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ABSTRACT

Permeability of a housing material is one of the significant factors affecting the performance of Th, Dy, .Fe

1.95

based magnetostrictive actuator. According to Lenz’s law the rate of flux transfer depends on permeability of
housing material surrounding the terfenol-D. In this paper the co-axial coils in a free air are analysed under
direct current excitation and the results are found to agree well with both analytical and Maxwell simulation.
Also, the comparison of flux density distribution in co-axial coils placed inside different housing materials of
magnetostrictive actuator is found by solving magnetostatic equations using Ansoft Maxwell 2D solver. The
axial distribution of magnetic flux density, radial distribution of magnetic flux density and flux distribution in
the actuator assembly with different housing materials namely mild steel, cast iron and aluminium with and

without Terfenol-D are discussed.
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1. INTRODUCTION

The intensity and uniformity of a magnetic field are
the key factors that influence the performance of a giant
magnetostrictive actuator. These factors govern the sensitivity
and linearity of the output motion. Moreover, the domain of
drive current to meet design requirement and linear working
domain of a magnetostrictive actuator can be effectively
computed by analysing the magnetic field. In magnetic field
analysis the common methods existing in practice to find
associated magnetic field parameters like B, H and ¢ are
reluctance method, finite difference method and finite element
method. The effective rate of flux transfer to the Terfenol-D rod
depends on the permeability of housing material. An insight in
to flux density distribution could be perceived by magnetostatic
analysis using finite element method. Studies have been carried
out with different types of magnetic circuits to understand
the magnetic field distribution along the magnetostrictive
rod using FEA! and COSMOSM?. Theoretically magnetic
field parameters for the given strain and force requirement’
and the effect of magnetic circuit components like gap’s
magnetic permeability, evenness of driving magnetic field*
has been analysed. Magnetic circuit of magnetostrictive
actuator developed for different applications like undersea
propagation®, precise controlled flow®, low machining
precision problem affected due to vibration disturbance’ and
precise machining of non-cylinder pin-hole of a piston® has
been analysed. Comparison of experimental and numerical
results of magnetic flux density obtained with FEMM?®!° has
shown good agreement. FEA analysis using Ansoft has been

proved effective and dose support theoretically the design of
GMM actuator and GMM motor'!. Radial distribution rules
of internal magnetic field intensity and internal stress and
strain in a high frequency driven Terfenol-D rod provided
theoretical guidance for the development of magnetostrictive
application devices using ANSYS software'>!*. In all these
studies the emphasis is made for the optimisation of magnetic
circuit of an actuator to enhance the intensity and uniformity
of magnetic field intensity. The output displacement and force
of the Terfenol-D linear actuator is mainly decided by the
distribution of the magnetic field in Terfenol-D rod. In order to
gain a magnetic field which meets the drive requirements, the
relationship between the current supplied to actuator’s coils and
magnetic field intensity in Terfenol-D rod should be analysed
in the process of electromagnetic design. The objective of the
present paper is to provide a detailed overview involved in
magnetic field analysis, under direct current input for a giant
magnetostrictive actuator with different housing materials
having different permeabilities namely mild steel, cast iron and
aluminium, using finite element method.

