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Abstract - An electromagnetic transducer is used for harvesting kinetic energy from ambient vibrations. These are used to 
power wireless devices, recharge small scale batteries etc. Some of the vibration sources of excitation with low frequency are 
vibrations of bridges, vehicle suspensions, tall buildings etc. In a vibration based electromagnetic harvester (VEMH), a 
magnet and coil coupling mechanism is used and under the unidirectional low frequency excitation from vibratory source, a 
relative movement between coil and magnet causes a variation of magnetic flux density giving rise to an electromotive force 
through the coil. In a SDOF VEMH, output power is harvested in the vicinity of the resonance. In this paper, for enhancing 
the harvested power and widening of operational frequency range of SDOF VEMH, a dynamic magnifier system is added to 
a SDOF VEMH. For this purpose, a 2DOF VEMH is developed. The experimental analysis of the developed 2DOF VEMH 

is carried out to study the variation of open circuit voltage (E), voltage across resistive load (V), and harvested power (P), 
with the change in base excitation frequency ω. It is observed that more power can be obtained from a 2DOF VEMH with 
increase in the bandwidth of excitation frequency. 
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I. INTRODUCTION 

 
From the published research results, it is observed 

that a vibration based electromagnetic harvester 

(VEMH), based on faraday’s law of induction, is 

efficient, less costly, and easy in manufacturing. A 

number of types of SDOF VEMH have been 

developed as a power source for many industrial and 

electronic devices. These harvesters give maximum 

output power only at the resonant frequency. As such, 

the research efforts are focused on developing 

innovative techniques for enhancing the power output 

of SDOF VEMH over a wide excitation frequency 
range. Tadesse et al.[1] have discussed multi-modal 

piezoelectric and electromagnetic energy harvesters 

to maximize their power output. Asai et al.[2] have 

proposed a new vibratory energy harvester to 

maximize the energy harvested from a stationary 

stochastic disturbance. Yildirim et al.[3] have 

reviewed amplification technique, resonance tuning 

technique, and use of nonlinearity etc., for 

performance enhancement of ambient vibration 

energy harvesters. Liu et al.4] have carried out 

experimental studies on energy harvesting series 

electromagnetic tuned mass dampers for enhancing 
the harvested power and bandwidth of excitation 

frequency. Tang and Zuo[5] have proposed a dual 

mass vibration energy harvester to get more power 

than the traditional SDOF when subjected to 

harmonic force or base displacement excitation. 

As such, in this study, for enhancing the power and 

widening of operational bandwidth of the excitation 

frequency, a 2DOF VEMH has been developed, and 

the experimental analysis for the developed 2DOF 

VEMH is carried out to study the variation of open 

circuit voltage (E), voltage (V) across resistive load 
(RL), and harvested power (P) with respect to the 

change in base excitation frequency ω and amplitude 

X0. It is observed that the harvested power from 
2DOF VEMH system is more than that obtained from 

SDOF VEMH with increase in the bandwidth of 

excitation frequency. The harvested power increases 

with the increase in the amplitude of base excitation 

X0. 

 

II. EXPERIMENTAL ANALYSIS 

 

2.1 Development of Mechanical and Electrical 

Sub-systems of 2DOF VEMH: 

 
Fig. 2.1. Mathematical model of 2DOF VEMH with Base 

Excitation 

 

The mathematical model (fig.2.1) comprises of the 
harvester system and the magnifier system. 

 
Fig.2.2. Schematic of experimental setup of 2DOF VEMH 

subjected to Base Excitation 
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2.1.1 Harvester System 

The un-damped natural frequency ω2 of SDOF 
VEMH is taken equal to the base excitation frequency 

ω. With harvester mass m2of 0.6kg, and ω =𝜔2 =
31.42 rad/sec, spring stiffness k2 is calculated ask2 = 

592.32 N/m = 0.5923 N/mm. Two springs in parallel 

are selected. Hence the stiffness of each spring is k2/2 

= 0.2961 N/mm. The spring has been designed using 

the standard procedure and the specifications of the 

designed spring are given in table 2.1. 

