Electr Eng (2017) 99:601-613
DOI 10.1007/s00202-016-0388-z

@ CrossMark

ORIGINAL PAPER

A new type of linear magnetostrictive motor

Lucian Pislaru-Diinescu' @ - Alexandu M. Morega®> - Mihaela Morega?® -
Florentina Bunea! . Popa Marius! - Corina Alice Bibutanu!

Received: 14 August 2015 / Accepted: 5 July 2016 / Published online: 19 July 2016

© Springer-Verlag Berlin Heidelberg 2016

Abstract Magnetostrictive materials that may alter their
shape significantly in response to external magnetic fields are
used in unidirectional motion and force actuators and linear
motors. In this study, we present a linear magnetostrictive
motor (LMM) powered through a pulse width modula-
tion (PWM) drive, whose core is a waveform controller of
DRVI10IT type. Mathematical modeling and numerical sim-
ulations (in the finite element method) are used in the design
phase to optimally size the LMM and to predictits behavior in
stationary and dynamic working conditions, for a duty cycle
(percentage of time when the driving coil is active) k = 70 %
and the frequency f = 1 kHz. The mechanical bias, pro-
vided by a spring system, is complemented with a bias coil,
which is powered by a PWM stage too. This solution pro-
vides for enhanced and flexible control, while reducing the
Joule losses to a minimum. LMM actuation is also provided
through a second coil. The frequency of the voltage applied
to the actuation coil is the same with the frequency of voltage
applied to the bias coil. The concept of the LMM drive and its
construction are validated through interferometry, vibration
and thermal imager measurements.
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1 Introduction

Recently, there is a growing interest in developing unidirec-
tional motion and force actuators and linear motors based on
the magnetostrictive materials such as Terfenol-D [1], which
may alter their shape and size significantly in response to
external magnetic fields, phenomenon which is known as
magnetostriction [2,3].

Magnetostriction is responsible for the deformations in the
crystalline structure of the magnetostrictive material, which
results in changes in its elastic modulus. In general, when
magnetization varies the elasticity modulus also varies and
changes in the resonance frequencies of the magnetostrictive
material also occur. Depending on the material, the relative
variation of the elastic modulus is between 15 % (for nickel)
and 190 % (for Terfenol-D), in an external magnetic field of
strength H = 240kA/m [3-5].

Of all commercially available magnetostrictive materials
that exhibit large strains in magnetic fields, called giant mag-
netostrictive materials (GMM) [4], Terfenol-D has the largest
known striction at ambient temperatures, namely 2000 ppm.
The deformation of Terfenol-D depends on the direction of
the external magnetic field: elongation in the field direction
and contraction in the directions orthogonal on the magnetic
field. This behaviour may be utilized in the construction of
a short stroke actuator for applications that necessitate large
forces at both high and low actuating frequencies, of interest
in many applications, such as surgical instruments, ultrasonic
transducers, injectors, etc. [6-9].
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In this study, we present a linear magnetostrictive motor
(LMM), which may be used as an actuator. The design con-
cept of composite smart structure (CSS) [10,11] is used here
for manufacturing parts of the LMM. Along this line, the
morphing structure is a new, recently developed CSS con-
cept and the sizing of the Terfenol-D part fits the definition.
An illustrative example is provided in [12].

The LMM is built for optimal performance and packaging.
To this end, we use mathematical modelling and numerical
simulations, e.g., [13], which besides the ability of revealing
meaningful insights in the physics of LMM are meaningful
tools in the design sizing phase. Numerical simulations are
based on fully coupled magneto-elastic finite element models
(FEM) that implement the bidirectional coupling between the
magnetic field and structural problems.

The LMM is powered by a PWM drive and both types
of analyses, stationary (needed for sizing the LMM) and
dynamic (needed to model the real working conditions), are
used to validate the design. This approach proves to be realis-
tic, capable of reproducing stationary and dynamic working
conditions similar to those for which the LMM is intended.
The main design phases, from concept to prototype and tests,
are detailed in the sections that follow.