2. LAYOUT AND MAGNETIC CIRCUIT OF

TERFENOL-D ACTUATOR

The design of actuator has been carried out based on
magnetic field requirements. Terfenol-D rod surrounded by
coils (TC layout) is chosen for analysing the actuator. This
layout consists of two co-axially placed coils namely coil 1 and
coil 2. By providing DC input to coil 1, a bias magnetic field
will be generated and helps to achieve linear response and over
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which is superimposed the magnetic field strength produced
by coil 2 due to direct current or alternating current input.
The Terfenol-D rod and co-axially placed coils are enclosed
in a housing made up of different housing materials namely
mild steel, cast iron and aluminium respectively. The magnetic
circuit of an actuator is composed of other components like
plunger and aluminium bobbins as shown in Fig. 1(a). Since
the axial length and diameter of co-axial coils is finite, end
effect and magnetic leakage are unavoidable. Hence the driving
magnetic field is inhomogeneous. Therefore, the lengths of
co-axially placed coils are chosen slightly longer than that of
the Terfenol-D rod, which results in the rod being surrounded
by homogeneous magnetic field. A close magnetic circuit
structure is adopted to reduce the leakage of flux. A work out
on the number of turns for coil 1 and coil 2 has been arrived at
using the ampere’s law and reluctance approach. The number
of turns for coil 1 is 560 and coil 2 is 440. Length of coil is 80
mm. Maximum amperage of the copper wires used for the coils
is 4 A. The solenoid coils are capable of providing 50 kA/m of
magnetic field. Terfenol-D rod of diameter 28 mm and length
80 mm are chosen in the present work. The Terfenol-D actuator
proposed here is used for operating the friction pads of a disc
brake system.

3. EXPERIMENTAL SETUP FOR MEASURING

MAGNETIC FLUX DENSITY

Magnetic flux density has been measured using Lakeshore
guassmeter-410 with hall probes HT5891 (Transverse Probe)
and HA3863 (Axial Probe) as shown in Fig. 1(b). Transverse
probe has a hall sensor mounted parallel to the probe axis and
measures magnetic fields perpendicular to the probe axis. Axial
probe has a hall sensor mounted perpendicular to the probe
axis and measures magnetic fields parallel to the probe axis.
APLAB-LD6405 power supply is used for varying DC input to
coils from OA to 4A in a step of 0.25 A. The distance between
the coils and the probe is maintained constant 5 mm during
measurement.

colL?
COIL 1
: Terfenok! PLUNGER
i g -z
COIL 1 i
MAGNETIC
PATH
COIL2

(@

4. FUNDAMENTAL EQUATION OF FE ANALYSIS
FOR LINEAR MAGNETOSTATIC FIELD
Under static magnetic fields the energy input due to
magnetic field should be equal to the magnetic energy stored
in the material provided there is no power loss' hence
Win :Wstored (1)
Input energy in magnetic fields is a function of current
density J and the corresponding energy. %IJ,AdV and the
energy stored is a function of magnetic induction B and the

corresponding energy is J‘B_Z dv Therefore Eqn. (1) can be

written as 2u
B 2

1 _
% j JAdv = j " dv 2)
The magnetic vector potential A is related to the magnetic
flux density as follows
B=VxA (€)
The energy functional is the difference between stored
energy and input energyfor linear magnetic fields.

F=W W 4

stored input

:DS—Zdv—% J.J.Adv} 5)
u

The law of energy conversation requires the functional F to
be zero. In finite element method the functional F is minimized to
obtain the magnetic vector potential A and magnetic flux density
B, ie.

a (
oF dv—— Jdvj (6)
oo
oA ie. oA I I
Eqn. (6) is the basis for finite element analysis of linear
magnetostatic problems.
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Figure 1. (a) Layout and structure of a terfenol-D actuator, (b) Experimental setup.
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5. RESULTS AND DISCUSSIONS
5.1 Magnetic Flux Density Distribution from the
Coil in Free Air
The axial magnetic flux density distribution at the center of
coaxial coils can be calculated using the analytical expression'.

' 2 b— 2 [ 2 b 2
BZ:H—OJ (b—z)ln—a2+ a2+( Z) +(b+z)ln—a2+ a2+( +Z) 7
2 a, +qjal +(b-z) a, +al +(b+z)

where L, = permeability of material in free space, 4nx107 T-

m/A, 3 =N Current density in A/m2, 2b= height of the coil,

28, = Inner diameter of coil, 2@, =outer diameter of coil, Z =
axial distance along the axis. The cross-section and other pa-
rameters of a coil in the present work are @ = 16.5 mm,

