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Abstract. During the last decades the interest in research and development of smart 
actuators, sensors and power generators that used giant magnetostrictive materials is 
continually growing. Both academia and industry are actively looking for bread utilization of  
this technology for different applications (active vibration and noise control, structural health 
monitoring, self-powered electronic equipments and systems, MEMS, robotics, biomedical 
engineering, etc.). The proposed paper is in the field of applications of novel highly 
magnetostrictive materials for power harvesting, namely vibration-to-electric energy 
conversion. The term “power harvesting” is used for process of acquiring the energy 
surrounding a system and converting it into usable electrical energy. The problem of 
modelling and design of magnetostrictive electric generators (MEG) are considered. The 
fundamental basic for design of MEG is a Villari effect. That is, by applying a mechanical 
stress to a magnetostrictive material, the magnetization along the direction of the applied 
stress of the material varies due to the magnetostrictive effect. The flux variation obtained in 
the material induces an emf in a coil surrounding the material. The brief review on research 
and development of power generators using smart materials is given. Original MEG and the 
respective test rig which were built for study fundamentals of transduction processes of 
mechanical energy of vibrating structures into electrical energy are presented. Terfenol – D 
rod with 50 mm in length and 15 mm in diameter is used as an active material in MEG 
design. Test rig’s measurement data have confirmed the expected performance of the MEG. 
These data are used for validation of the mathematical model of MEG that was developed and 
implemented in Matlab/Simulink environment. 
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1 INTRODUCTION 

The study of magnetostriction began in 1842 when James P. Joule first observed that a 
sample of iron changes its length when magnetized with a magnetic field. The term 
magnetostriction refers to any change in dimension of a magnetic material caused by a change 
in its magnetization. The Joule magnetostriction is commonly employed in actuator and 
sensor applications [1-3]. Because magnetostriction is an inherent property of magnetic 
materials, it does not degrade over time as can be the case with some piezoelectric substances. 
Furthermore, newer magnetostrictive materials provide strains, forces, energy densities, and 
coupling coefficients which compete advantageously with more established transducer 
technologies such as those based on piezoelectric materials. 

One of the first studied applications of highly magnetostrictive materials was as a 
generator of force and motion for underwater sound sources. Started in the 1960s, the 
exceptional force and strain capabilities of these materials motivated the U. S. Navy to carry 
out extensive research in this field [1]. Many potential applications of highly magnetostrictive 
materials were then suggested, for instance sound and vibration sources, sonar systems, 
mechanical impact actuators, active vibration control and structural health monitoring, [1-3]. 

Recent developments in miniaturized sensors, digital processors, self-powered electronics 
and wireless communication systems have many desirable applications. The realization of 
these applications however, is limited by the lack of a similarly sized power sources. 
Powering the above mentioned systems can be a significant engineering problem, as 
traditional solutions such as batteries are not always appropriate. The one issue that still needs 
to be resolved is a method to generate sufficient energy to power the electronics. 

To day micro-scale concepts to generate electrical power include devices which use the 
stored energy in fuels to those which harvest energy from environment. The term “power 
harvesting” is used for process of acquiring the energy surrounding a system and converting it 
into usable electrical energy. The energy conversion of light, thermal or mechanical sources is 
an important aspect for power generations. In the last few years, there has been a surge of 
research in the area of power harvesting from vibration using piezoelectric materials [4-19]. 
Of primary importance is the efficiency of power conversion. Many proposed power 
harvesting systems employ a piezoelectric component to convert the mechanical energy to 
electrical energy.  The major limitation facing researchers in the field of power harvesting 
revolve around the fact that the power generated by piezoelectric materials is far too small to 
power most electronics. While piezoelectric materials are now major method of harvesting 
energy [4], other methods do exist; for example, methods based on Villari effect of 
magnetostrictive materials [1, 12, 24]. Novel magnetostrictive materials are probably most 
prospective materials for vibration-to-electric energy conversion since they have high energy 
density and very high electromechanical coupling effect. Methods of increasing the amount of 
energy generated by power harvesting device or developing new and innovative methods of 
accumulating the energy are the key technologies that will allow power harvesting to become 
a source of power for portable electronics, wireless sensors and other microelectromechanical 
systems [4]. Operation of power harvesting devices and other transducers that used 
magnetostrictive materials are based on dynamic interaction between magnetic and electric 
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fields, inherent elastic properties of active material and mechanical external loads. To be able 
to analyze the energy transduction processes, design and optimize the performance of 
magnetostrictive power harvesting devices and other magnetostrictive transducers, they must 
be considered as complex magnetoelastic electromechanical systems. 