It is worth noting that our LMM presents several novel
elements. For instance, the powering system that provides
the bias magnetic field, which replaces the common hollow
cylindrical permanent magnet [14], is made of a field coil
and a permanent magnet.

Also, unlike conventional systems, the field coil (FC) of
the LMM is powered with pulse width modulated (PWM)
voltage of the same frequency and duty cycle as the activa-
tion coil (AC), rather than with a direct current. This way,
Joule dissipation is minimized. The AC is powered with a
PWM voltage with a duty cycle (percentage of time when
the driving coil is active) k = 10-80 %. This approach pro-
vides for the stable operation of the LMM, for a frequency
range f = 0.5Hz = 16 KHz.

In what follows, we present first the LMM concept and
prototype; next, the mathematical model and the numerical
simulation technique that were used in the earlier stages of
design with the aim of optimally size the electromechanical
part of the LMM. The numerical simulation results obtained
for dynamic working conditions (powering scheme) were
good predictive estimators of the LMM behaviour for a wide
range of PWM duty cycles and frequencies. A discussion
of the drive concept of the LMM follows. The experimental
results presented thereafter substantiate the technical value of
the prototype and its compliance with the assumed working
conditions.
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Fig. 1 The linear magnetostrictive motor: / casing cover, 2 workhead
pin, 3 spring for pretension, 4 Terfenol-D, 5 bias coil, 6 activation coil,
7 lower pivot, 8 casing, 9 support for the activation coil, /0 support for
the bias coil, // permanent magnet for bias

2 The linear magnetostrictive motor

The LMM is made of three main subassemblies, Figs. 1 and
2, as follows.

(A) The active central subassembly consists of an active
magnetostrictive material core (MSC) (4) made of Terfenol-
D (Tbo 3 Dyq 7 Fej.9—1.95). Its deformation capacity is in the
range 800 - 1200 ppm. The MSC acts upon an upper pivot
(“workhead pin”) (2). An N35SH permanent magnet of cylin-
drical shape (11) contributes to the bias magnetic field. Its
demagnetization temperature is 150°C minimum. Subassem-
bly (A) contains also a pretension spring (with the elastic
constant K = 5153 N/m) for mechanical bias (3) and a lower
pivot (7), to support the MSC.

(B) The coil subassembly consists of a 1-mm thick-walled
polytetrafluoroethylene (Teflon PTFE) case for the activation
coil (9), the activation coil made of CuEm (6), with N4 = 140
turns and @ = 0.6 mm in diameter (measured without the
insulating enamel), the 1-mm thick-walled Teflon PTFE case
for the magnetic bias coil (10), the bias coil made of CuEm
(5), with Ng = 145 turns and @ = 0.6 mm in diameter
(measured without enamel). The two coils are impregnated
with 525Ez insulating varnish.
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Fig. 2 The LMM prototype

The electrical properties of the two coils were mea-
sured with Agilent’s E4980A precision RLC-bridge. At f =
5 kHz, the activation coil (6) shows off, for the parallel equiv-
alent scheme: the inductivity Lp = 245 pwH, the resistance
Rp = 23.8Q and the quality factor Qp = 3.1, where

Op =,/ %R p, C [F] is the electrical capacity between the
turns and for the equivalent series scheme: Ly = 222 pH,

Ry = 226 and Qg = 3.1, where Qg = \/%R% The
continuous current (DC) resistance is DRC = 452 mQ.

At f = 5kHz, the magnetic bias coil (5) shows off for the
parallel equivalent scheme: Lp = 457 wH, Rp = 42.62Q
and Q = 3 and for the equivalent series scheme, Ls =
410H, Rs = 4.37 Q and Q = 3. The DC resistance is
DRC =700 mS.

(C) The casing subassembly consists of a cylindrical shell
(8) and an intermediate cover (1), both of which are made
of low magnetic remanence AISI 420 stainless steel, with
relative magnetic permeability u, = 950 [15].