a,=57.5 mm, b=41.5 mm and current density is J = 3.75x10*
A/m?. The axial magnetic flux density distribution has been
calculated using the Eqn. (7) along the length of the Terfenol-D
rod in steps of 10 mm on either side of mid-plane. Co-axial
coils in free air are energised with direct current to analyse
the magnetic flux density using the finite element analysis in
Maxwell 2D solver. Figure 2 summarizes the results on magnetic
flux density obtained for co-axial coils alone in free air. The
comparison of analytical, numerical and experimental results
obtained for co-axial coils in free air shows good agreement
with each other. It may be concluded that this study gave scope
for analysing magnetic field for a whole actuator assembly
with and without Terfenol-D. Figure 3 shows the comparison
of experimental and Ansoft simulated axial magnetic flux
density distribution along the length of Terfenol-D rod for
different housings with a co-axially placed coils. It is observed
that the axial flux density values are in close agreement with
each other and small deviations are observed due to varying
experimental conditions. The magnitude of axial magnetic flux
density has been observed 32.3 mT in mild steel housing with
coils compared to cast iron and aluminium housing with 31.1
mT and 26.9 mT respectively.
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Figure 2. Axial magnetic flux density of coaxial coils in free air.
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5.2 Distribution of Axial and Radial Magnetic Flux
Density Distribution in Actuator
Figures 4 (a), 4 (b) and 5 (a), 5 (b) shows the comparison of
axial and radial magnetic flux density distribution with and without
Terfenol-D in an actuator with mild steel and cast iron housing. The
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Figure 3. Axial magnetic flux density of coaxial coils in different
housing materials.
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Figure 4. Axial and radial magnetic flux density distribution in
a mild steel housing (a) without Terfenol-D (b) with
Terfenol-D.

425



DEF. SCI. J., VOL. 63, NO. 4, JULY 2013

007 ¢

Magnetic Flux Density (Tesla)

— Axial
— Radial
sl
&0 0 -]
Distance (mm)
(a)
05
=
e
z
é
5
a
®
=
s 9
8
T W
<
gh
]
= .
— Axial
o — Radial
0 1 L L 1 1 1
0 0 | k1] 0 =0 &0 0 80
Distance (mm)
(b)

Figure 5. Axial and radial magnetic flux density distribution
in cast iron housing (a) without Terfenol-D (b) with
Terfenol-D.

current density input to the coil 1 and coil 2 are 2.7x10° amp-turns/m?
and 1.18x10°amp-turns/m? for 4 A, respectively. It is observed that
the magnetic flux density increases from either ends and remains
uniform within the coil with Terfenol-D rod and without Terfenol-D.
The radial magnetic flux distribution has discontinuities due to the
presence of various materials. The radial magnetic flux density is
uniform in air and in presence of Terfenol-D, decreases linearly
due to presence of coils, bobbin material and wall of the housing
as shown in Figs. 4 and 5. The profile of axial and radial magnetic
flux density distribution is almost same compared to aluminium
housing. This may be because of relative permeability of aluminium
material which is almost equal to relative permeability of free space.
Figures 6 (a) and 6(b) shows the comparison of axial and radial
magnetic flux density distribution with and without Terfenol-D in an
actuator with aluminium housing. It is observed that the magnitude
of axial magnetic flux density is more at the center of coils with and
without Terfenol-D. The radial distribution of magnetic flux density is
almost same compared to both mild steel and cast iron housing.
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Figure 6. Axial and radial magnetic flux density distribution in
aluminium housing (a) without Terfenol-D (b) with
Terfenol-D.