Due to above mentioned there is a lot of ongoing research activity all over the world in the 
field of smart structures and smart material based transducers technology both in academia 
and industry. Results of the research and development that are dealing with giant 
magnetostrictive materials and are most close related to the topic of the paper can be found,  
for instance in [ 1, 3, 5, 14-17, 19-30].   

The proposed paper is in the field of application of novel highly magnetostrictive materials 
for power harvesting, namely in the field of vibration-to-electric energy conversion. The 
approach for modeling of performance of MEG as a power harvesting device is described. 
The novel MEG was built and the experimental results of the generator performance are 
presented. 

2 MATHEMATICAL MODELING OF MAGNETOSTRICTIVE ELECTRIC 
GENERATOR 

A characteristic property of magnetostrictive materials (active material in magnetostrictive 
transducers) is that a mechanical strain will occur if they are subjected to a magnetic field in 
addition to strain originated from pure applied stresses. Also, their magnetization changes due 
to changes in applied mechanical stresses in addition to the changes caused by changes of the 
applied magnetic field. These dependencies can be described by mathematical functions [1]: 

 ( , )Hε ε σ=  (1) 

 ( , )B B Hσ=  (2) 

Here ε, σ, H be the strain, the stress and the applied magnetic field strength, respectively, B 
be the magnetic flux density. 

Taking into account all above mentioned and the fact that the most important mode of 
operation of magnetostrictive materials is the longitudinal one, the linearization of the 
differential response of strain and magnetization (relations (2) and (3)) leads to the following 
equations of magnetomechanical coupling: 

 

  (3) 33
HS d= +ε σ H

 *
33B d= + σσ μ H  (4) 
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Here: 
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be the magnetic permeability at a constant stress. 

 
Assume that a MEG is integrated into a moving structure (hosting system), the phase state 

of which is determined by the phase vector{ ( . The interaction between the dynamics 
of hosting system and the dynamics of a MEG can be expressed by the following relation: 

), ( )}t ty y

 

 ( , ) ( , , )fσ =y y y y c  (5) 

 
Here ( , )y yσ  be the stress applied to active material of MEG, the function  and 

the vector parameter c are determined by the given magnetic design of a magnetostrictive 
transducer and by the design of adaptive structure that needed to integrate the transducer into 
hosting system. 

( , , )f y y c

It’s not necessary to assume the coefficients  are single valued or linear, 
however this is generally approach taken in many investigations of performance of 
magnetostrictive transducers [21].  

*
33 33, , ,HE dσμ d

Several important assumptions are built into the magnetostrictive model (equations (4), 
(5)). First, linear operation of active material (Terfenol-D, [1]) in the magnetostrictive 
transducer is assumed. Although the magnetostrictive effect is nonlinear, for low signal 
levels, less than approximately one-third the maximum strain capability, the linear equations 
of magnetostriction provide a good first approximation [21]. Second, the magnetostriction 
process is assumed to be reversible according to   

  

 *
33 33

const H const

Bd
H σ

dε
σ= =

∂ ∂
= =
∂ ∂

=  (6) 
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Finally, the strain, the stress, the magnetic field, and the magnetic flux are assumed to be 

uniform throughout the active material. 
Equations (1) - (7) constitute the mathematical model of a magnetoelastic mechanical 

system modeled magnetostrictive transducer integrated into a hosting system. As indicated in 
(4)-(6), it is assumed that the stress σ depends on phase state of the hosting system , i.e. 
the dynamics of the hosting system affects the performance of the magnetostrictive 
transducer. 

( , )y y

Consider the following problem. 
Problem A. Assume that due to interaction of a MEG with the hosting system the 

following stress is acting on the active material of the magnetostrictive 
transducer: ( ( ), ( ), )a af t t= y y cσ . It’s required to determine the voltage and the electrical 
power of a MEG.  

