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New Two-DOF Resonant Actuator Driven by Vector Control

Abstract. This paper proposes a two-DOF resonant actuator that can be independently driven in two axes under vector control. Vector control is
employed to control each drive axis independently by treating the field current element as the z-axis thrust element and the torque current element
as the x-axis thrust element. The effectiveness of the actuator is verified by the experimental results of a prototype.

Streszczenie. Artykut przedstawia aktuator rezonansowy z dwoma stopniami swobody, ktéry moze byc niezaleznie kierowany w dwdch osiach
przez sterownik wektorowy. Sterowanie kazdym kierunkiem moze by¢ niezalezne poprzez traktowanie elementu prgdowo-polowego jako osi z
elementu sitowego, podczas gdy element pragdowo-momentowy traktowany jest jako o$ x elementu sitowego. Skuteczno$c aktuatora zweryfikowano
w badaniach prototypu. (Nowy z dwoma stopniami swobody aktuator rezonansowy kierowany poprzez sterownik wektorowy).
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Introduction

Linear resonant actuators (LRAs) have been used in a
wide range of applications because they can reciprocate in
a comparatively short stroke in spite of their compact size
and light weight. We have proposed a coupled method for
analyzing its dynamic characteristics under feedback
control by combining the magnetic field, electric field,

control method, and its motion into our 3-D FEM code [1]-[7].

Recently, multi-degree of freedom actuators have been
attracting attention[8-9], and we have also been developing
various kinds of two-DOF resonant actuators [10-12].
However, these actuators have no drive axis in the direction
of the air gap because of control difficulty.

This paper proposes a new two-DOF resonant actuator
that can be independently driven in the x-axis and z-axis
(air gap direction) under vector control. The performance of
the actuator is verified with a prototype.

Basic Structure of the Actuator

The basic structure of the two-DOF resonant actuator is
shown in Fig. 1. This actuator mainly consists of a mover, a
stator and resonance springs in the x and z directions that
support the mover. The mover is composed of permanent
magnets (NbFeB, Br=1.4T) fixed on a back yoke. The stator
is composed of an E-shaped laminated yoke with three
excitation coils (45 turns). This actuator is assumed to move
with a range of £1.2mm in the x-direction and £0.5mm in
the z-direction, respectively.
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Fig.1. Structure of two-DOF resonant actuator

Vector control
This actuator is controlled by vector control. Vector
control is commonly used for advanced control of a rotating

machine. By using this type of control, it becomes easier to
treat the motor field element (d-axis) and torque element (g-
axis) independently rather than controlling the UVW axes of
the 3-phase current.

This actuator can operate in the x and z direction by
treating the field current element (i; element) as the z- axis
thrust element and the torque current element (i, element)
as the x- axis thrust element. This actuator is a non-salient
pole type and the thrust equation under vector control is
given as follows:

A

Fx lq
where i; and i, are the currents of the d- and g- axis, and ¢
is the armature interlinkage flux from the permanent
magnet. Fig. 2 shows correspondence of the coordinate
system of a rotating machine and this actuator. The x-y axis
is the coordinate system fixed to stator, and the d-q axis is
the coordinate system which moves with mover. The

electric angle between the stator and the mover @ is given
as follows:

2) 0="r
)

where [ is the distance between the north and south poles.
From equations (1) and (2), the current of each phase is
calculated by d-q conversion. However, thrust can not be
correctly controlled with vector control because of the
influence of the edge effect. Therefore the current should be
corrected by the following equation.
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where F,  and F," are the target thrust of each axis, gux(6),
wvx(0), gwx(6), uz(0), ¢vz(6), ¢wz(6) are the interlinkage
magnetic flux from each phase coil on each axis. The
target thrust is arbitrarily given, and i, and i, at each
position are decided from equation (3).

Magnetic Field Analysis

Using the magnetic vector potential 4, and the current
flowing through the coils I, the equations of the magnetic
field and the electric circuit are coupled and are expressed
as follows:

) rot(vrot4) =J, +v,rot M
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where vis the reluctivity, J; is the excitation current density,
v is the reluctivity of the vacuum, M is the magnetization of
the permanent magnet, ¥V, is the applied voltage, R is the
resistance, ¥is the interlinkage magnetic flux of the excited
coil, n, and S, are the number of turns and the cross-
sectional area of the coil respectively, and n, is the unit
normal vector of the coil’s cross section.