5.3 Comparison of Flux Distribution in an Actuator
The comparison of distribution of flux in an assembly of
actuator having mild steel, cast iron and aluminium housing
with and without Terfenol-D rod has been discussed. According
to Lenz’s law the rate of flux transfer from the housing material
will be effective and faster whenever the magnetic permeability
of housing material is more compared to Terfenol-D rod. With
and without Terfenol-D, the intensity and magnitude of a flux
lines in an actuator assembly contained with mild steel housing
are dense and high compared to cast iron and aluminium housing
have been observed. This is due to high relative permeability of
mild steel (p, =4000)compared to cast iron (u, =600) and
aluminium (p, =1). The flux in an actuator assembly enclosed
with aluminium housing was more in the absence of Terfenol-D
compared to the presence of Terfenol-D. This may be due
to high magnetic permeability of Terfenol-D (u, ~4-12)
compared to aluminium housing material (., =1). Maximum
flux of 4.5778x10° Wb/m?, 4.5059x10° Wb/m?, 2.7312x10
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Table 1. Percentage of flux in an actuator assembly with
different housing materials
Housing Flux without Flux with Flux variation (%)
material Terfenol-D (T)  Terfenol-D (T) |ncrease Decrease
Mild steel ~ 4.5778x10° 1.1123x10* 588 -
Cast iron 4.5059x10° 1.09x10* 586 -
Aluminium 2.7312x107 4.62x10° e 40.8

Wb/m? and 1.1123x10* Wb/m?, 1.09x10* Wb/m?, 4.62x107
Wb/m? is observed in a mild steel, cast iron and aluminium
housing without and with Terfenol-D rod respectively with an
input supply of 4 A.

Table 1 shows the percentage of variation in flux for
an actuator assembly with different housing materials. The
increase in flux was 58.8 per cent and 58.6 per cent with mild
steel and cast iron housing in the presence of Terfenol-D. The
decrease in flux was around 41 per cent in the presence of
Terfenol-D with an actuator containing aluminium housing.
The percentage of increase in the flux was around 58.46 per
cent and 57.6 per cent in an actuator assembly with mild steel
and cast iron housing compared to aluminium housing in the
presence of Terfenol-D rod.

6. CONCLUSION

An insight into flux density distribution provides good
support for the design distribution provided theoretically
good support for the design of Terfenol-D actuator. Also, it
is clear that the performance of actuator depends on driving
magnetic field and the magnetic properties of materials used
more importantly housing materials. A uniform axial magnetic
flux density distribution in the actuator assembly with mild
steel housing has been observed with and without Terfenol-D
compared to actuator with cast iron and aluminium housing. It
is observed that the magnetic flux distribution is stronger by
58.8 per cent with mild steel, 58.6 per cent with cast iron and
weaker by 40.8 per cent with aluminium when the actuator is
contained with Terfenol-D. It is summarized that the magnetic
field distribution on Terfenol-D is influenced due to magnetic
permeability of housing material, hence a suitable housing
material like mild steel is preferable for the effective magnetic
field distribution and to improve the performance of actuator.

ACKNOWLEDGEMENTS

The research activity reported here was funded by the
Ministry of Human Resource and Development (MHRD)
R and D projects (No0.26-11/2004- TS V, Dated 31-03-05),
New Delhi, India. The authors thank Defense Metallurgical
Research Laboratory (DMRL), Hyderabad for providing Ter-
fenol-D specimen.

REFERENCES

1. Benbouzid, M.E.H.; Reyne, G. & Meunier, G. Finite ele-
ment modeling of magnetostrictive devices: Investigation
for the design of the magnetic circuit. IEEE Trans. Magn.

10.

11.

12.

13.

14.

15.

) ACTUATOR

1.95

1995, 31(3), 1813-1816.

Bansevicius, R. & Virbalis, J.A. Investigation of magnetic
circuit permanent magnet-Terfenol-D-Air. Electro. Electr.
Eng., 2008, 6(86), 3-6.

Engdahl, G. Design procedure for optimal use of giant
magnetostrictive material in magnetostrictive actuator
applications. In the 8" International Conference on New
Actuator, Bremen, Germany, 2002, pp. 554-557.

Dehui, L.; Quanguo, L. & Yuyun, Z. Magnetic circuit op-
timisation design of giant magnetostrictive actuator. In
the 9% International Conference on Computer Aided In-
dustrial Design and Conceptual Design, Kunming, 2008,
pp. 688-692.

