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Abstract

A Galfenol driven miniature linear motor was developed in this paper. The proposed motor
realized the micro stepping motion and based on the inertia impact and friction force. At first, the
principle of impact driving mechanism was introduced, with the discussion of the structure of the
given motor. Then, the analysis of the motor’s impedance property and shaft displacement was
presented by simulations. At last, the performance of the proposed motor was tested by
experiments. The experimental results demonstrate that the micro motor is capable of 8 nm
resolution over the travel range of 30 mm. The maximum step-size is 2.1 um. The maximum
operation frequency is 500 Hz. A high accuracy displacement was achieved under 0-3 V low
driving voltage. The results imply that the given motor is highly promising for use in nano-scale

positioning system.
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1. Introduction

In recent years, the demand for precision positioning devices is increasing. Various precision
motors, including inchworm motor, inertial impact motor and ultrasonic motor, have been widely
used in the fields of optics, semiconductors, bio-medicine and robotic industry. To achieve nano
scale displacement control, people began to use intelligent materials as motor-driven elements

74



instead of traditional electromagnetic motors. Since its invention, piezoelectric motor has been
implemented in industrial applications [1].

Piezoelectric motors have the advantages of simple structure, easy operation, and low
manufacturing cost. But there are still some disadvantages, the high driving voltage (30-150 V),
short service life (1-2 years) and the impedance matching problem of the power supply [2-5].
These shortcomings have prompted scholars to find new functional materials such as replacing
piezoelectric material in magnetostrictive materials (Terfenol-D). Terfenol-D is applied due to its
characteristics of large magnetostriction in room temperature, fast response and long service life.
J. Kim developed a three-phase excitation magnetostrictive linear motor [6,7], whose working
frequency is about 10 Hz. B. T. Yang designed a self-moving magnetostrictive inchworm linear
motor [8], whose working frequency is 25 Hz. Q. G. Lu & R. Zhao developed an impact type
magnetostrictive motor [9], and its working frequency is 100 Hz with velocity of 250 pm/s.

However, due to the high saturation magnetic field of Terfenol-D (400-600 kA/m) [10], the
magnetostirctive motors usually have a huge volume. Meanwhile, the hysteresis effect caused by
the excitation coil limites its working frequency. Galfenol (Fe-Ga alloy) is a new kind of
magnetostrictive material appearing after Terfenol-D. It has low saturation magnetic field (9-20
kA/m) and excellent mechanical properties [11], which makes it applied to micro&nano devices.
According to current study, the magnetostriction coefficient of Galfenol has reached 200-400
ppm. Its strain coefficient is half of PZT (400-800 ppm), and saturation magnetic field is only
1/20 of Terfenol-D. The application of Galfenol as drive element will reduce the turns of the
driving coil, and make the actuator more compact. Meanwhile, it increases motor’s working
frequency and displacement resolution.

Based on this, a novel magnetostrictive material, Galfenol, is used as the driving element for
linear motor in order to reduce the current loss, miniaturize the size and improve the motion
performance of the motor. The aim of this research is to develop a miniature, low voltage driven
and high resolution linear motor. In section two, the design and operation principle are discussed.
Then the dynamic model of the motor is established in section three. With this model, the motor’s
output step-size can be predicted. At last, to investigate the performance of the given motor, we
establish an experimental system, and test the maximum operation frequency and the minimum

step-size of the motor.

2. Operation Principle
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Typical impact drive mechanisms (IDM) rely on the inertial impact and friction force to
achieve movement [12]. Firstly, by utilizing the asymmetry of the saw-tooth signal, the driving
element will generate the inertial impact force during the elongation or contraction process. Then,
under the acts of the inertia and the friction force, the step movement can be achieved. Fig. 1(a)
shows the actuator fixed type IDM’s structure. The magnetostrictive actuator is fixed to the base,
and the drive element (Galfenol rod) inside is directly connected to the shaft. The movable part of
the motor is the slider. The typical inertial impact movement process can be divided into three
periods:

(1) In Stage 1, the initial period, there is no input current applied to the magnetostrictive
actuator. The Galfenol rod remains at its initial length, and the motor at the initial position.