The LMM prototype was manufactured at the National
Institute for Research and Development in Electrical Engi-
neering, [CPE-CA, Romania.

3 Mathematical modelling and numerical
simulation of the linear magnetostrictive motor

3.1 The mathematical model

The mathematical model of the magnetic field and structural
interactions that occur in the LMM rely on the apparent axial
symmetry of the device, which may be used to reduce the
computational domain (Fig. 3,a) and the pending numeri-
cal effort and computer time. Although simplified to discard
finer details that are irrelevant at this stage, the model bears
the main magnetic and mechanical features of the real life
device. This 2D axial-symmetric approach provides for accu-
rate results, relevant and useful in the design stage.

Figure 3b shows the unstructured finite element (FEM)
mesh made of ~ 10, 000 second-order Lagrange elements
that was used to solve for the magnetic field problem and

(a)
Infinite elements —

Air —

Metallic lid
Metallic cap —

Spring location —

Excitation coil
Magnetostictive rod —
Bias coil

Metallic case
Metallic support —
Bias magnet —
Metallic bottom —

(b)

Fig. 3 The 2D model for the linear magnetostrictive motor (LMM)
with a master magnetostrictive core (MSC). a The computational
domain. b The unstructured finite element mesh used in the numeri-
cal simulations

quadratic Lagrange elements were used for the structural
problem.

The magnetic bias is provided by a cylindrical permanent
magnet—bias coil arrangement. The MSC deforms when the
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driving coil is powered. The action of a pre-stressing spring
is accounted for. The following main assumptions are used:

e The MSC is in a pre-stressed state that would yield max-
imum magnetostriction.

e The magnetization curve of the magnetostrictive material
is non-linear.

e The saturation effect in the magnetic circuit at high mag-
netic fields is accounted for.

e The coils are modelled as equivalent (homogenized)
electro-conductive domains, where the individual wires
are not discernible.

e Inductive and skin effects are discarded.

The magnetic field problem is described through the
azimuthal induction currents model [12,13]:
within the magnetostrictive material core

0A
GE—FVXH:O’ A:A(pe(p, (1)

within all other parts

A 1
0—+Vx[uolurl(VxA—B,em)]= o

A = Agey,
Py 9€¢

@

where A [T - m] is the magnetic vector potential, H [A/m]
is the magnetic field strength, Jg [A/m?] is the azimuthal
electrical current density (in the coils only), B, [T] is the
remanent magnetic flux density of the permanent magnet and
Wy s its relative permeability. The magnetic core is made of
soft iron without losses (Fig. 4a) and the MSC of Terfenol-D
(Fig. 4b).

A layer of infinite elements (Fig. 3a) bounds the com-
putational domain for the magnetic field problem, of “open
space” type, within a finite distance. The boundary condi-
tions are: symmetry for the Oz axis and magnetic insulation
(n x A = 0, where n is the outer normal) on the rest of the
boundary.

The structural stress—strain axial model concerns the
MSC, the upper and lower magnets and the metallic work-
head pin on top. Magnetostriction does not produce stress
in the MSC unless this one is constrained. The axial defor-
mation of the MSC, which may exhibit significant strain, is
described by a generalized Hooke’s law [12,13,16]

[o] = [CI{le] — [&:]} + [o:], (3)
where [C] is the stiffness matrix, [¢] is the strain, [&;] is the
initial strain, [o] is the stress and [o;] is the pre-stress. The

MSC is pre-stressed to provide for a maximum magnetostric-
tive effect.
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Fig. 4 Magnetic properties of active magnetic materials. a The soft
iron core [15]. b Terfenol-D [1]

The non-linear relation between the magnetic field and the
mechanical stress introduces the magnetostriction coefficient
in Or and Oz directions, )\, ;, which depends on the magne-
tostriction constant, )\ g and the direction of magnetization
(here, O7).

