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Abstract

Several types of electric motors utilized in servo-mechanism applications, responsible for
rotational movement could not deliver the right amount of torque, required fairly large
amount of electrical energy and significant space for installation and operation. These
shortcomings triggered the idea to develop another type of rotational motor. Following
years of intense research, scientists came with magnetostrictive motor. In this paper, the
time variation of the magnetostrictive torque was determined and expressed for the full
cycle of the periodical current carried by the actuator’s coil. The moment of separation
between the rotor disk and the flexible friction element was precisely found out. The
developed torque is a periodical function of time, with the same cycle as the periodical
current carried by the actuator’s coil. Furthermore, in the paper was developed an
analytical mathematical model which takes into consideration both regimes: the starting
process and the running one. In this way, one can track the displacement of the operation
point. The developed model includes, in a rigorous manner, the main elements concerning
the operation of the magnetostrictive motor. All of the experiments have been performed
using a magnetostrictive motor designed and built in-situ by the Department of Micro
and Nano electro technologies, within the National Institute for Research and
Development for Electrical Engineering, Bucharest, Romania. The experimental data
confirm and complete the main theoretical developments from the paper.
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1 Introduction

Several types of electric motors utilized in servo-mechanism applications, responsible for
rotational movement could not deliver the right amount of torque, required fairly large amount of



electrical energy and significant space for installation and operation. These shortcomings triggered
the idea to develop another type of rotational motor. Following years of intense research, scientists
came with magnetostrictive motor. This motor is based upon the intrinsic magnetostrictive effect, which
is defined as the elongation or contraction of a bar made of magnetostrictive material, following its
spontaneous magnetization or as a direct consequence of the increase in the magnetic field acting upon
the bar. Several types of magnetostrictive motors, like linear, rotational or stepper, found their own
particular places as components of servo-systems. Many literature sources present special electric drive
solutions based on magnetostrictive motors, yet unified by a common characteristic: the rotational
movement was generated utilizing several linear actuators [1-21].

Recent achievements [14] confirm the development of a magnetostrictive motor type which is
capable to perform axial and radial movements. This motor offers a clear solution demanded by the
position control in a plain area, using two directions (i.e. two degree of freedom or 2-DOF), with direct
application in high precision machining.

The ideal material used in magnetostrictive motors fabrication is known as Terfenol-D. This
material has remarkable features, which brands it as the “optimum?”: is capable to deliver a magnetic
stress of 1000-2000 ppm for a magnetic field of 50 — 200 kA/m in volumetric materials, operates
properly for the largest temperature range and displays an acceptable compromise between high tension
and high Curie temperature [8-14]. All the properties mentioned above, transformed the
magnetostrictive actuator in an important player for fields like the Micro/Nano positioning systems and
hydraulic press control. A special category of actuators is represented by the giant magnetostrictive
actuators (GMA) [11-14]. In addition to the high Curie temperatures and the large developed stress, the
GMA have a large displacement in comparison with the piezoelectric materials. GMM can provide
noncontact driving without electrodes, whereas the fabrication process is relatively simple for a
multitude shapes [14]. The good performance following a relatively inexpensive fabrication made the
GMA suitable for many applications: electro hydraulic servo valves [3], high pressure common rail
injectors [12, 13], rotary-linear motion, ultraprecise fabrication operations [14], active vibration control
[17], etc.

In some applications the power consumption may become a critical factor, due to drastic local
limitations. Such a problem was successfully addressed in [16], resulting a complete three phase
actuator kit including the power electronic converter and the DSP based control unit. The
magnetostrictive motor shaft position is monitored by a laser based position sensor, and the
displacement is controlled by a closed loop system. The system had demonstrated remarkable
capability: generated force of 410N, a speed up to 60mm/min and a displacement of 45mm. The power
consumption recorded during the tests was only 95W, whereas the actuator has the capability of self-
braking, being able to preserve its position if the power is cut-off.

This study has multiple objectives concerning the magnetostrictive motor: developed torque
analysis, mechanical characteristic and the comparison between the theoretical and experimental
results.

The object of the overall analysis was a rotational magnetostrictive motor, designed and built by the
Department of Micro and Nano electro technologies, within the INCDIE ICPE-CA of Bucharest,
Romania.

2 Materials and Methods

This section contains a presentation of the actuator components and the transmission mechanism,
according to literature [7, 8], [22], followed by the explanation of functional elements and the actuator
mode of operation.

