Chapter 6

Feasibility Study on Magnetically
Levitated Planar Actuator

This chapter proposes a conceptual design for a planar actuator having
the same configuration for the magnetic circuits as for the planar motion
control so that the mover can be magnetically suspended. In addition, it
presents a feasibility verification of motion-control characteristics by
numerical analysis.
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6. Feasibility Study on Magnetically Levitated
Planar Actuator

This chapter presents a feasibility verification as to whether a planar actuator can
magnetically suspend a mover, capable of 3-DOF motions on a plane, so as to further
improve the drive performance of a planar actuator. First, the planar actuator is
redesigned so it can both suspend the mover and control the planar motions. Then, the
planar motion and magnetic suspension characteristics of the planar actuator are

verified by numerical analysis.

6.1. Conceptual Design of Magnetically Levitated Planar
Actuator

This section presents a compatibility verification of planar motion and magnetic
suspension, and then introduces a conceptual design for a planar actuator with a

magnetically suspended mover.

6.1.1. Design Considerations

The proposed planar actuator has spatially superimposed magnetic circuits for the
x—, y— and a-directions, which are its most important feature and enable the mover to
travel over a wide movable area on a plane by exciting only two polyphase armature
conductors. The magnetically levitated planar actuator is also designed so that all the
magnetic circuits are mutually superimposed, as in the following methodology:
(6] Compatibility verification of both 3-DOF planar motion and magnetic-
suspension controls of the planar actuator designed in Chapter 3.
@i Redesign the planar actuator, without increasing the number of the
armature conductors, so that planar motion and magnetic suspension are

compatible if they are found not to be in ().

In order to design the planar actuator, a numerical analysis of 6-DOF driving forces

for 6-DOF mover positions is performed.

172



6.1.2. 6-DOF Force Analysis

This section presents an analytical model of driving forces with 6 DOF, and then
presents the results of the analysis.

® Analytical model for 6-DOF driving forces:

The driving forces, including the suspension forces, greatly depend on the size of the
gap between the mover and armature conductors, and therefore this gap needs to be
precisely controlled. Generally, reducing this gap increases the driving forces. If the
mover is located below the stator, attraction forces to the stator are required to suspend
the mover. However, the attraction forces are increased by reducing the gap, which
makes the vertical motions of the mover unstable. Conversely, if the mover is located
above the stator, repulsion forces from the stator are required to suspend the mover.
The repulsion forces are increased by reducing the gap, and so the vertical motions are
stable. Therefore, in this study, the mover of the magnetically levitated planar actuator
is positioned on the stator.

Figure 6.1.2-1 shows the analytical model for the driving forces. In this figure, the
mover and polyphase armature conductors for the x— or y—directions only are shown. A
moving 2-D Halbach permanent-magnet array has the same structure as shown in Fig.
3.2.1-1, and four-pole-and-seven-segment magnetization with pole-pitch length zp, = 3
mm along the x~ and y—directions. Its dimensions are 11 mm x 11 mm x 2 mm, which
are almost two-fifths the size of the magnet-array dimension shown in Fig. 3.2.1-1. The
ultimate miniaturization of the permanent-magnet mover enables higher accelerations
to be generated using the same armature currents and flux density as given in
Subsection 3.3.1.

Figure 6.1.2-2 shows an analytically obtained flux-density distribution on the plane
0.5 mm below the mover bottom for the x,— and y,—directions. Figure 6.1.2-2 indicates
that the permanent-magnet mover also generates a quasi-sinusoidal flux density with a
pitch length of 7= 2.1 mm in the x,~ and y,—directions. On the other hand, pitch lengths
of the meander-shaped armature conductors are equal to the pitch = (=2.1 mm).

In the mover motions, there are 3-DOF rotations. However, this analysis deals with
the rotations around only one axis (s, ym, OF zx). The rotational angles around the x,~,
Ym— and z,—axes are referred to as roll angle y pitch angle f, and yaw angle ¢,
respectively.

The driving forces acting on the mover can be calculated from the Lorentz force law
with the same equations as Eqgs. (3.3.1-1)-(3.3.1-8).
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Fig.6.1.2-1: Analytical model for 6-DOF driving forces.
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Flux density B. (mT)

Fig. 6.1.2-2: Flux-density distribution on the plane 0.5 mm below the mover

bottom.