3 , 1\ 3 M. \* 1
= — —_— = — - - =1, 4
hre = ks (Olr,z 3) S ks [( Ms) 3 4)

Magnetostriction, \;, along the direction i depends on
the magnetostriction constant, h; and the magnetization
direction, cos(a;). The directional cosine is the ratio of mag-
netization along the required direction, M;, and the saturation
magnetization of the material, Mg. The random orientation
of the magnetic moments in the MSC in the absence of any
magnetic field is accounted for by the 1/3 term. Assuming that
the material is sufficiently pre-stressed such that all magnetic
moments are perpendicular to the direction of magnetization
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at the beginning of the magnetization process, we may ignore
the 1/3 term, i.e., the MSC in a pre-stressed state would yield
maximum magnetostriction [3].

The boundary conditions that close the structural model
are symmetry, for the sides on the symmetry axis, “fixed” for
the bottom, load for the shoulder that supports the spring and
“free” (unconstrained) for the rest. The mathematical model
is then FEM [17] solved.

Fig. 5 Stationary and dynamic (a)
displacement in the LMM for
k=70% and f = 1 kHz.

Stationary working conditions.

a The magnetic flux density

(streamlines) and the

mechanical displacement.

b Detailed view. The maximum
mechanical displacement is

~ 2.8 um

Fig. 6 Two designs for the (a)
MSC of the same LMM. The
MSC volume is kept constant.

3.2 Numerical simulation results and discussion

3.2.1 Stationary working conditions

The stationary analysis, conducted for no mechanical load,
is aimed at discovering the magnetic field critical regions,
namely those parts with high magnetic flux density, which are
prone to saturation, the mechanical behaviour of the device

Deformations, marked in red,
are amplified for better viewing.

a For the master MSC shape
(AR = 4), the maximum —
displacement is ~ 2.8 pm. b For
the optimized MSC (AR = 8.1),
the maximum displacement is
~4.7um

i
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(the displacement of the mobile piece). The outcome is a
first-stage optimization of the LMM.

Figure 5 shows the magnetic flux density (Byqx = 2.05T)
and the displacement (~ 2.8 pm) for stationary working con-
ditions.

An important optimization parameter is the geometric
aspect ratio (height/width), AR, of the MSC. This quantity
is here a degree of freedom. The initial AR (Figs. 5, 6,a)
is the “reference” or “master” shape of the MSC, and the
volume of the MSC, assumed constant, is a design parame-
ter: the amount of magnetostrictive material that the designer
decides to use. Figure 6 shows the deformations for two MSC
designs, the reference case and the optimized core.

The AR of the MSC is parameterized, while the volume of
the MSC, the other parts of the LMM and the electrical cur-
rents are kept unchanged. The slender the MSC, the larger is
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Fig. 7 The electrical current densities in the LMM coils. The duty
factor k = 70% and the PWM underlying frequency is f = 1 kHz—
equivalent electrical current densities. a The field current within the
bias coil (Fig. 1). b The driving current (the inner coil, Fig. 1)
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its deformation. However, magnetic saturation occurs for too
slender cores. It is expected then that an optimal AR exists for
which the deformation is large enough, while the saturation
level is acceptable for the LMM to work as a liner actuator.

The efforts devoted to explore this optimization venue and
the results obtained for no mechanical load and for several
load conditions, for a range of MSC volumes, are presented
in [12].

The complementary heat transfer analysis of the LMM,
an important design problem, makes the object of future
research. The results will be used as initial conditions in the
optimization project of the LMM under dynamic working
conditions.

3.2.2 Dynamic working conditions

We present here the numerical simulation results for k =
70 %, at f = 1 kHz. The diagrams of the PWM bias and

(a) 287
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Fig. 8 The effect of the MSC aspect ratio on the mechanical displace-
ment for stationary and dynamic working conditions. Stationary results
are marked through straight lines. a The master MSC. b The optimized
MSC
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actuation currents (with the same k) are shown in Fig. 7.
In the boundary and initial value problem (1)—(4) the power
sources are treated as current sources and the electrical cur-
rent density (the source term in problem (2)) is modelled
using delayed Heaviside functions (Fig. 7) that may synthe-
size step functions with controllable numerical accuracy.