Solution of the Problem A can be obtained by the following procedure. 
From equations (5) and (10) it can be written 
 

 *
33 ( ( ), ( ), )a aB d f t t Hσμ= y y c +  (7) 

 
The action of the applied stress produces a changing flux density B which according to 

Faraday’s law induces a voltage, U(t), in a coil surrounding the Terfenol-D sample such that: 
 

 ( ) dBU t NA
dt

= −  (8) 

 
where N and A are the number of turns and the cross section area of coil. 
This voltage will generate a current, I, in the coil, that according to Lenz’s law will give 

rise to an opposing field, Hr : 

 r
NIH
l

=  (9) 

where l is the length of coil. 
Using the equations (8), (9) and Ohm’s law  
 

 /I U R=  (10) 

 
the total applied field, H, will be given by formula 
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2

0 0r
N A dBH H H H
Rl dt

= + = −  (11) 

 
where H0 is the steady magnetic field,  R =R0 + r, R0 is the electric circuit load,  and r is the 

coil resistance. 
Substituting expression (11) into equation (7) the following differential equation for 

magnetic flux will be obtained: 

 ( ) ( ) ( )a
dB t cB t f t

dt
+ =  (12) 

Here  

  (13) 
2

*
0 33

/( )
( ) ( ( ( ), ( ), ))a a

c Rl N A
f t c H d f t t

σ

σ

μ
μ

=

= + y y ca

 
The solution to equation (12) can be found and be of the form 
 

 0
0

( ) ( ( ) )
t

ct c
aB t e B f e dττ τ−= + ∫  (14) 

 
where BB

a

0 =B(0) is initial magnetic flux. 
Using (8), (10), (12)-(14), and (3) the induced voltage, U(t), and strain, ε(t), in the 

magnetostrictive transducer are determined by the following expressions: 
 

 0
0

( ) ( ) [ ( ) ]
t

ct c
aU t NAf t cNAe B f e dττ τ−= − + + ∫  (15) 

 

 33 0
1 1( ) ( ( ), ( ), ) ( ( ( ) ( ))a a aHt f t t d H f t cB

E c σε
μ

= + −y y c t−  (16) 

 
Here  are determined by formulae (13) and (14), respectively. , ( ), ( )ac f t B t
Having the induced voltage (15), the electrical power of MEG can be evaluated as follows 
 

  (17) 2( ) ( ) /P t U t R=
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As an example of utilization of the developed algorithm, the time histories of voltages of a 
MEG for different frequencies of external excitations are plotted in Fig. 1. These curves were 
calculated by using formula (15). The external stress acting on the Terfenol-D rod was given 
by the expression: 

 0 sin( )a wtσ = σ + σ  (18) 

 
The values of the input parameters were chosen as follows: 
 

*10 8
33 33

0 0
6

3.35 10 , 6, 1.79 10
50 / , 6.9 , 100

1 , 116, 2.02 , 1.54 10

H

a

E Pa d d
H kA m MPa MPa
R N l m A m

σ −

−

= × μ = = = ×
= σ = σ =

= Ω = = = ×
 

 
 

 
 

Figure 1. Voltage time histories of a MEG for different frequencies of external excitations. 

 
The developed above algorithm was implemented in Matlab/Simulink with user friendly 

interface. The algorithm is based on linearized relations (4), (5) and can be used for many 
applications within the frame of above listed assumptions, for instance for prediction of the 
performance of magnetostrictive transducers, optimization of their magnetic design, etc. 

3 CHALMERS MAGNETOSTRICTIVE ELECTRIC GENERATOR 

The new MEG was manufactured, assembled and installed at Chalmers University of 
Technology. Terfenol-D rod with length 50mm and 15mm in diameter is used as core element 
in MEG. The rod is subjected to mechanical prestress input, hence compressing it and forcing 

7 



Viktor Berbyuk and Jayesh Sodhani 

the magnetic dipoles to turn. The magnetization of Terfenol-D by permanent magnets can be 
varied with different number of magnets that are filled into the magazine. Terfenol-D rod is 
fitted into a bobbin and a transformer coil is wound around it. The bobbin can be used as add 
on sub part to the assembly of the MEG. The change in magnetic field will result in induced 
electric current in the electrical coil. 

The experimental setup comprises of the test rig, the MEG, Oscilloscope (HP, 4 channel 
100 MHz), and Amplifier, Frequency / speed controller of the motor, (Fig. 2).  