Coupled Analysis with Motion Equation
The motion of the mover is described as follows:

2
(7) Md—f+D@+kxx=F‘
dt dt '
2
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where M is the mass of the mover, x and z are the
displacement of the movers, F, and F. are the magnetic
force components, k, and k. are the spring coefficients, and
D is the viscous damping coefficient. The thrust of the
mover is calculated using the Maxwell stress tensor method,
and is substituted into equations (7) and (8). At each time
step, the finite element mesh is refreshed, and the position
and velocity of the mover are calculated by solving the
above equations of motion. Fig. 3 shows the flowchart for
this coupled analysis. Vector control is taken into

consideration in this analysis.
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Fig.2. Coordinate system in this actuator
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Fig.3 Flowchart for analysis

Analyzed Model and Prototype

Fig. 4 shows the FEM model with the air region omitted.
The analyzed region is 1/2 of the whole region because of
the symmetry. The number of tetrahedron elements, edges,
and unknown variables are 306,400, 367,200, and 347,800,
respectively. Table | shows the analysis conditions.

Fig. 5 shows the prototype of this model. Each axis is
supported by 2 shafts and a resin bush. The mover can be
moved independently on each axis. This prototype is
assumed to move with a range of £1.2mm in the x-direction
and £0.5mm in the z-direction, respectively.

Fig.4. FEM model (1/2 region)

Table 1. Analysis condition

Maximum voltage (V) 3.6
Coils Resistance (W) 0.40
Number of turns (turn) 45
x-axis Mass (g) 48.92
z-axis Mass (g) 24.16
x-axis spring constant (N/mm) 14.70
z-axis spring constant (N/mm) 40.75
Viscous damping coefficient (N-s/m) 0.14
X-Springs Z-Springs

Stator

Mover
Fig.5. Prototype

Static Characteristics

Fig. 6 shows the analyzed and measured results of the
detent thrust when the air-gap is maintained at 1mm. The x-
axis component shows good linear characteristics. We can
see that the detent force of the calculated results agrees
well with the measured results. In the z-axis, although the
magnetic attractive force reaches the peak value of 7.6N at
the center, it is virtually constant. The absolute value of the
experimental data is smaller than that of the calculated
results, but qualitatively they agree with each other.

Fig. 7 shows the analyzed and measured results of
thrust when each coil was excited at 100A. From these
results, thrust with sine-like wave characteristics was
obtained. It was found that the z-axis thrust was larger than
the x-axis thrust. The measured results are in good
agreement with the calculated results.
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Fig.6 Detent characteristics
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Operation of Prototype Under Vector Control

Figs. 8(a) and (b) show the measured amplitude in the x
and z-axes when the actuator was operated to resonate in
each axis under vector control. The resonant frequencies of
the x and z-axes are 86Hz and 186Hz, respectively. It was
found that under vector control, drive in one axis is almost
independent of drive in the other. In Fig. 8(a) we can see
that there is some vibration in the z-axis during drive in the
x-axis. This vibration in z-axis is thought to be due to detent
force characteristics. As shown in Fig. 6(b), the detent force
of the z-direction changes with displacement of the x-
direction and the waveform of the z-axis is distorted by the
friction of the resin bush. Fig. 8(c) shows the measured
amplitudes of both axes when the actuator was operated to
simultaneously resonate in the x and z-axes. As can be
seen, the mover can be independently driven in each axis
without much large mutual interference.
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Fig.7 Current thrust characteristics
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Fig.8 Experimental results under vector control
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Conclusion

In this paper, a new two-DOF resonant actuator with a
drive axis in the direction of the air gap under vector control
was presented. The static characteristic of the proposed
actuator was demonstrated using 3-D FEM analysis and
experiments on a prototype. Moreover, from the
measurements of the prototype, it was shown that this
actuator could be independently driven in the X and Z axes.
In the near future, verification of this actuator’'s dynamic
characteristics will be conducted by comparing the empirical
data with that from 3-D FEM analysis.
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