(2) In Stage 2, the extension period, the Galfenol rod slowly expands as the input current is
slowly increased. During this period, the slider moves with the motor shaft. If the friction force
between the slider and the shaft is large enough to overcome the inertial force generated by the
magnetostrictive actuator, there is no relative movement.

(3) In Stage 3, the retraction period, the Galfenol rod quickly contract back in a very short
time when the input current rapidly decreases. In this period, the friction force between the main
object and the ground is not sufficiently large to overcome the inertial force of the mass block.
Therefore, the sliding part will slip over a distance.

(4) The reverse motion can be realized by changing the order of extension and retraction

process.
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Fig.1. Principle of the IDM
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According to the discussion from Reference [13], there are two main methods to drive the
inertial impact mechanism-continuous and discrete driving strategies (See Fig. 1(b) and Fig. 1(c)).
When using continuous saw-tooth signal, the motor operates in the "slip" mode with the
movement trajectory close to line. When the discrete saw-tooth signal is taken, the motor operates
in the "stick™ mode, generating a typical stepped motion. The continuous drive strategy is simpler,
but will cause the loss of step-size. The discrete driving strategy can obtain high precision output

step-size, and improve the motor’s efficiency.

3. Design

3.1 Structure

Fig.2 (a) displays the photograph of Galfenol motor. Its oversize is ® 24 mm>85 mm. The
slider’s size IS 12 mmx12 mm>16 mm. The designed positioning distance 30 mm. The motor is
fixed by the holder to prevent vibration. Fig.2 (b) shows the structure of the given motor, which
includes the Galfenol rod, bobbin, coil, housing, preload spring, shaft, linear bearing and slider.
The preload spring can make the Galfenol rod and the shaft face closely fit, which is good for the
transfer of the force and displacement. Furthermore, it can provide a prestress to the
magnetostrictive rod, to increase the saturation magnetostriction. A linear bearing is used to fix
and guide the direction of movement of the motor shaft, while reducing the resistance to axial

movement.
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Fig.2. The Magnetostrictive IDM (a) Photo of the motor (b) Schematic of the motor
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3.2 Magnetostrictive Material

Table.1 shows the parameters of Galfenol rod used in this paper. Its saturation
magnetostrictive coefficient is 260 ppm. But taking into account the effect of the preloaded
spring, the magnetostrictive rod withstands under a certain pressure of about 10 MPa. So we
tested the Galfenol rod’s magnetostrictive coefficient under 10 MPa circumstance. The
experimental A-H curve is displayed in Fig.3. Under this condition, the saturation magnetic
field is 15 kA/m, and the saturation magnetostrictive coefficient 306 ppm. In order to
improve the output linearity of the motor, the near-linear region (2-10 kA/m) can be selected
as the excitation magnetic field. To get a larger output step-size, the saturation magnetic field
strength of 15 kA/m can also be chosen as the upper limit of the excitation magnetic field. At
this time, the Galfenol rod’s magnetostriction is 10.71 pm.

Table.1 The Parameters of Galfenol rod

Name Value  Unit
Young's modulus 120 GPa/m2
Saturation magnetostrictive coefficient 260 ppm
Saturation magnetic field 12 kA/m
Curie temperature 535 <
Diameter 8 mm
Length 35 mm
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Fig.3. The Magnetostriction of Galfenol rod

The magnetostrictive coefficient can be calculated by the second order domain rotation
equation [14],
34, ..,

A —M

oM 1)
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where 4 is the saturation magnetostriction, Zs is the saturation magnetostriction coefficient; M is

the magnetization, Ms is the saturation magnetization.

3.3 Magnetic field

To calculate the magnetic field, two assumptions should be claimed as follows: (1) zero
leakage flux and (2) no air gap in the magnetic field. A similar ideal model and its analysis are
given in reference [15]. By employing Ampere's Circuital Law, the magnetic field can be
expressed as,

N
H=¢nldl=—1 2
o= @

where n is the turns per unit length, N is the total turns of the coil, I is the length of Galfenol rod,
I is the excitation current. When the excitation current is limited to 2 A, the total turns of the coil
can be calculated by Eq. (3),
_H,

|

s

N 3)

where Hs is the saturation field and Is is the saturation current. When Hs=15 kA/m, 1s=2 A,
1r=0.035 m, the calculated value of the coil’s total amount of turns is 262.5. Meanwhile, we make
N=260 in reality.