 

NAME UNIT NAME UNIT 

Wire 

diameter (d) 
2mm Free Length 247mm 

Coil mean 
diameter (D) 

24mm Pitch (P) 6.5mm 

Number of 

Turns 
40 

Number of active 

Turns 
38 

Solid Length 80mm Spring Surge 22Hz 

Total gap 117mm   
Table 2.1. Harvester Spring(k2/2) Specifications 

 

The harvester mass m2(0.6 kg) is made of a mild steel 

plate as shown in fig 2.3. 
 

 
Fig. 2.3. Dimensions of Harvester Mass 

 

2.1.2 Electrical Sub-system of VEMH 

The magnetic circuit employed in an electromagnetic 

harvester requires a magnetic field which is generated 

by the use of permanent (or hard) magnet. In this 

VEMH, a permanent magnet made from 

ferrimagnetic material that remains magnetic after the 

application of a magnetisation process is selected. 

Neodymium iron boron NdFeB offers the highest 

magnetic flux density. Figures 2.4 (a) and (b) show 

respectively the dimensions and shape of NeFeB N52 
grade solid cylindrical shape magnet. 

 

 
Fig.2.4.(a) Magnet Dimensions  (b) NeFeB N52 

 

The copper material is used for electrical coil 

winding. It is a good conductor of electricity. Copper 

wires are classified into SWG numbers as per 

properties like wire diameter and its resistivity. 

 

 
Fig.2.5. (a) Electrical Coil dimensions and (b) the developed 

electrical coil 

 
With the length of magnet = 25mm, the height hcoil of 

coil is taken as 50mm so that even at the resonance, 

the magnet should remain the inside electrical coil. 

Electrical coil inner diameter is selected 30mm so 

that the magnet moves freely during the relative 

displacement between electrical coil and magnet. 

Outer diameter is taken 62mm to accommodate the 

required number of turns of the coil. For wire gauge 

SWG30 (wire diameter dw 0.35mm), and taking 

copper fill factor kco=0.6[6], the longitudinal turns, 

the lateral turns and total number of turns N are 
calculated. 

 

Longitudinal Turns (Nlong) 125 

Lateral Turns (Nlat) 36 

Ntotal 4500 

Resistance of Electrical coil (RE.coil) 151 Ω 

Electrical coil Inductance (Lcoil) 0.475H 
Table 2.2. Electrical Coil Specifications 

 

2.1.3 Magnifier System 

The magnifier system comprises of magnifier mass 
m1 and two springs in parallel each with the stiffness 

k1/2 (refer fig.2.2). With magnifier mass m1=1.5kg 

(μ=0.4) and the un-damped natural frequency ω1 of 

the magnifier system alone and with ω1=ω=31.42 

rad/sec, the stiffness of each spring k1/2 is calculated 

as 0.7404 N/mm. The specifications of the spring k1/2 

are given in table 2.3. 

 

NAME UNIT NAME UNIT 

Wire diameter (d) 2mm Free Length 127mm 

Coil mean 

diameter (D) 
24mm Pitch (P) 8.5mm 

Number of Turns 16 
Number of 

active Turns 
14 

Solid Length 32mm Spring Surge 55Hz 

Total gap 45mm   
Table 2.3. Magnifier Spring (k1/2)Specifications 

 

The magnifier mass m1 (1.5 kg) is made of a mild 

steel plate as shown in fig.2.6. 

 
Fig. 2.6. Dimension of Magnifier Mass 
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2.2 Experimental Procedure: 

 
Fig.2.7. Experimental Setup of 2DOF VEMH subjected to base 

excitation 

 

Figure 2.7 shows the experimental setup. In the 

experimental setup, (i) the base excitation is provided 
by a cam-follower type exciter driven by a DC motor, 

the speed of which is measured by a digital 

tachometer, (ii) the displacements of the harvester 

mass and base are measured using the accelerometer 

connected to A-dash software, (iii) the open circuit 

voltage (E) and voltage (V) across resistive load (RL) 

are measured by a multi-meter. 

