (14) 

& x� � x� 
 x� # x� $'=

())
)* 0�(�����) �  0�� �

 
1�("��"�) �  0"� �

 
0 ��  �0− �� �

 
0"� �1− "� �-..

./ 0 x�x
x#x$
 1+ ())

* 0� �00  -..
/
F(t)  (15) 

For state space equations in the form; 

X� (t) = A. x(t) + B. u(t)                     (16) 

y(t) = C. x(t) + D. u(t)                     (17) 

We obtain; 

& x� � x� 
 x� # x� $' = A 0 x�x
x#x$
 1  +  B 9F0;                    (18) 

y = C 0 x�x
x#x$
 1  + D 9F0;                         (19) 

A, B, C, D are the respective matrices of the mechanical 

system defined as follows; 

A =  
())
)* 0�(�����) �  0�� �

 
1�("��"�) �  0"� �

 
0 ��  �0− �� �

 
0"� �1− "� �-..

./
                (20) 

B =  ())
* 0� �00  -..

/
                                   (21) 

C = 9 10 01 00 00 ;                             (22) 

D =  < 0 =                                  (23) 

where; 

k1 and k2 is the spring stiffness c� and c
 are the damping coefficients m�and m
 are the masses of the energy harvester x , x �  and x  are mass m�  acceleration, velocity and 

displacement respectively. y , y �  and y  are mass m
 

acceleration, velocity and displacement respectively. F is the 

input force from the sleeper vibration (z being the 

displacement due to vibration and z�  being the velocity of the 

vibration). The above state space equation is solved in 

Matlab to find the relative displacement of the mass system. 

2.4. Simulation of the Energy Harvested from Two DOF 

Oscillator 

The energy simulated is mechanical energy from which 

electrical energy can be converted and used to supply axle 

counters. The energy harvested is calculated based using 

equation 13 [20]; 

A(BC) =  D 	 ��
 EBFGH                          (24) 

where; 

c is the damping coefficient of c1 and z�  is the input signal 

velocity 

3. Results and Discussion 

3.1. Model of the Two-degree-of-freedom oscillator (Energy 

Harvester) 

According to the schematic representation of a 2DOF 

oscillator, the model has two masses each of displacement x 

and y respectively, supported by springs and damping 

elements represented by standard symbols whose properties 

are represented by k and c in the case of suspension stiffness 

and damping respectively. After the base input vibration is 

input into 2DOF Oscillator, the maximum relative 
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displacement of the mass is limited to H, which is the relative 

displacement between the mass 1 and the casing. The 

optimum mass relative displacement shown in figure 3 starts 

increasing gradually from 5 Hz to 19.5 Hz frequency and 

there after destabilizes. The optimum mass relative 

displacement whose magnitude is 150 mm happens at 19.14 

Hz frequency as shown in Figure 3. 

3.2. Sensitivity Analysis 

The effect of damping coefficient, mass and spring 

stiffness was checked. According to figure 4, it was found 

that the most effective damping coefficient resulting in the 

highest energy harvested is 5.5 Ns/m. It can also be observed 

the highest energy harvested takes place at the 19.14 Hz 

natural frequency. During the calculation of the optimum 

energy harvested, 5.5 damping coefficient shall be used. In 

addition, energy is harvested at a reasonable amount from 10 

Hz to 19.27 Hz at intervals, with 1.61 Hz being the largest 

interval before the energy diminishes to zero; it remains at 

zero for 0.63 Hz after every interval. According to figure 5, 

the higher the spring stiffness, the higher the energy 

harvested, in this case, 10 N/m being the highest spring 

stiffness. It is observed that there is no energy harvested from 

0 Hz to 10 Hz. Also, a significant amount of energy is 

harvested from 11.67 Hz to 19.27 Hz, there after diminishing 

to zero, where it stays constant at zero. The natural frequency 

at which energy harvested is highest is 19.14 Hz and the 

lowest natural frequency is 7.643 Hz. After the sensitivity 

analysis is done, optimum parameters such as mass of 1 kg, 

spring constant of 6 N/m and damping coefficient of 4 Ns/m 

is used as the system has the maximum relative displacement 

and the highest energy harvested as shown in figures 3 and 7 

respectively. 

