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Abstract

The present work deals with computationally efficient nonlinear modeling of magnetostric-
tive materials and their applications to device design. Application of the framework is
demonstrated towards the design of novel magnetostrictive material-based energy har-

vesting devices.

The first part of the dissertation deals with the development of a computationally effi-
cient nonlinear constitutive model for magnetostrictive materials. High computational
efficiency is achieved through the use of local linearization (about easy axes) and discrete
energy-averaging techniques. The model is applied to iron-gallium alloys (Galfenol) and
tested for different magnetic field orientations relative to the easy axes. It is observed that
the model accurately predicts both sensing and actuation characteristics while reducing
the computation time by a large factor (> 1000 times) when compared to the nonlinear
energy minimization models. Furthermore, the average error observed in magnetostric-
tion versus magnetic field (A— H ) and magnetic flux density versus magnetic field (B—H)
curves is less than 3.5% with the error increasing at magnetic field orientations farther
from easy axes, particularly at large magnetic field values. The model is subsequently
extended to incorporate hysteresis effects. Finally, the model is integrated with a finite
element framework to predict the response of a Galfenol rod transducer system, and para-
metric studies are performed for different current and pre-stress conditions to optimize

the device’s performance.

An in-house code for the constitutive model is developed using MATLAB to design the
transducer and energy harvester device. A magnetostrictive rod transducer is modeled in

both sensor and actuator operating modes. The magneto-mechanical system of govern-
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Abstract

ing equations is solved using the finite element software COMSOL Multiphysics, and the
constitutive model is fed into the software using the MATLAB live-link option. The exist-
ing nonlinear constitutive model (Armstrong (1997b)) and locally linearized constitutive
model (M — H and A\ — H) for magnetostrictive materials are compared for magnetic
fields applied along [100], [110], [210], [211], [310], and [311] directions in Galfenol (with
an easy axis along <100>). The constitutive model is generalized to 3D so that it can

be used as a computational tool to design complex devices.

The second part of the dissertation deals with the modeling and design of magnetostrictive
material-based energy harvesting devices. The computational framework developed in
this work is applied to an unimorph beam-type energy harvesting device and its electrical
output is analyzed. The effect of design modifications on induced voltage output and
power output is investigated. The simulation results of a unimorph magnetostrictive
beam-type energy harvester are validated by comparing them with existing literature
(Deng and Dapino (2017b)). Subsequently, a tapered beam design and its voltage output
are compared for four different taper designs with the simple unimorph design. An
increase of &~ 15% is observed in the output voltage for the best taper design. The
design is further improved by a closed flux path designed using low-strength permanent
magnets and a soft iron core. This modification resulted in an increase of 103 % in the
voltage output at the same operating frequency and magnetostrictive material volume.
A detailed analysis of this design is performed through a combination of simulation and

experiments.
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f&h FdIeT GARaoT NS Foll wGAROT T Jolell A, FdeeT HR Alshgor FaATAT3
gt T Féh HAfasIamolt aXdr g $9% ATY-A1Y F37 fASIuT 07T FAT (> 1000
IAT) I A T FAT &1 3HP TARF, T W IR [ATI0T FoI1 by &1
(A - H) 3R Jehg garg ueica o1H dahrg &9 (B - H) # 3fwa 3.5 wfaed
1 Jfe &, TSraer HRdH AT dohrg &1 & AT 316iT & 31T gy gled & 3R
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AMAT A & faT oy aRsehc fohar amm g1 3T &, Fdle IREY giawqor dfad
ded @ & HY Thihd Feh, Aotholld ©F TESTEN YOl s Fidfshar &
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Yaehlg faI®Y0T B3 CESYIR Haeel 3R FlhaoT Femeel et &4 & gfasad gl
oI Fifach GUlell &I Tal arell FHION & AT ded gomell COMSOL
Multiphysics & gof fhar SITar & 31X MATLAB Live-Link f&ed &1 39T e
Faenfees STawToT &t TRl H sRor T STar §1 ASEr 3RE (3meerEr (19974))
IR T & @ Whehd ddurfas gfasqor (M-H) 3R (A-H) & s Jefer
IS § AT clAl N by & T fafeT feemsi s [100], [110], [210], [211],
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€ Dielectric constant, see equation (2.11), page 25
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A Bulk magnetostriction, see equation (1.2), page 5

Moo, A111 Magnetostriction constants in < 100 > and < 111 > direction respectively, see

equation (2.30), page 30
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. Magnetic permeability nm component, see equation (1.1), page 3
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0] Scalar potential, see equation (2.14), page 26

p Density of the structure, see equation (2.1), page 23

o Electrical conductivity, see equation (2.11), page 25

0 Polar angle of spherical coordinates, see equation (1.2), page 5
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Surface area integral, see equation (2.1), page 23

Magnetic flux, see equation (2.23), page 28

Electric free charge density, see equation (2.7), page 24

Magnetic vector potential, see equation (2.12), page 25

Magnetic flux density, see equation (2.8), page 24

Body force acting on arbitrary control volume V,,, see equation (2.1), page 23
Electric flux density, see equation (2.7), page 24
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Weighting function for displacement equation, see equation (2.4), page 23
Damping ratio, see equation (4.4), page 68

® component of magnetic flux density, see equation (2.24), page 28
Magnetic flux density n'* component, see equation (1.1), page 3
Piezomagnetic coefficient nij component, see equation (1.1), page 3

Tip deflection of the beam, see equation (4.4), page 68

The system fundamental first eigen frequency, see equation (4.4), page 68
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Magnetic field n'* component, see equation (1.1), page 3

Ky, K1, Ky Scaling parameter, Cubic anisotropy constant, Cubic anisotropy constant,

kp
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M

mk

see equation (2.28), page 29

Material constant quantifying the number of pinning sites per unit volume, see

equation (3.27), page 42

Normalization factor calculated for each applied magnetic field and stress, see

equation (1.2), page 5
Bulk magnetization, see equation (1.2), page 5

Magnetic moment of a kth domain, see equation (1.2), page 5

my, mae, m3 Denote the direction cosines of magnetic moment vector along [100], [010],

and [001] crystal directions, respectively, see equation (2.25), page 28
Magnetic saturation, see equation (2.29), page 30

Number of turns in the coil, see equation (2.24), page 28

Elastic compliance matrix ijkl component, see equation (1.1), page 3
Strain ij'" component, see equation (1.1), page 3

Displacement vector, see equation (2.1), page 23
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