 
 

 
 

Figure 2. Experimental measurement set up for MEG  

 
A high frequency test rig is used for vibration excitation of the Terfenol-D by a cam 

coupled to electric motor shaft. The facet on the cam profile is machined to give a sinus wave 
input to the MEG. The force sensor (4 strain gauges) is used to measure the mechanical force 
input to the MEG. The wiring arrangement is a Wheatstone bridge that is fixed to an adaptor 
and connected to the amplifier (Bridge amplifier). The data of the force and voltage as output 
can be obtained on the oscilloscope. Root mean square (RMS) multimeter is used to govern 
the mechanical prestress on the Terfenol-D. There is small DC signal that is generated in the 
strain gauge due to the sinus excitation by the cam to the plunger transmitting the vibration to 
the MEG. This signal is amplified in the amplifier and tuned for 1 volt = 1000 N scale after 
amplification, i.e. for every one volt measured on the oscilloscope when mechanical prestress 
is applied to the moving carriage 1000 N is the force that is obtained in the MEG. The speed 
of the motor and hence the frequency of external excitation to the MEG is controlled by an 
electrical frequency converter. The output of the MEG is an AC voltage. The AC voltage can 
also be rectified and regulated to some cut of value of some choice by a voltage regulator. 
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There are two outputs signals that can be read on Lab View plots.  The force sensor signal 
(red) is amplified for 1volt = 1000N on the amplifier (HBM ME10), (refer Fig.2). The second 
signal (blue) is the electric peak-to- peak voltage of MEG coil to rheostat where the resistance 
is set to 1 . This signal is then directed to a bridge (X-PC signal router) between the 
computer measurement card and scan signals rates. Frequency of the test rig is read with a 
probe that constantly converts the cam speed, (rpm) to Hz (see orange probe in Fig. 2). Strain 
gauge is used to measure the mechanical force applied to the MEG. This signal can also be 
read on the RMS multimeter. 

Ω

Two type of Terfenol-D rod are used in the experiments. One rod has been laminated from 
four Terfenol-D pieces. The reason for the lamination is to minimize the eddy current losses 
in the Terfenol-D rod due to current circulating it the material. Another rod is a non laminated 
Terfenol-D rod from ETREMA products, Inc., USA, (refer Fig 3.) 

 

 
 

Figure 3. Terfenol-D rod samples 

 
The input parameters of the test rig that can be varied are frequency and amplitude of 

external vibration, and mechanical prestress. Outputs are the voltage, the current and power. 
 

4 MEASUREMENTS 

The experiments are carried out for Terfenol-D rod of length 50 mm and diameter 15 mm 
for laminated sample. The permanent magnets TBD alloy used to create magnetic bias for the 
Terfenol-D rod. The magnets are round shaped in 6 mm diameter and 2.5 mm height. Due to 
design restrictions the number of magnets that can be used are 320. The amplitude of 
excitation, a, was equal to 0.000135 m. It was measured by using a dial gauge on the cam 
facet. 

Mechanical power input (MPI) and electric power output (EPU) were calculated by using 
the following formulae: 
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MPI F * f * a=  
2(( )/2)ppU

EPU
R

=  

 
Here, F  be the input external excitation force, in N, f  be the frequency of excitation, in 

Hz, a  be the amplitude of excitation, in m, Upp  be the peak-to-peak voltage, in V, R  be the 
resistance, in Ω. 

Efficiency of the MEG (Power Harvesting, PH, %) is estimated by the following 
expression : 

 

100*(%)
MPI
EPUPH =  

5 RESULTS 

The following graphs (Fig. 4 and Fig. 5) give a comparison between the MPI Vs EPU and 
power harvesting efficiency of MEG for different mechanical prestresses, input external 
excitation forces and frequencies. Here the coil resistance is equal to 1 Ω, (refer, Table 1 for 
the data). 
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Figure 4. Bar chart comparison between MPI Vs EPU  
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Figure 5. Bar chart for the PH (%) for each case listed in Table 1 

10 



Viktor Berbyuk and Jayesh Sodhani 

 
 

Bar Number 1 2 3 4 5 6 7 
Mechanical Prestress, N 1000 2000 2500 2700 2000 2500 3000 

Input External Excitation 
Force, N 

4365 8154 9995 9995 9995 9350 9995 

Frequency, Hz 500 500 500 500 1000 1000 1000 
MPI, W 294 550 647 674 1350 1262 1350 
EPU, W 28 72.5 146 148 107 231 242 
PH, % 9.5 13 22 22 8 18 18 

 

Table 1: Data from measurements for circuit with resistance 1 Ω  

 
In the Table 2 the data of experimentation with MEG for 0.5 Ω resistance coil are 

presented. The MPI, EPU, PH are calculated for different mechanical prestresses, input 
external excitation forces and frequencies. 
 