The effect of damping coefficient, spring stiffness, and 

mass on energy harvested was formulated in Matlab from 

equation (24) of energy harvested. The energy harvested is 

found for the respective damping coefficient range (3 Ns/m 

to 4.5 Ns/m) and the result is in line with literature data [20]. 

A graph of energy harvested against natural frequency is 

plotted to see the effect of damping coefficient on energy 

harvested. The whole procedure of finding energy harvested 

is repeated with a spring stiffness range of 4.5 N/m, 5 N/m, 

5.5 N/m, and 6 N/m. A graph of energy harvested against 

natural frequency is plotted to see the effect of spring 

stiffness on energy harvested. The whole procedure of 

finding energy harvested is repeated with a mass range of 1 

kg, 1.5 kg and 2 kg. A graph of energy harvested against 

natural frequency is plotted to see the effect of mass on 

energy harvested. Sensitivity analysis has been done by 

varying the damping coefficient from 3 to 4.5 Ns/m. Where 

c11, c12, c13 and c14 are the damping coefficient used for the 

sensitivity analysis. 

 
Figure 3. Optimum mass relative displacement. 

 
Figure 4. Sensitivity analysis of energy harvested with respect to different 

damping coefficients. 

 
Figure 5. Sensitivity analysis of energy harvested with respect to effect of 

spring stiffness on Energy harvested. 
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Figure 6. Effect of Mass on Energy harvested. 

 
Figure 7. Optimum energy harvested. 

3.3. Cumulative Energy Harvested 

According to figure 7, the lowest natural frequency which 

marks the beginning of energy harvested is 7.643Hz. A 

Matlab code was used to calculate the cumulative energy 

harvested for the inter-city 125 train. Based on the result, 

224.56 W can be harvested. 

3.4. Power Consumption of Communication and Signaling 

Equipment 

The power requirements of some track side equipment 

at Addis Ababa Light Rail Train include; 20 W for an axle 

counter, 110 W for a level crossing, 380 – 400 V for a 

point machine and 220 V for signal lights. Data was 

collected from the Kality Depot and power substation so 

as to calculate the power consumption of the 

communication and signaling equipment at the Kality 

depot and main line. Main line data was collected for one 

substation, so finding the power consumption of 

communication and signaling equipment of the 20 

substations, the power consumption of the Kality 

substation is multiplied by 20. The Power consumption of 

communication and signaling equipment at Depot and 

main line are 13.752 kW and 86.896 kW respectively. It 

gives a total power consumption of the communication 

and signaling equipment of Addis Ababa Light Rail Train 

as 100.65 kW. This energy requirement can be obtained by 

using 448 oscillators. 

4. Conclusions 

In conclusion, a 2DOF energy oscillator was modeled 

from the vibration of a passing train to power 

communication and signaling equipment on the track. The 

effect of damping coefficient, spring stiffness and mass of 

the oscillator was investigated. It is observed that as the 

spring stiffness increases, the rate at which energy is 

harvested also increases; this can be attributed to the two 

DOF being employed in the study. Any mass from 1 kg and 

above has the same energy harvested, while any mass below 

gives a higher energy harvested. The relative displacement 

was found to be 150 mm. The natural frequency at which 

energy harvested is highest is 19.14 Hz and the lowest 

natural frequency is 7.643 Hz. The cumulative mechanical 

power harvested by the inter-city 125 train at a speed of 195 

km/h was calculated to be 9,487.75 W which meets the total 

power consumption of the communication and signaling 

equipment of AALRT main line and Kality depot. This 

2DOF oscillator meets the energy demand of some way side 

equipment i.e. the communication and signaling equipment. 

Future work should be done to investigate the performance 

of an energy harvester using a nonlinear two degree of 

freedom mass spring-damper system. Formulate an 

algorithm of calculating the energy harvested using a multi-

degree of freedom oscillator. Finally, investigation of how 

much electrical energy can be harvested and stored from the 

2DOF oscillator. 
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