4. Simulation and Analysis

4.1 Impedance Analysis

The circuit parameters of the proposed motor are tested by a LCR bridge. The RL series
impedance model is used to represent the driving coil (see Fig.4 (a)). The equivalent inductance L
is 272 pH, and the equivalent resistance R=740 mQ. With these parameters, the impedance
frequency characteristic curves can be simulated by Matlab software. Fig.4 (b) shows the
simulation results. The given motor has a high resonant frequency, meaning the motor can work

at a high driving frequency without considering the thermal loss effect of coil impedance.
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Fig.4. The Impedance of motor (a) Impedance model (b) Impedance characteristics

According to Ohm's Law, the driving voltage can be expressed as follow,

I, =R +(al)’, 4)

By using Eq. (4), when setting the driving frequency f=1 kHz, the calculation value of

Vv =|z

driving voltage is only 3.002 V. This result indicates that the Galfenol motor can work under very

low voltage compared to piezoelectric motors.

4.2 FE analysis

In this section, the performance of the proposed motor has been analyzed by using finite
element method. The software COMSOL is employed to simulate the displacement of the motor
shaft. In this simulation, Eq. (1) is utilized to calculate the magnetostriction of Galfenol rod. The
saturation magnetostriction coefficient s is 306 ppm, with the saturation magnetization xoMs=1.6
T. Fig.5 shows the result, when the excitation current is 2 A, the maximum displacement of the
motor shaft is 10.878 pm.
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Fig.5. Displacement of motor shaft by FE simulation
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5. Experiments and Discuss

5.1 Experimental system

An experimental system has been built to test the performance of the Galfenol motor (see
Fig.6). In this experiment, the driving signal was constituted by using dSPACE-ds1103 to
generate driving signal and acquire data from measurement instruments. The 0-1 V saw-tooth
signal generated by dSPACE was amplified into 0-2 A current by AE7224. A laser displacement
sensor Ltc-025 and a grating displacement sensor MTI-2100 were used to measure the
displacement and minimum step-size of the Galfenol motor, respectively. All of the analog
signals produced by the measuring instruments were collected by dSPACE-ds1103, and then

converted to digital signals through its 12-bit AD converter.
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Fig.6. The framework of experimental system

5.2 Experimental Results and Discuss

Fig.7 shows the motion characters of Galfenol driven linear motor. We used discrete
saw-tooth signal to drive the motor, as discussed in reference [13], and the motor will output a
“step” shape movement trajectory. Fig.7 (a) shows the motor’s displacement when the driving
current 1 is 0.5 A, and the operation frequency is 30 Hz. The given motor works at a low

excitation voltage, and outputs a clearly step type motion. The step-size is 0.2 um.
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Fig.7. Displacement performance of the Galfenol linear motor

Fig.7 (b) shows that when the driving current increases to 2.0 A, the motor will output a
maximum step-size, which is 2.1 pm. The minimum step-size is 8 nm (see Fig.7 (c)), which
indicates that the given motor has a very high resolution of displacement. The maximum
operation frequency is 500 Hz (see Fig.7 (d)). At this frequency, the Galfenol motor will operate
in the “slip-slip” mode, and its motion trajectory is close to a straight line. There are two primary
factors limiting the motor’s operation frequency: one is the heat losses induced by the coil, which
makes increased temperature of Galfenol rod, thus reducing its magnetostrictive properties; The
other one is the hysteresis effect of magnetostrictive material and the process of contraction. The

driving element is affected by the hysteresis effect, and cannot be reset immediately.

6. Conclusion

In this study, a Galfenol driven linear step motor was designed and tested. Then we analyzed
the impedance and displacement of the motor by simulation. In order to test the performance of
the motor, an experimental system was set up to test the motor’s operating frequency and

step-size. Finally, through the experiment, it was verified that the Galfenol driven linear motor
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can exert excellent motion performance, and its optimized structure will make it more practical.
The mainly advantages of the given motor are as follows:

(1) Low drive voltage, 0-3 V.

(2) High operation frequency in non-resonant mode, 500 Hz.

(3) High step resolution, 8 nm.

(4) Small size, ®24 mm>85 mm.
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