(ii) Analysis results for 6-DOF driving forces:

Figure 6.1.2-3 shows the analysis results of the driving forces F, F., T, T,, T- for the
yaw angle @ when the d- and g-axis currents for the x—directional drive are supplied (/;
=1A,or/,=1 A), the air gap between the mover bottom and armature conductors is 0.5
mm, and the pitch and roll positions are not displaced (= y = 0 deg). Figure 6.1.2-3
indicates that the d-axis current generates the translational forces F. and torques 7.,
and the g-axis current generates the translational forces F, and torques T, T,. The
translational forces F,, F. and torques 7, are almost constant, and the torques 7, and 7.
are proportional to the yaw angle « when the yaw angle ¢ = 0 deg. Because of the
symmetric magnetization of the mover, the same driving forces can be generated every
180 deg.

In the same way, the driving forces resulting from the ¢- and g-axis currents for the
y—directional drive I, I, can be numerically analyzed, and are shown in Fig. 6.1.2-4.
From these results, the d—axis currents for the x— and y-directional drives /; and Ly
generate nearly equal translational forces F. and torques T., and therefore cannot be

uniquely determined from the total translational forces F. and torques 7.. In other
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words, with only the d-axis currents for the x— and y—directional drives Iz and Iy,
2-DOF driving forces cannot be controlled. The torques resulting from the g-axis
currents for the x— and y-directional drives I, and I, are similar because of the
symmetry of the actuator.

When the yaw angle a = +24.7 deg and +45 deg, 3-DOF translational forces cannot
be generated regardless of the magnitudes of the d- and g-axis currents I, .. This is
presumed to be caused by the magnetic field resulting from magnet mover, which is
tilted an angle of 24.7 deg or 45 deg.

The mover generates opposite magnetic poles every pitch length 7 in the
ym—direction, and so the magnetic poles at a position and 5rdistant position along the
yn—direction are mutually opposite as shown in Fig. 6.1.2-5. When tilted by ap = 23.6 deg
(close to 24.7 deg) in the a—direction, the mover generates opposite magnetic poles every
27 along the x,~direction as shown in Fig. 6.1.2-5 because of geometry relation as shown
in the following equation:

@, =sin™ (%] =28.8deB. ... (6.1.2-1)

Then, the same armature currents flow every 27 along the x,~direction. Therefore, if
the magnet mover generates a completely-sinusoidal magnetic field distribution in the
xn— and y,~directions, each phase current generates opposite translational forces every
27 in the x,~direction during the yaw angle a = 23.6 deg. Consequently, these opposite
translational forces can be mutually offset. The error between the theoretically (23.6
deg) and analytically (24.7 deg) obtained yaw angle is presumed to be caused by an
incomplete sinusoidal magnetic field generated by the magnet mover.

As mentioned in Subsection 3.2.1, the miniaturized mover also generates a quasi-
sinusoidal flux density in the x~ and y—directions. When the mover is tilted by 45 deg in
the a-direction as shown in Fig. 6.1.2-6, the flux densities B,, B,, B- below the mover are

approximately expressed as follows:

B.(x;,y,,z,)=-B.,(z, )sin(ix, )cos{i » ) .............................................. (6.1.2-2)
Tpum Tpum
B, (o pp52,) = B, (z, )cos(ix, ]sin(—”—- y,) ................................................ (6.1.2-3)
Tpum TpM
B.(x,,y,, z,)= B, (z, )sir{ix, Jsin(—”- 37 ) ................................................. (6.1.2-4)
Tpm Tpm

So, armature currents flowing through a line J; G =x or y, k= u, v, or w) in armature
conductors, i generate no translational force because average of the flux densities B,, B,,

B. with respect to the y,—direction is nearly equal to zero, that is, translational force F,
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shown in Eq. (3.3.1-3), is expressed as follows:

L B, dy; =0, L B, dy; =0, L Bty 0 e, (6.1.2-5)
i '% [CaxBYem0, e (6.1.2:0)

Figures 6.1.2-3 and 6.1.2-4 also indicate that a magnitude of torque 7T, resulting
from the mover tiled by 24.7 deg is larger than that by 45 deg. Magnitudes of torques 7T,
and 7, resulting from the mover tiled by 45 deg are equal because flux density resulting
from the magnet mover is symmetrically distributed in the x,— and ys—directions. On the
other hand, magnitudes of torques T, and T, resulting from the mover tiled by 24.7 deg
are not equal because of asymmetric distribution of the flux density in the x,— and
ys—directions.