 

2.3 Experimental Results for SDOF VEMH 

Using this setup and the instrumentations, the curves 

of amplitude of relative displacement between 
harvester mass and base (without coil), amplitude of 

open circuit voltage E (with coil), amplitude of 

voltage V across resistive load, and the power P for 

various resistive loads, for various values of 

excitation frequency are plotted for SDOF VEMH 

(without the magnifier system). The results of 

experimental analysis are given in subsequent 

sections 2.3.1 to 2.3.3. 

 

2.3.1 Amplitude Z of Relative Displacement 

(without Electrical Coil and Magnet) 

 
Fig.2.8. Z (mm) vs. ω (rad/sec) for X0 = 3mm and 

X0 =5mm without coil and magnet 

 

From figure 2.8, it is seen that the maximum relative 

displacement amplitude Z occurs at the resonant 
frequency. Also its value depends upon the amplitude 

X0 of excitation. 

 

2.3.2 Amplitude Z of Relative Displacement (with 

Electrical Coil and Magnet), Open Circuit Voltage 

E and Voltage V across the Resistive Load RL 

 

 
Fig. 2.9. E (volt) vs. ω (rad/sec),X0=3mm 

 
Fig.2.10. V (volt) vs. ω (rad/sec) at RL 120Ω,X0=3mm 

 
Fig.2.11. V (volt) vs. ω (rad/sec) at RL 150Ω,X0=3mm 

 
Fig.2.12. V (volt) vs. ω (rad/sec) at RL 186Ω,X0=3mm 

 
Fig.2.13. E (volt) vs. ω (rad/sec),X0=5mm 

 
Fig.2.14. V (volt) vs. ω (rad/sec) at RL 120Ω,X0=5mm 
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fig.2.15. V (volt) vs. ω (rad/sec) at RL 150Ω,X0=5mm 

 
Fig.2.16. V (volt) vs. ω (rad/sec) at RL 186Ω,X0=5mm 

 
Fig.2.17. z (mm) vs. ω (rad/sec) for X0 = 3mm and X0 =5mm 

with electrical coil and magnet 

 

From figures 2.9 to 2.12, when amplitude of 

excitation X0 is 3mm, it is observed that in SDOF 

VEMH, the open circuit voltage E increases with 

increase in excitation frequency, and the voltage V 
across the resistive load increases with the increase in 

the value of resistive load. The value of V is 

maximum when the external resistance (150Ω) equals 

approximately the internal resistance of the coil. 

From figures 2.13 to 2.16, when amplitude of 

excitation X0 is 5mm, results obtained are similar to 

those in given in 2.9 to 2.12, except that the peak 

values of E and V are much higher. This indicates 

that the amplitude of excitation plays an important 

part in development of harvested power. From figure 

2.17 the relative displacement amplitude Z increases 
with the increase in excitation amplitude X0(with 

electrical coil and magnet) 

 

2.3.3 Power P Harvested from SDOF VEMH at 

Different values of Resistive Loads 

The harvested power P is calculated as P=V2/RL 
 

 
Fig.2.18. P (watt) vs. ω (rad/sec) for X0 = 3mm 

 
Fig.2.19. P (watt) vs. ω (rad/sec) for X0 = 5mm 

 

From figures 2.19 and 2.20, it is seen that the power p 

harvested from SDOF VEMH at different values of 

resistive loads increases with increase in amplitude of 

excitation X0. 

 

2.4 The experimental results for 2DOF VEMH 
By adding magnifier system to the SDOF VEMH, the 

2DOF VEMH system is developed and analyzed on 

the experimental setup shown in fig 2.7. Using the 

same instrumentation, for 2DOF VEMH, the curves 

of amplitude of relative displacement between 

harvester mass and magnifier mass are obtained and 

are given 2.3.4 to 2.3.6. Also the curves are plotted 

for open circuit voltage (E) verses excitation 

frequency ω, the voltage V across the resistive load 

RL verses excitation frequency ω, and the harvested 

power P verses excitation frequency ω. The plots for 

the above mentioned parameters are also obtained by 
varying excitation amplitude X0 from 3mm to 5mm, 

and the results are shown in figures 2.21 to 2.34. 