Wakiwaka, H.; Umezawa, T. & Yamada, H. Improve-
ment of flux density uniformity in giant magnetostric-
tive material for acoustic vibration element. IEEE Trans.
Magn.,1993, 29(6), 2443-2445.

Chen, P.; Lu, Q.; Chen, D. & Chen, K. The design of giant
magnetostrictive flow valve and its COMSOL simulation.
Adv. Mat. Res., 2011, 160-162, 1146-1150.

Li, L.; Zhang, C.; Yang, B. & Li, X. Finite element analy-
sis of the uniformity magnetic field for on-off giant mag-
netostrictive actuators. In the IEEE Vehicle Power and
Propulsion Conference, Harbin, China. 2007, pp.3758-
3761.

Zhao, Z.; Wu, Y.; Gu, X.; Zhang, T. & Yang, D. Multi-
physics coupling field finite element analysis on giant
magnetostrictive materials smart component. J. Zhejiang
Uni., 2009, 10(5), 653-660.

Olabi, A.G. & Grunwald, A. Computation of magnetic
field in an actuator. Simul. Model. Practice Theory, 2008,
16(1), 1728-1736.

Zhifeng, T.; Fuzai, L.U. & Yang, L.I.U. Magnetic field
distribution in cross section of Terfenol-D rod and its ap-
plications. J. Rare Earths, 2009, 27(3), 525-528.

Han, H.; Xin, Q. & Wang, S. Finite element analysis
on magnetic field in the actuator of giant magnetostric-
tive linear motor with Ansoft. In the IEEE International
Conference on Industrial Technology, Chengdu, 2008,
pp-1-5.

Wang, J.; Li, G.; Wang, C. & Liu, C. Finite element analy-
sis of internal magnetic field on Terfenol-D rod in high
frequency driven. In the 2" International Conference on
Artificial Intelligence, Management Science and Elec-
tronic Commerce, Deng Leng, 2011, pp. 5572-5575.
Wang, C. & Wang, J. Finite element analysis of internal
stress and strain on Terfenol-D rod in high frequency driv-
en. In the 2" International Conference on Artificial Intel-
ligence, Management Science and Electronic Commerce,
Deng Leng, 2011, pp. 5576-5579.

Brauer, J. Magnetic actuators and sensors. A John Wiley
& Sons Inc., Publication, Hoboken, New Jersey, 2006, pp.
1-301.

Wang, L.; Ye, H.; Liu, Y.T. & Yao, S.M. Analysis and
optimisation for uniformity of magnetic field during the
giant magnetostriction. In the International Symposium
on Instrumentation Science and Technology, J. Phys.,
2000, 48, 1336-1340.

427



Contributors

v

DEF. SCI. J., VOL. 63, NO. 4, JULY 2013

Mr Raghavendra Joshi obtained his
MTech (Machine Design) from Jawaharlal
Nehru Technological University, Hyderabad.
Presently, he is a research scholar in the
Department of Mechanical Engineering,
NIT, Surathkal. His areas of research are:
Hysteresis modeling and applications of
magnetostrictive materials, vibration and
conditioning monitoring.

Mr Subba Rao M obtained his MTech
(Manufacturing Engineering) from National
Institute of Technology, Surathkal and is
involved in the development of actuator
using magneostrictive material. Presently,
he is working as Assistant Professor in the
Department of Mechanical Engineering,
Madanapalle Institute of Technology &
Science, Madanapalle. His area of research

is applications of magnetostrictive materials.

428

Dr Ravikiran Kadoli obtained his PhD
from Indian Institute of Technology, Madras.
Presently he is a Professor in the Department
of Mechancial Engineering, NIT, Surathkal.
He is actively involved in the research
activities and guided one PhD and many
UG and PG Projects. His areas of research
are: Structural mechancis, magnetostrictive
technology, computational fluid dynamics,

heat transfer, thermally induced vibrations.