Figures 6.1.2-7 and 6.1.2-8 show the analysis results of the torques T, 7,, T. for the
pitch angle S when the d- and g—axis currents are supplied Uz =1 A, In=1A,1;=1A,
or I, = 1 A), the yaw and roll positions are not displaced (a = 7= 0 deg). From these
results, it can be seen that the d-axis currents generate the torques T, proportional to
the pitch angle 8 and the g-axis currents generates the almost constant torques T,
Figure 6.1.2-9 shows schematic views of the generation of the torques T,. The g-axis
current for the y-directional drive also generates the torques 7. proportional to the pitch
angle g.

Figures 6.1.2-10 and 6.1.2-11 show the analysis results of the torques 7}, T, T- for
the roll angle y when the d- and g—axis currents are supplied (/;, = 1 A, I.=1A,I;=1A,
or [, =1 A), the yaw and pitch positions are not displaced (o = 8= 0 deg). From these
results, it can be seen that the d-axis currents generates the torques T proportional to
the roll angle 7 and the g-axis currents generates the almost constant torques T..
Figure 6.1.2-12 shows schematic views of the generation of the torques 7. The g-axis
current for the x—directional drive also generates the torques 7. proportional to the roll

angle y.
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(b) Driving forces from the y-axis current for the x—directional drive Ine=1A.
Fig.6.1.2-3: Driving forces for yaw angle « at pitch and roll angles f= y= 0 deg

when the armature currents for the x—directional drive are supplied.
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(b) Driving forces due to the g-axis current for the x—directional drive Iuw=T1A.
Fig. 6.1.2-7: Driving forces for pitch angle f at yaw and roll angles @ = y= 0 deg

when the armature currents for the x—directional drive are supplied.
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when the armature currents for the y—directional drive are supplied.
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(d) Generated torques 7, from the g—axis current for the y—directional drive.

Fig. 6.1.2-9: Schematic views of generation of torques 7.

183



15

(mN-mm)

T

T": T"s
<

-15 r '

2 -15 -1 05 0 0.5 1 1.5
Roll angle 7 (deg)

o

(a) Driving forces due to the d—axis current for the x—directional drive Ix=1A.

15

Tx, Ty, T- (mN.mm)

= ! |

2 -15 -1 -05 0 0.5 1 1.5
Roll angle ¥ (deg)

8]

(b) Driving forces due to the g—axis current for the x—directional drive Ie=T1A.
Fig. 6.1.2-10: Driving forces for roll angle y at yaw and pitch angles @ = =0 deg

when the armature currents for the x—directional drive are supplied.
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Fig. 6.1.2-12: Schematic views of generation of torques 7.
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As the analysis results above show, the driving forces F,, F, F,, T, T, T. can be

expressed from the d- and g-axis currents /,, Lye, Ly, 1y as follows:

F
FI MJ:J:\'
F—' _ KI"T (a= ﬁ: 7) ]r"u.’
T. = B SRR I || ottt s (6.1.2-7)
Tl 19’)"
|_T-' B L . ]

where Ky is a 6 x 4 matrix and all elements of the matrix nonlinearly depend on the
yaw angle @, pitch angle 8, and roll angle 7 In this study, the pitch and roll
displacements of the mover are assumed to be very small (f~ 0 deg and y = 0 deg)
because of small air gap (less than 1 mm) between the mover and stator, and in the
range, all elements of K almost linearly depend on the pitch and roll displacements.
Furthermore, if the yaw displacements are assumed also to be very small (= 0 deg), all
elements of K almost linearly depend on the yaw displacements, and the system-

constant matrix K, is expressed approximately as follows:

F, 0| Ko [0 0
F, 0 0 0 | K [lu
E|l l-ke| 0o |=kel| o |1,
: = e - i o M5 esmmssmnsesmns s (6.1.2-8)
T, Ky | Ko | Kipy | Kie | 1g
Z, Kipf | =Kie | Kipff | Kppar _]q_r
| T. | =Kpe| Ky [=Kpa| Kpf ]

where K¢, Ky, and Kyp are constant (in this analysis, for a 0.5-mm air gap, Ky~ 17 mN,
Ky = 12 mN-mm, and Ky» = 4.5 mN-mm). Equation (6.1.2-8) indicates that the driving
forces due to the d-axis currents /i and /; are equal because of the symmetry of the
actuator. Therefore, even if the two currents /; and I, are controlled, only 1-DOF
driving forces can be controlled in the range within o = 0 deg, f= 0 deg, and y = 0 deg.
Therefore, controlling the four armature currents in the dg—frame controls the 3-DOF
motions of the mover (for instance, x—, y— and z—motions, or x—, y—, and a—motions). In
order to realize both 3-DOF motion controls on a plane and magnetic suspension, the

planar actuator needs to be redesigned.