 

2.3.4 Amplitude Z of Relative Displacement 2DOF 

(without Electrical Coil and Magnet) 

 
Fig. 2.20. (X1-X0) (mm) vs. ω (rad/sec) without coil and magnet 

 
Fig. 2.21. Z=(X2-X1) (mm) vs. ω (rad/sec) without coil and 

magnet 

 

From figures 2.21 and 2.22, it is seen that the 

amplitudes of relative displacements between the 

magnifier mass m1 and the base, and between 

harvester mass m2 and magnifier mass m1 are 

maximum at the resonant frequencies of the 2DOF 
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VEMH when the electrical coil and magnet system is 

removed. 

 

4.4.2 Amplitude Z of Relative Displacement 2DOF  

(with Electrical Coil and Magnet) 
 

 
Fig. 2.22.X1-X0 (mm) vs. ω(rad/sec) with coil and magnet 

 
Fig. 2.23. z (mm) vs. ω (rad/sec) with coil and magnet 

 

From figures 2.23 and 2.24, it is seen that the 

amplitudes of relative displacements between the 

magnifier mass m1 and the base, and between 

harvester mass m2 and magnifier mass m1 are 

maximum at the resonant frequencies of the 2DOF 

VEMH with the electrical coil and magnet sub- 

system. 

 

4.4.3 Open circuit voltage E, Voltage across 

resistive Loads V and Power Harvested P from 

2DOF VEMH at Different values of Resistive 

Loads 
 

 
Fig.2.24. E (volt) vs. ω (rad/sec), X0 = 3mm 

 

 
Fig.2.25. V (volt) vs. ω(rad/sec)at RL 120Ω,X0 = 3mm 

 
Fig.2.26. V (volt) vs. ω(rad/sec) at RL 150Ω,X0= 3mm 

 

 
Fig.2.27. V (volt) vs. ω(rad/sec)at RL 186Ω,X0 = 3mm 

 

 
Fig.2.28. E (volt) vs. ω (rad/sec) for x0 = 5mm 

 

 
Fig.2.29. V (volt) vs. ω (rad/sec)at RL 120Ω,X0=5mm 

 

 
Fig.2.30. V (volt) vs. ω (rad/sec)at RL 150Ω,X0=5mm 

 

 
Fig.2.31. V (volt) vs. ω (rad/sec)at RL 186Ω,X0=5mm 
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The harvested power P is calculated as P=V2/RL 
 

 
Fig.2.32. P (watt) vs. ω (rad/sec) for X0 = 3mm 

 

 
Fig.2.33. P (watt) vs. ω (rad/sec) for X0 = 5mm 

 

From figures 2.24 to 2.33 it is seen that the open 

circuit voltage E, voltage V across resistive load and 

the power P harvested from 2DOF VEMH at different 
values of resistive loads are maximum at resonant 

frequencies of 2DOF VEMH and more power is 

harvested as compared to that obtained from SDOF 

VEMH. It is also seen that with the increase in the 

base excitation amplitude X0 from 3mm to 5mm, the 

power harvested is increased. 

 

 

 

III. CONCLUSION 

 
From experimental analysis, it is seen that values of 

Open circuit voltage E obtained from SDOF VEMH 

and 2DOF VEMH system are respectively 3.57 and 

9.4 volts at X0=3mm and the values of open circuit 

voltage E obtained from SDOF VEMH and 2DOF 

VEMH system are respectively 9.01 and 11.35 volts 

at X0= 5mm. The harvested power from 2DOF 

VEMH system is more than that obtained from SDOF 

VEMH with increase in the bandwidth of excitation 

frequency. The harvested power increases with the 

increase in the amplitude of base excitation X0. 
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