Figure 8 shows the displacement of the workhead pin [(2)
inFig. 1] for dynamic (quasi-steady) working conditions. The
output signal (the pin displacement) may be controlled, for
instance, by adjusting the field currents (excitation and bias).
This effect will be investigated in the proposed research.

The details in Fig. 8a indicates that, for the assumed work-
ing conditions, the dynamics of displacement for this LMM
is basically quasi-linear.

4 The concept of the new drive for the LMM

The construction, whose electronic design is illustrated in
Figs. 9 and 10, is centered on the use of the PWM waveform
controller DRV101T, made by Burr-Brown & Texas Instru-
ments Company [18]. This drive has certain specific features,
highlighted next.

First, as seen in Figs. 9 and 10, we use a different method
of powering through using direct current in the power output
stage, respectively, in the controller. Thus, the power output
stage is powered by an external DC of Agilent’s U 8031 A
type, which can provide a stabilized voltage of 424 V¢, for

Imax = 4 A. The PWM waveform controller and the ancillary
electronic circuits are powered through an internal stabilized
voltage source of 24 Vpc for Imax = 1A. This particular
kind of feeding DC current allows us attachment of any type
of linear actuator, such as the LMM. The only limiting factor
is the drain-source voltages of the isolate gate bipolar tran-
sistors (IGBTs), T4, Ts, To, T1o, of type IRG4PH40KDPbF
(Fig. 10) and the drain current of the transistors, /p. In this
case, the maximum current through the activation coil of the
LMM may be Iamax = 4 A, if the maximum activation volt-
age, PWM, is about Upax = 100 Vpp (peak to peak).

If at the input pin of the PWM DRV101T waveform con-
troller (pin 1 in Fig. 10), a rectangular-shaped TTL signal,
Ug = +5Vpp and f = 1 Hz = 16kHz is applied (e.g.,
through using an external signal generator of type FLUKE
281), the active magnetostrictive material core (MSC) of the
LMM oscillates, causing the MSC to perform synchronously
a linear, alternating, periodic motion. The duty cycle of the
control voltages applied to the complementary transistors
(Tq, Ty respectively Tg, T7) of BD 139 and BD 140 type
[19,20] respectively retrieved to the grid of the IGBT tran-
sistor (T3, Tg) of type T3G7N60C3 (Fig. 10), can vary within
k=1-+99 %.

The waveform of the voltage applied to the activation coil
of the LMM, with f = 10Hz and k = 10 %, is illustrated in
Fig. 9. Similarly, the waveform of the voltage applied to the
activation coil of the LMM, for f = 10Hz and k = 40 %,
is illustrated in Fig. 10. The waveforms in Figs. 11 and 12

Fig. 9 The block diagram of Linear
the drive electronic module Magnetostrictiv
Motor
Generator SOWER A
f.or AMPLIFIER O Coil fo.r
Arbitrary BLOCK FOR mag_netlc
Functions MAGNETIC bias
(‘\ COIL M)
v/ A\ B
Stabilized PWM signal POWER ¢
AMPLIFIER O
DC voltage —O—@— generator made BLOCK FOR
source with cu DRV101T ACTIVATION % ag‘i"":?;n
+12V/3A —O—@— COIL O
D
P1= 5k
Rectangular < Digital
wev nerator Oscilloscope
eve generator| . | 5, R p
I
< ®
® P2= 20k

Duty cycle ajustment

k=10%-90%
f=24 kHz
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Fig. 10 The electronic circuit designed for the activation drive of the LMM

were obtained using a digital FLUKE 196C oscilloscope and ~ complementary transistors BD 139 and BD 140 [19,20],