6.1.3. Conceptual Design of Fundamental Structure

In order to suspend the mover, suspension forces that balance the force of gravity
need to be generated. Equation (6.1.2-3) indicates that negative d-axis currents (, Iy <
0) generate suspension forces (F, > 0). Figure 6.1.3-1 shows schematic views of when the
d-axis currents are supplied. Negative d-axis currents to actively control levitation
forces (F; > 0) always generate restoring torques against the S and - displacements.
The restoring torques stabilize the f~ and j~motions of the mover.

Equation (6.1.2-3) also shows that the g-axis currents I, I, generate the
translational forces F,, F, on a plane without vertical forces F.. Therefore, the d— and g—
axis currents lu, lpe, Luy, Iy -

> independently control the translational forces F, F,, F;

> stabilize the pitch and roll motions.

However, the d-axis currents utilized to control the suspension forces F., generate
yaw-directional torques proportional to the yaw angle ¢, that is, they generate instable
yaw motions. Therefore, in order to realize both 3-DOF motion controls on a plane and
magnetic suspension, a stabilization mechanism for the yaw motions is needed.

Then, we can consider the following two methods toward addition of the
stabilization mechanism; redesign of structures of the permanent-magnet mover or
stationary armature conductors. Fabricating the permanent-magnet mover is difficult
in bonding each permanent-magnet component. On the other hand, the armature
conductors can be flexibly and easily manufactured by means of multilayered printed
circuits. In this study, the armature conductors are redesigned to offer stable yaw
motion with less interference to the translational, pitch, and roll motions.

The torques acting on the mover depend on the relative yaw, pitch, and roll
distances between the mover and the armature conductors, but relative pitch and roll
distances should be always nearly equal to 0 deg in order to maintain a small air gap.
The torques also depend on pitch lengths of the armature conductors, which determine
an allowable maximum width of those as shown in Fig. 6.1.3-2. The width of the
armature conductors also determines an allowable maximum current of those, and so
design of the armature conductors including pitch lengths as a parameter tends to
become complicate.

In this study, new armature conductors with different relative distances in the yaw
direction from the armature conductors for the x— and y-directional drives are

introduced to control the yaw motion as shown in Fig. 6.1.3-3.
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Fig. 6.1.3-1: Conceptual design of a magnetically levitated planar actuator.
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Fig. 6.1.3-2: Allowable maximum width of the armature conductors determined by
pitch length of those.

Fig. 6.1.3-3: New introduced armature conductors tilted in the yaw direction.
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Figures 6.1.2-3 and 6.1.2-4 indicates that the d-axis current generates translational
forces F; and torques T;, and the g-axis current generates translational forces Fy, Fyand
torques T, T, when the pitch and roll positions are not displaced (8= y= 0 deg). So, at
least four kinds of the g-axis currents, that is, four pairs of polyphase currents are
needed to actively control 6-DOF motions.

Furthermore, Figs. 6.1.2-3 and 6.1.2-4 indicate that the d- and g-axis currents
generate only torques without translational forces when the relative yaw distance is
24.7 deg or 45 deg. As mentioned in Subsection 6.1.2, a magnitude of torque 7. resulting
from the mover tiled by 24.7 deg is larger than that by 45 deg. Therefore in this study,
the armature conductors are tilted by 24.7 deg in the yaw direction from the armature
conductors for the x—directional drive, I term this arrangement "armature conductors
for the a—directional drive." When the yaw angle of the mover a = 0 deg, the d-axis
currents for the a—directional drive I, :

> generate only torques 7.

» without vertical forces F..