Mechanical 
Prestress, N 

1000 2000 2500 2000 2500 3000 3500 4000 4500 

Input External 
Excitation Force, N 

6528 7905 9155 9995 8476 9995 9995 9995 9995 

Frequency, Hz 500 500 500 1000 1000 1000 1000 1000 1000 
MPI, W 440 534 618 1350 1144 1350 1350 1350 1350 
EPU, W 60 110 156 213 153 178 221 174 199 
PH, % 14 21 25 16 14 13 16 13 15 

 

Table 2: Data from measurements for circuit with resistance 0.5 Ω 

 
Analysis of data of the Tables 1-2 shows that the maximum output power of the MEG is 

equal to 242 Watts, (See column 7 in Table 1). 
From Fig. 6 (force Vs time curves for frequency 1000 Hz and for mechanical prestress 

3000 N) it can be found that there is some additional force (thin curve) that builds up in 
addition to the mechanical prestress applied (thick curve). The sum of these forces is called 
input external excitation force. It’s can be noted from curves in Fig.6 and Fig. 7 that the peaks 
of input external excitation force and the peaks of voltage with respect to time both rise in the 
same instants of time. 

Analysis of experimental data has shown that Terfenol-D rod is sensitive to both 
mechanical prestress and frequency of external excitation, but more sensitive to frequency 
than mechanical prestress. For instance, increase in the mechanical prestress from 2000 N to 
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4500 N and keeping the frequency constant at 1000 Hz, there is about 30% fluctuation of 
EPU values, (see Table 2). From the Table 1 and Table 2 it also follows that for mechanical 
prestress 2700 N and frequency 500 Hz the efficiency of the MEG was maximum for both 1 
Ω and 0.5 Ω resistance, even though the EPU is lower than the highest EPU, (refer to Table 1, 
6th row and 8th column). It may be right to assume that the MEG has not yet reached its 
highest potential limit for 1 Ω resistance circuit.  

 

Force Vs Time (1000 Hz and mechanical prestress 3000N)

F = -2.3117t + 3329.2
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Figure 6. Force Vs Time for frequency 1000 Hz, and mechanical prestress 3000 N 

 

Voltage Vs Time (1000 Hz and mechanical prestress 3000 N)
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Figure 7. Voltage Vs Time for frequency 1000 Hz, and mechanical prestress 3000 N 
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The MEG voltage profile (See Fig. 7) is sinus wave. To have MEG to charge a battery, 

there would be a need to have a rectifier to produce continuous power supply. The rectifier 
need to be designed considering for both rising voltages and also when the voltage saturates, 
and hence not effecting the power supply to the device, (actuator or sensor). More detail 
results of experimental study of transduction processes in developed MEG can be found in 
[31]. 

5 CONCLUSIONS 

     The mathematical model has been developed for modeling of performance of 
magnetostrictive power harvesting devices. It comprises the constitutive equations of 
magnetoelastic behavior of magnetostrictive rod (active element of magnetostrictive 
transducer) and standard formulae of electromagnetism for induced voltage and current in the 
pick-up coil due to variation of magnetic field intensity. The algorithm is proposed to evaluate 
electrical power output of MEG for different external excitations. The algorithm was 
implemented in Matlab/Simulink. Its efficiency has been confirmed by simulation of 
performance of different MEG under the periodic excitations exerted by the “hosting” system.  

The new MEG was built based on the utilization of Villary effect. Several experiments 
demonstrated its functionality to produce electric power for varying mechanical prestress and 
frequency of external excitations. Maximum electric power obtained was equal to 242 W. For 
considered different mechanical prestresses and frequencies of external excitations the 
efficiency of the created MEG varies from 8% to 25%, (see data in Table 1 and Table 2). The 
obtained results of experimental study of vibration-to-electric energy conversion using 
Terfenol-D demonstrate the potential of using giant magnetostrictive materials for power 
harvesting from vibration. These results can also be used for verification and validation of the 
mathematical models of magnetostrictive electric generators for predicting their performance 
and optimization of the generator design. 
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