FLUKE VIEW acquisition software. respectively, the IGBT transistor of type T3G7N60C with
Between the isolate gate bipolar transistor (IGBT) power its ancillary passive components.
grid (model IRG4PH40KDPbF), which is directed with volt- During the process of “linear actuation” the signal “1” (in

age impulses, and the DRV101T controller output (pin 6,  TTL logic) is sent along the controller input (pin 1, Fig. 10).
Fig. 10) there is an IGBT electronic buffer made of the Thus, the LMM can operate in a “linear mode” and the duty
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Fig. 11 Waveform of applied voltage to the activation coil of the LMM
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Fig. 12 Waveform of applied voltage to the activation coil of the LMM

at f = 10Hz for k = 40 %
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-400 |

-500 _|

Position: nm

cycle of the control voltage, applied to the complementary
transistors BD 139 and BD 140, respectively, to the IGBT
transistor grid [13] of type T3G7N60C3 (Fig. 10) is allowed
to vary [14] within the range k = 10 + 90 % for a constant
frequency, f = 24 kHz.

The signal “1” (in TTL logic) is applied first at the micro-
controller input via an optical interface, designed with a TTL
optocoupler of type HCPL 2639 (Fig. 10).

5 Experiments on the LMM

Interferometry, vibration and thermal imager measurements
were performed to characterize the LMM functioning. The
mechanical oscillations of the MSC were measured for two
different frequencies, 100 Hz and 5 kHz.

For f = 100Hz (Fig. 13), the mechanical oscillation
amplitude is A = 0.3pum and for f = SkHz (Fig. 14)
A = 0.04 wm. The measurements are performed with a sys-
tem that includes an interferometer Agilent 5529B with the
linear measurement kit 55280A (Figs. 15, 16).

The experiments presented here correspond to the case
when the activation coil (Fig. 1) is energized, through its
power amplifier block (Fig. 10), with U; voltage of PWM|
form. The magnetic bias coil (Fig. 1) is energized, through its
power amplifier block (Fig. 10), with U, voltage of PWM,
form. The frequency and the peak-to-peak value of the volt-
ages U; and U, are the same, namely f = 0.5Hz - 12kHz
and 12 Vpp, respectively. The duty cycle of U is k = 80 %
and the duty cycle of U is kp = 50 %. As a direct conse-
quence, the Joule-Lenz losses are drastically reduced. Recall
that the magnetic bias is produced through the cumulative
effect of the constant magnetic field produced by the perma-
nent magnet (position 11 in Fig. 1) and of another pulsating

Linear Vs Time

seconds

0.0

6.667

T
13.33

20 26.67

T
33.33 40

Fig. 13 Mechanical oscillation amplitude diagram for the MSC at f = 100Hz, A = 12Vpp and k = 80 %
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200 - . "
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0.0
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-200 | T T T T T T 1
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Fig. 14 Mechanical oscillation amplitude diagram for the MSC at f = 5kHz, A = 12 Vpp and k = 80 %
Fig. 15 Amplitude variation of 100000
the mechanical oscillation of the
MSCat A =12 Vpp and
k=80% ©
10000 ~
l
1000 @
£ o @
=
p ©
100 =
L L]
@ Ll @
10 N )
1
0,1 1 10 100 1000 10000
f(Hz)

magnetic field, produced by the electrical current in the mag-
netic bias coil.

The results obtained from the amplitude diagrams for eight
different frequencies are synthesized in Fig. 15. Through
plotting these results using a logarithmic scale for frequency,
a linear characteristic is obtained.

This result suggests that the amplitude is an exponential
function of the PWM underlying frequency—a valuable find-
ing useful in the design of the LMM control.

Figure 17 shows the fast Fourier transform (FFT) of
the MSC acceleration, for the fundamental frequency f =
2500 Hz. The two harmonics which accompany the funda-
mental have the frequencies f41 = 1.6kHz and far =
2kHz. The amplitude of those harmonics is 0.018 ms™2,

@ Springer

Fig. 16 The experimental layout used in interferometry measurements
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Fig. 17 Fast Fourier transform Setup Measure Browse Status I Log ]
(FFT) for the MSC acceleration, FFT CH1=0.0m/s2 625 Hz

for a fundamental frequency 167

f = 2500 Hz

m/s2

061

RMS

Fig. 18 The experimental layout used for the mechanical vibration
measurements. The LMM is marked for singling out

while the amplitude of the fundamental is much smaller
(0.082ms™2).