Therefore, the d-axis currents I, can separate thé generation of the vertical forces
F. and torques T, and stabilize the yaw motion. To date, the d- and g—axis currents are
generated by three-phase currents, but they can be also be generated by two-phase
currents. In this study, a magnetically levitated planar actuator with three pairs of
two-phase armature conductors is organized as shown in Fig. 6.1.3-4. Tables 6.1.3-1 and
6.1.3-2 show the specifications of the miniaturized permanent-magnet mover and a

triple-layered printed circuit board mounting armature conductors, respectively.
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Table 6.1.3-1:  Specifications of miniaturized permanent-magnet mover.

Material NdFeB (Shin-Etsu Chemical Co., Ltd.)
Residual flux density B, 1.35-141T

Overall dimension 11 mm x 11 mm x 2 mm
PM component 2mmx2mm x 2mm, or 2 mm x 1 mm x 2 mm
Total mass 18¢

Table 6.1.3-2:  Specifications of triple-layered printed circuit board.

Number of conductor layers 3

Pitch of meander pattern, r 2.1 mm
Number of turns of meander pattern 16

Width of conductors 0.8 mm
Thickness of conductors 30 - 35 um
Thickness of insulating layer 0.1, or 0.2 mm
Resistance of each conductor 1.0Q
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6.2. Dynamic Behavior of Mover

The mover has 3-DOF translational and rotational motions because there is no
mechanical suspension mechanism. When the physical quantities of the mover motion
are represented, it is extremely important what coordinates are respected. The
translational motions are often represented with respect to the stationary coordinate,
and the rotational motions are often represented with respect to the mover coordinate.
This section introduces an equation for the 6-DOF motions of the mover that describes

the dynamic behavior.

6.2.1. Mass and Inertia Tensor

The mass M and inertia tensor J,’ of the mover are determined by mass density and
dimensions. The mass M was measured using an electronic scale (LIBROR, EB-3200B,
Shimadzu Corp.) that has a 0.1-g resolution. The scale indicated that mass M=18 g,
which agreed with the theoretical value calculated from mass density p = 7.60 x 1%
kg/m3 and volume V = 224 mm3. The inertia tensor J,” with respect to: the mover-
coordinate axes x,ymz» With an origin at O, corresponding te the center of mass: of the:
mover shown in Fig. 6.2.1-1, can be represented as a 3 x 3 matrix as follows:

I Iy I
Iu'=dx' Iyt Sz e rteraesaasesassesrneesasane SRR (- % o )
I Iy I
where the diagonal elements Jy', J,’, and J-' are the moments of the inertia about the
Xn— Ym—, and z,—axes passing through the center of mass of the mover; respectively; and
the off-diagonal elements J,,’, Jix', Az’ Jy', J= ', and J* are the products of the inertia.

These elements can be defined as the following equation:

Ju'= I,P(" X” ) iy} )d‘ b e e e s e s e 6.2.1-2)

respect to the mover-coordinate axes Xu¥mZm, 1; a0d r: §;, k= 1, 2, 3) are elements of the.
position vector #, and dj is Kronecker delta. An inertia tensor Jo"of a rectangular prism,
which has uniform mass density g, with respect to. the coordinate axes xg.z, with. the-

origin at O can be represented as. follows:
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%M(lyz +122) 0 0 ]
Jo'= 0 éM(I,Z +1?) R (6.2.1-3)
B 0 —m,? +1y2)_

where /, /,, and /; are the lengths of the edges of the prism as shown in Fig. 6.2.1-2. Next,
we can easily calculate the inertia tensor Jo,’ of the same prism with respect to the
coordinate axes xyz with the origin at O, parallel to the coordinate xyszs with each other
as follows:

b*+c?  —ab —-ac
Jo'=Jo" M| =ba € +a®  =bC | oo (6.2.1-4)
—-ca ~-cb  a®+b?

where d,=[a b c]” is the displacement vector from the origin O to the origin O,. The
inertia tensor J,’ of the mover with respect to the coordinate axes xy.z, J,’ can be
calculated from Egs. (6.2.1-3) and (6.2.1-4) as follows:

0.1828 0 0
J'=| 0 01828 0 (X107 kgmZ. ..o (6.2.1-5)
0 0 03543

As we can see, the inertia tensor J;’ is a diagonal matrix. The diagonal elements of
the inertia tensor J;’ and the coordinate axes xy;z; are referred to the principal moments
of inertia and the principal axes, respectively. Once the principal moments and their
axes of the mover are known, the inertia tensor J,, with respect to any other axes
passing through the center of mass, can be found by a similarity transformation defined
by the Euler angles relating the two coordinates. If the transformation matrix is given

as R, the inertia tensor J,,’ can be represented as follows:

The transformation matrix R from the stationary-coordinate axes xyz; to the mover-
coordinate axes X,ymz» shown in Fig. 6.2.1-1 is given as follows:

cos(r/4) —sin(z/4) 0

R=|sin(z/4) cos(z/4) 0

0 0 1

Therefore, we can calculate the inertia tensor J,’ of the mover with respect to the

mover-coordinate axes X, ymzn as follows:

0.1828 0 0
J,=| 0 01828 0 (X107 Kgm2 oo, (6.2.1-8)
0 0  0.3543
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Fig. 6.2.1-1: Mover with mover-coordinate axes x,y.z» and stationary-coordinate

axes X,z;.

Fig. 6.2.1-2: Rectangular prism with two mutually-parallel coordinate axes.
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6.2.2. Euler Angle and Angular Velocity

In order to define the 3-DOF rotational orientation of the mover, the Euler angle
needs to be defined [Gol01, Taj06]. In this study, Euler angle ¢=[a £ ' is defined
from «, fand yas orderly counterclockwise rotations around the stationary z,—, y.— and
x,—axes passing through the center of mass of the mover, respectively, as shown in Fig.
6.2.2-1. At first, an immediate coordinate x;yz; is defined to be rotated from the
stationary coordinate x,z, by @ around the z,—axis. Then, an immediate coordinate x3y:z>
is defined to be rotated from the coordinate x)y;z; by £ around the y—axis. Finally, the
mover coordinate x,.z, is defined to be rotated from the coordinate x»y»z; by y around
the x,~axis.

Next, the orientation of the mover coordinate x,),z, with respect to the stationary
coordinate x.,z,, Ry, is introduced from the Euler angle ¢. When a body is rotated
counterclockwise by y around an arbitrary vector A=[41 A2 Asl’, the rotation matrix

R, can be represented as follows:

R, = Ecosy +(4M, + 2,M, + M )siny + A4 (1=COSW) .oooovovn (6.2.2-1)

where E is a 3 x 3 unit matrix and M, (i =1, 2 or 3) is an infinitesimal rotation generator,

which can be represented by the following equations:

1 00
E=l 1 B e it amessissasens s ssise s stsssas sossaissenssinsis (6.2.2-2)
0 0 1
00 0 0 0 1 0 -1 0
M =10 0 -1 M,=10 0 0, My=|1 0 O ... (6.2.2-3)
01 0 -1 0 0 0 0 0
3
ASa
J? ym
/_"J’5 2
X o
Stationary coordinate X Mover coordinate

Fig. 6.2.2-1: Definition of Euler angle g=[e £ A’



At first, a rotation matrix to rotate counterclockwise by « around the z,—axis, R, can
be calculated from Egs. (6.2.2-1)-(6.2.2-3). Because the unit vector of the z—axis with
respect to the stationary coordinate x.,z, is represented as 4;;,=[0 0 1}, the rotation

matrix R;; can be represented as follows:

cosa -sina 0
Ry =SNG COSA 0. e eeeeereeveeveeseessesseessesssessasnesneens (6.2.2-4)
0 0 1

Then, the unit vector of the y~axis with respect to the coordinate xyz;, A is

represented as follows:

0 sina
Y B N 1 BT (6.2.2-5)
0 0

Therefore, a rotation matrix to rotate counterclockwise by f around the y—axis, R»
can be calculated as follows:
cos B +sin? a-(l—cosﬂ) cosa-sina-(1-cosf) cosa-sinf
R, =| cosa-sina- (1 ] ﬂ) cos B+ cos’ - (1 - cosﬂ) —sina-sinf}|. ... (6.2.2-8)
—cosa-sin S sina -sin S cosfB
Finally, the unit vector of the x~axis with respect to the coordinate x;»z;, Ans is

represented as follows:

1 cosa-cos
As =Ry 7RO = =SINGCOS B oo (6.2.2-7)
0 sin B

Therefore, a rotation matrix to rotate counterclockwise by y around the x,—axis, Ry,
can be calculated as follows:

cosy +cos? a-cos> B-(1 —cosy)

Ry =| sinf-siny—cosa-sina-cos” B-(1=087) | .emmmmrmrreerermecererrene (6.2.2-9)
sina~cosﬂ-sin7+cosa-cosﬂ'sinﬁ(l—cos;')
[ —sin,B-siny—cosa-sinwcosz,B-(l—cosy)