In Figure 1, one can visualize the sketch of the actuator utilized in the construction of the
magnetostrictive motor under test.
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Legend: 1. magnetostrictive rod (core); 2. Permanent magnets cylindrically shaped; 3. Inductor; 4. Lids

(Shields); T-lines = magnetic field produced by the permanent magnets, v lines = leakage magnetic
flux

Figure 1. Magnetic circuit of the actuator

The “Terfenol-D” made barl is part of the magnetic circuit, subjected to a resultant magnetic field.
Two separate sources generate magnetic field. One source is represented by permanent magnets (2), the
other by the inductor (3), whose winding carries the current i,. The magnetic circuit closes in through
lids (4). The permanent magnets (2) are shaped as a cylinder and deliver a magnetic field with a trace.

It is well known that the point of operation for a permanent magnet is placed on the “recoil” segment
from the magnetizing characteristic [23]. Both, the magnetizing (i.e. along curve T'), respectively the
leakage flux ¥, are indicated in the sketch.

Responsible for “translation to rotation” transmission of the movement is the device presented in
Figure 2, where the magnetostrictive core is mechanically coupled to a rotor disk through a flexible
friction element.
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Figure 2. Rotor disk and the transmission mechanism



The micro contact present between the friction element and the rotor disk covers an area bordered
by a micro ellipse, fact demonstrated whereas applying the elasticity equations [10]. The relationship
between the elongation AL of the magnetostrictive bar and the intensity of the magnetic field H is given
by (1), whereas the relationship between the inductor current i, and H is given by (2a, b):

AL = AH (1)

ip = Iysinwt (2

According to equation (1), the elongation AL is a function of magnetic field intensity H, represented
by the curve from Figure 3.
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Figure 3. Variation of elongation as a function of magnetic field intensity

The curve contains a linear fragment A1A, characterized by constant elongation 1 (i.e. the curve has
a constant slope, or the derivative of the function A=f{(H) is constant). The increase in the magnetic field
intensity moves the elongation value into the saturation zone, where the elongation A remaining virtually
constant. The nonlinear part 0A; of the A=f{H) curve is determined by the magnetic characteristic of the
magnetostrictive bar.
The magnetic field produced by the inductor winding is alternating and sinusoidal (i.e. the inductor
winding carries alternating sinusoidal current of the intensity i,, which consequently generates this type
of magnetic field) and varies between — Hpm and Hpm, according to relationship (3):

H = Hy,,sin(wt — 1) 3)
The intervals when the mobile disk is active are described by (4):

te ™t 2km " v oknl ken
WEE [T A E (4)



The increase in elongation AL is recorded along the full linear zone of the curve A=f{H) . In this way,
AL is maximized, and, consequently the magnetostrictive motor performs better. The intensity of the
magnetic field Hyp produced by the permanent magnets must correspond to the point A from the curve
represented in figure 3. The electromagnetic torque M which drives the rotor disk can be expressed as:

M=F =—
.COSQ T.COSQ
c 0 ah c 0 (5)

In equation (5) 7, is the distance between the point of contact and the shaft of the rotor disk. Then oo
represents the angle between the vector representing the force F and the plane of the rotor disk. The
force F is a direct consequence of the Hooke’s Law.

For the increase of the magnetic field H, the elongation AL of the magnetostrictive bar increases as
well. Consequently, the driving force F increases as well, until the magnetic field intensity reaches its
maximum value Hpm. Analysing the relationship (5), one can figure out the increase recorded for the
active torque M, which is responsible for the rotor disk movement. Whereas the magnetic field H
decreases, the driving force F decreases as well, determining a decrease in the active torque M. At this
point of the operation, whereas the magnetic field intensity H is close to Hym, the friction element (see
figure 2), experiences a weaker adhesion to the disk surface, behaving like a spring.

Therefore the torque has a periodical variation with respect to the angle of rotation, expressed in
radians, described by (6), [23].

During a cycle T of the current iy, the torque can be expressed in per unit by (6):

La ) tE[O 7”]
M 5 coswt), w e (6)

M. 7T
M 0,wt € [?,271]

The friction element (see figure 2), becomes less adhesive to the disk, whereas the elongation decreases
by 0.10 to 0.15 from its total value recorded at the angle wt = 7n/6. The periodical function representing
the time dependent torque is given by (7), following the Fourier series decomposition:

M(t) = M, + z My, cos(kot + a;) )

k=1

3 Results and Discussions

When considering f=100Hz (i.e. T=1/f=0.0015s), the coefficients from expression (7) are determined
utilizing the MAPLE software. Conventionally, the maximum value of the function M(t) was chose to
be equal to 1. The real torque expression depends on the circumstances of the application and can be
obtained from (7) through simple multiplications [1], [23].