The system used to measure mechanical vibrations is
made by Panasonic and uses an accelerometer of PCB353B03
type and Soundbook software (Fig. 18).

Fig. 19 presents the temperature field on the LMM after 1 h
of operation. The maximum temperature recorded is Tmax =
38.2°C. The thermographic image is produced with Fluke
Ti20 Thermal Imager equipment.

6 Conclusions

The linear magnetostrictive motor (LMM) presented in this
study is designed as a composite smart structure (CSS).
Its core part—the magnetostrictive core (MSC) made of
Terfenol-D—is sizable as a morphing CSS.

8000

The LMM is built for optimal performance and packaging;
therefore, mathematical modeling and finite element numeri-
cal simulations, based on fully coupled magneto-elastic finite
element models (FEM) that implement the bidirectional cou-
pling between the magnetic field and structural problems, are
used in the design sizing phase. This approach proved also to
be realistic, capable of reproducing stationary and dynamic
working conditions similar to those for which the LMM is
intended.

The numerical simulations conducted for stationary analy-
sis (needed for sizing the LMM) showed off the regions of
high magnetic field density (prone to magnetic saturation)
and dynamic working (needed to model the real working
conditions) are used to validate the design. Numerical simu-
lations conducted for dynamic working conditions predicted
the oscillatory motion of the workhead pin of the LMM—
basically, the deformation of the MSC—evidenced through
experimental measurements.

The LMM with this electronic module drive performs a
mechanical oscillation of the active core of Terfenol-D in
an extended frequency range, i.e., f = 1 Hz — 16kHz. The
LMM is composed of the three subassemblies: active central
subassembly (A), the coil subassembly (B) and the casing
subassembly (C).

The LMM define a family of products because the fre-
quency and duty cycle of PWM voltage applied to the
activation coil, respectively the frequency and duty cycle of
PWM voltage applied to the bias coil can make establish
some specific mechanical characteristics. It is worth men-
tioning that the frequency of applied voltage to the activation
coil is identical with the frequency of applied voltage to the
bias coil.
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Fig. 19 The temperature field of the LMM after 15 min of operation for k = 80 %, at f = 5kHz, as seen from the actuator active end. The passage

for the workhead pin is a hot spot region, due maybe to high friction

The construction of the new drive for LMM is centered
around the use of the PWM waveform controller DRV101T
made by Burr-Brown & Texas Instruments.

If a rectangular shaped TTL signal, with the magni-
tude U; = +5 Vpp and frequency in the range f =
1 Hz =+ 16kHz, provided by an external signal generator
at the input pin 1 of the PWM DRVI10IT waveform con-
troller is applied, the Terfenol-D MSC of the LMM is
forced into a linear, alternating periodical motion of the same
frequency.

On the LMM, several measurements such as interferom-
etry, vibration and thermal imager were performed.

Using an interferometer Agilent 5529B , a diagram
of the amplitude function by frequency for the MSC
was obtained, using a logarithmic scale with a linear
characteristic.

To measure the mechanical vibrations, an accelerometer
type PCB353B03, Panasonic, was used. For a fundamental
frequency f = 2500 Hz, harmonic analysis was performed
and it was observed that the amplitude of this harmonics was
much smaller than the fundamental.

The thermographic image shows the temperature field of
the linear MM, after 1 h of operation. The maximum temper-
ature recorded is Tyax = 38.2°C.

Authors who are concerned with the control of the com-
bustion processes using different technologies and devices,
such as LMMs, conclude that the most appropriate ones are
the electronically controlled injectors, which allow for the

@ Springer

precise control in real time of the injected mass flow rate. Due
to the special properties of the LMMs in terms of operating
frequency and force, which were verified experimentally, a
lot of practical applications are enabled. Among these, the
usage of the LMMs for modulating the fuel admission to the
rocket engines is an example.
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