Ry = cosy+sin?@-cos” B-(1-c0s7) | e (6.2.2-10)

cosa-cos,B-siny—sina-cos,B-sinﬂ-(l—cosy)

-—sina-cosﬂ-siny+cosa-cosﬂ-sinﬂ-(l—cosy)
Rypy =| - cosa-cos f-siny —sina-cos B-sin f-(1=087) | ..oooooriovcerrernnencnce (6.2.2-11)
cos y +sin’ ,b’-(l—cosy)

The rotation matrix of the mover coordinate x,ymz» with respect to the stationary

coordinate xyz;, Rsm, can be calculated from the rotation matrices Ry, Ry2, R2n as follows:
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R,, = R, R R,,

cosa - cos 3 —-sina-cos 8 sin 8§
sina-cosy +cosa-sin B-siny cosa-cosy-sina-sinB-siny —cosfB-siny|
sina-siny —cosa-sin f-cosy cosa-siny+sina-sinf-cosy cosf-cosy

.................................... (6.2.2-12)
The rotation matrix of the stationary coordinate xy.z, with respect to the mover
coordinate X, ymzm, Rns, can be calculated as follows:
R, =R, =R,
cosa-cosfB sina-cosy+cosa-sinf-siny sina-siny—cose-sin B-cosy
=|-sin@-cos B cosa-cosy—sina-sinB-siny cosa-siny+sina-sinB-cosy |
sin S ~cosfB-siny cos -cosy
.................................... (6.2.2-13)
We can convert positions with respect to the mover coordinate x,ymz» into those with
respect to the stationary coordinate xy.z; as follows from Eq. (6.2.2-13).
The angular velocity of the mover with respect to the mover coordinate x,y,z», as

shown in Fig. 6.2.2-2, @,,’= [0, ®, .1’ can be calculated as follows:
N -1
@;,'= Ry Ry 04+ Ry, 040y,

7 (6.2.2-14)
= Ry (62

sina-siny —cosa-sinf-cosy sina-cosy+cosa-sinf-siny cosa-cosf

R, =|cosa-siny+sina-sinB-cosy cosa-cosy—sina-sinfB-siny —sina-cosf|.
cos f-cosy —cosfB-siny sin S
.................................... 6.2.2-15)

where o,,’, w2’, and @, are angular velocities of the mover about the z—axis with
respect to the immediate coordinate xyy;z;, the y—axis with respect to the immediate
coordinate x;)»z;, and the x.—axis with respect to the mover coordinate X,ymzm
respectively. The angular velocities @, ', @2’, and @,, can be calculated from the unit
vectors A, Azs, Ans and Euler angle ¢=[a B 51" as follows:

o,'= A, idii . 0= Ay -‘g’i , @y,'= Ay %. .............................................. (6.2.2-16)

Then, we can calculate the differential of the Euler angle (d¢/ds) from Eqs. (6.2.2-14)
and (6.2.2-15) as follows:

‘fo = Rg(B) @y’ oo (6.2.2-17)
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= I
R, =——
. cos(Za')

sine -siny —cose -sin - cos cosa -siny +sine-sin f-cosy  cosfF-cosy
x|sine -cosy +cose -sin B -siny cosa-cosy—sine-sin B-siny —cosB-siny
cos¢ - cos f3 —sina -cos B sin #

.................................... (6.2.2-18)
Equation (6.2.2-18) indicates that the matrix Rw'] cannot be defined, and therefore

the Euler angle ¢ cannot be uniquely determined from this equation when the Euler
angle « = +45, or 135 deg. The orientation of the mover is often called a "singular
posture." However, in this study, it is assumed that the mover is driven in the range
within the Euler angle & = 0 deg. Therefore, a singular posture cannot occur, and the

differential of the Euler angle (dg¢/ dr) can be calculated from Egs. (6.2.2-17) and
(6.2.2-18).

Fig. 6.2.2-2: Angular velocity @' = [o, ©, @]’ and Euler angle g=[a g 7’
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6.2.3. Equation of Motion

The equation of the motion of the mover can be represented by the translational
forces acting on the mover F,, = [F, F, FJ)" and torques around the mover center O’
T’ =T T, T.1 asfollows:

av
L S (6.2.3-1)
d 1
‘Z;'" Sy P T 0 A ) (6.2.3-2)

where v, =[v; v, v and F,=[0 0 -Mg]" are velocity of the mover and the force of
gravity acting on the mover, respectively.