The average value My of the function M(t), the magnitudes of the harmonics, respectively the phase
shifts between harmonics are displayed by the figures 4 and 5. Figure 4 reveals a predominance of the
average value Mo over the magnitudes of harmonics, whereas the harmonics having an order superior
to 3 can be neglected. In fact, during the energy conversion process associated to the running regime,



the average torque value is the most important. The phase shifts between harmonics (see figure 5) don’t
affect the energy conversion process significantly. The presence of harmonics may become important
during the dynamic regimes of the magnetostrictive motor.
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Figure 4. The average value and the magnitudes of harmonics for the torque M
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Figure 5. Phase shift between the harmonics from the torque curve

The restriction of the interval of active torque to (0; 7n/6) results in the diminishing of the average
torque, and subsequently into the diminishing of the motor efficiency. The exact determination of the
interval of active torque requires adequate experiments.



The rotational speed n is a consequence of the motion equation for every single motor. In the case
of magnetostrictive motor, the motion equation can be pulled out in conditions of running at constant
rotor angular speed, as following (8a-c):

aQ . m dn - M)
Jae =30 = (8a)
M(t) =M, + Z My mcos(kot + ay) (8b)
=,
30 30 x> My,
n= ]_rrMOt + ]—ﬂkzlmsm(kwt + ay) (8c)

Equation (8) expresses the mechanical characteristic of the magnetostrictive motor n=f(M) at a given
frequency of the power supply which energizes the inductor. J is the moment of inertia of the system in
rotational motion. The torque can be expressed as a function of frequency in the form of M(t) = f My,
with M1 the torque developed at 1 Hz. According to equation (6), one can extract very useful
conclusions. First of all, the motor cannot operate unloaded. The first term from the mechanical
characteristic, discloses a linear rotational speed dependency with time. The explanation for this fact
relies on the independence between the average torque Mo and the rotational speed n.

Consequently, the mechanical characteristic cannot be defined for every possible load torque Ms.
Furthermore, percent wise, a harmonic of the rotational speed has smaller magnitude in comparison to
the torque harmonic having the same order. The harmonic amplitudes of the rotational speed are
inversely proportional to their order and with the pulsation of the current carried by the inductor coil.
For the value of frequency below 1 Hz, the magnitudes of rotational speed harmonics can reach
significant values. During the main process of energy conversion, at starting and running as well, the
higher order harmonics of are neglected. One segment of the sinusoidal torque-time curve, recorded
from the moment of the energizing the inductor until the torque reaches the average value MO is further
on studied (see Figure 6). Initially (t=0) it was assumed a stationary rotor disk (n=0). During the starting
process, the operating point migrates along the first segment of the magnetostrictive torque-time curve
(see figure 6), then follows the average torque Mo for few moments, finally being settled at a specific
value demanded by the load Ms. The torque represented in Figure 6, determines the characteristics of
the motion and can be analytically described by the relationship (11a). The time constant T, was selected
by imposing the value the torque-time curve slope between 0 and Mo. The slope value must be obtained
after solving (10), (11). The final value of the angular speed is a consequence of the rotor motion
equation as described by the procedure (9), (10):
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Figure 6. Time variation of the torque
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Jar = z0ar =M (%)
M, = M¢ + Mp + Mg; Mp = DQ; M. = const. (9b)
(gél’gjd—ﬂzM—MrzM—(Mc+MD+Ms)
dt (9c)
We’ve made the assumption of having the torque developed by the actuator in the form (10a):
M =M, [1 - ee<T_tC)] (103)

Then, the dynamic equation for rotational movement is (11b). The time variation of the rotational
speed is found following the steps (10b-h):

a D Mo (o (%)) _Mc+Ms (10b)
7o (1)
©ab)dQ D _t 10¢
=E+Tﬂzk’"1_k’"ze( Tc) ( )
da ). _D 10d
E+kﬂ=km1—kmze( Tc);k=7 ( )
g = Mo=(Me=My) Mo (10e)
J J
F(t)=1—ekt (10)
6O =1l (109)
Q=fmipey  fm g (10h)

k k—1/T,

In the expressions from above, there are following significances:

Mc - Torque associated with Coulomb type frictions (Mc = constant): it speed invariant;
Mp - Torque due to viscosity (i.e. frictions in the bearings);

M; - Load torque demanded by the driven installation or machine;

M - Active torque, responsible for maintaining the movement;

T -Time duration of the current cycle;

M - Total (resultant) torque which opposes to the rotational movement.

For the particular case described by the k=0 and M,=0 (i.e. unloaded operation), the motion equation
is described by:



1‘2—‘: — M= M, [1 _ e(—r—i)] (11a)

—2Lt+ 17

My Mo [ () (11b)
30 7 7T

However, whereas the relationships (11b) is analysed, the unloaded operation becomes impossible
without the presence of the factor k (i.e. k must not be equal to zero). For a factor k different from zero,
the angular speed 2 reaches a constant value at the end of the transient represented by the starting
process. This now determined value of the angular speed is directly correlated to the power loss due to
the friction in the bearings. The operating angular speed (12) is established after a longer time interval:

o o0= e(_kt_T_[c) =0; ek =0 (122)
_E_@_MO_(MC'FMS) (12b)
T30 k J

k->0=>0->0 (12¢)

If the total inertia has a very small value, then rotational speed can theoretically reach extremely
large values. The dependencies Q = f(M;) and/or n = f(Ms) denote the mechanical characteristic of the
revolving magnetostrictive motor. This characteristic has the shape of a line with negative slope, which
decreases with the increase in the load torque M. If the factor k = 0, the magnetostrictive motor goes
runaway. The magnetostrictive motor subjected to experiments and tests was designed and built in-situ
by the Department of Micro and Nano electro technologies, within the National Institute for Research
and Development for Electrical Engineering, Bucharest, Romania (see Figure 7).
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Figure 7. Rotary magnetostrictive motor

The measured values included the power supply voltage U which was applied across de inductor’s



winding, the frequency f a of the power supply voltage, the rotational speed n of the rotor disk, respectively the
load torque. All results have been recorded in Table 1.

U[V] f[Hz] n[rpm] Ms[Nm]
100 100 6 36x10°3
100 100 5 40 x103
100 100 3 43 x1038
100 150 8 52 x103
100 150 7 58 x10°?
100 150 5 61 x10°°

Table 1. Recorded performances of the magnetostrictive motor

The measurements data have been acquired for two values of the power supply (excitation)
frequency: 100 Hz and 150 Hz. Whereas comparing the mechanical characteristics n = f(Ms) traced for
the two frequency values, one can understand the correlation with relationship (12). The
magnetostrictive torque is obviously proportional to the frequency. If M; represents the torque at
frequency My, then the torque recorded for the frequency f is equal to M = f M.

4 Conclusions

This paper was focused on obtaining a proper expression of magnetostrictive torque as function of
time, during a cycle of the periodic current carried by the actuator coil. The moment of separation
between the rotor disk and the flexible friction element was accurately sorted out, and the time function
of the magnetostrictive torque was found out periodical with a period equal to the period of the current
carried by the actuator’s coil. This periodic function was converted into a Fourier series. The term
denoting the average torque Mois the predominant term, in the newly formed Fourier series representing
for now the magnetostrictive torque. All harmonics with order greater than three can be neglected. Only
the average developed torque value is essential, whereas the phase shifts between harmonics have no
remarkable impact on the energy conversion process. The magnetostrictive motor cannot operate
unloaded, and this conclusion may be evident from the rotational motion equation, even at the first
sight. The lack of capability to operate unloaded is motivated by the fact that the average developed
torque My is independent of rotational speed. Obviously, the mechanical characteristic cannot be
defined for every load torque Ms. Percentwise, a harmonic of rotational speed has much lower amplitude
then the torque harmonic of same order, affirmation valid for all harmonics under consideration. A
harmonic of the rotational speed has an amplitude which is inversely proportional with respect to its
order and the value of the pulsation of the current carried by the actuator’s coil. Eventually, if the
excitation frequency drops below 1 Hz, then the rotational speed harmonic amplitude can reach quite
high values. Furthermore, in the paper was developed an analytical mathematical model which takes
into consideration both regimes: the starting process and the running one. In this way, one can track the
displacement of the operation point on the torque — time curve. The developed model includes, in a
rigorous manner, the main elements concerning the operation of the magnetostrictive motor. All of the
experiments have been performed using a magnetostrictive motor designed and built in-situ by the



Department of Micro and Nano Electro technologies, within the National Institute for Research and
Development for Electrical Engineering, Bucharest, Romania. The experimental data confirm and
complete the main theoretical developments from the paper.
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