Equations (6.2.3-1) and (6.2.3-2) represent 3-DOF translational and rotational
motion equations of the mover, respectively. All variables in the translational and
rotational motion equations are represented with respect to the stationary coordinate
xszs and mover coordinate x,ymz,, respectively. The position r,, and Euler angle ¢ of the
mover can be represented by the velocity v,, and angular velocity @', respectively, as
follows:

BTt et (6.2.3-3)
dt

% S ) R T 6.2.3-4)

Equations (6.2.3-1)~(6.2.3-4) can represent dynamic behaviors of the mover with 6
DOF.

201



6.3. Planar Motion Control with Stable Magnetic Levitation

This section discusses six-current controls to stably levitate the mover and actively
control the x—, y-, z—, and a—motions. There are two important things for the motion
controls:

> to generate independent translational forces F;, F,, and F; with stable torques in

the - and f~directions.

> to generate torques in the a-direction with less interference to translational

forces F;, F,, and F..

This section first presents driving forces resulting from three pairs of two-phase

armature currents, and then the driving force-control system.

6.3.1. Translational Motion Control

In this study, three pairs of two-phase currents i;= [I;; 51" =x,y, or @), as shown
in Fig. 6.3.1-1, are assumed to be supplied to the three pairs of two-phase armature

conductors as shown in the following equations:
Iyy=-~I; cos(esj) .............................................................................................. (6.3.1-1)

Ly =1 SI(8, ) cooverereseersssscenneeeeeeeesececesssssssssssmmssismsassssssssssssssessessesssnsnsesenees (6.3.1-2)

Figure 6.3.1-2 shows phasor diagrams for the relation between the dg—frame and
a’p’~frame. The currents [, and /;, generate the opposite-phase magnetic field to that
resulting from the permanent-magnet mover when the mover position in the x~ and
y—directions (x, y) = (x;, y) and the Euler angle ¢= (0, 0, 0). The o’-axis are aligned to the
opposite side of the current /;; axis, and the f’-axis leads the a’-axis by 90 deg. The
current /;, generates a magnetic field that is tilted by ¢ = —-24.7 deg around the a-
direction from that caused by current /;,. Bearing this in mind, the armature currents in

the dg—frame I and I,; can be represented by the currents /;; and I, as follows:

_Iﬁ]_[cos(ﬂxs/ ) —sin(m, / T):":sz] 6.3.1-3)

| g sin(mx, /7)  cos(m, / ) || 1,

o] _[eosl, /7) =sinlwy, /O] Ty (6.3.1-4)
I | Lsin(my, /1) cos(ay, / 7) || 4, | h
—]d,r N cos(zras / r) —sin(xas / r) L, (6.3.1-5)
I =l (”as /r) cos (ﬂas /r) | ————————— 3.

a, = X cos@ — Ys sin [/ TS ITP TP L T T TR (6.3.1‘6)
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Fig. 6.3.1-1: dg—frame and «'f'—frame for the x—, y—, and a—directional drives.
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Fig. 6.3.1-2: Phasor diagram showing relation between dg—frame and a’'f'—frame.
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These pairs of d¢- and g-axis currents generate the translational forces F,, and

torques Ty, as follows:

P /i

X dx
F)- Iqx
F. K(r,,, 1y
% 1= ¢ "’)_ Sl (TP —— (6.3.1-7)
T, 6 x 6 matrix -
T)-' Ida
_Tz '_ i __IW |

where K is a 6 x 6 matrix, and all elements of K depend on the mover position r,, and
Euler angle ¢. Where Euler angle ¢~ 0, K can be approximated as shown in Fig. 6.3.1-3,
and therefore 3-DOF translational forces F,, F,, and F. can be independently controlled
by two-phase currents i, and i,.

In this study, references of the translational forces F,, = [F. F_‘.' F1" are
determined from the mover positions r,, = [x ¥y 21" and position references r,‘.,,,‘ =[x y‘
z']” by three PID controls.

F, =P (r ~r, )— D, 7 ......................................................................... (6.3.1-8)

where Pi: = [Py, Piy, Pil and Dy = [Diy Dy D) are proportional and differential
parameters, respectively. In this study, references of the armature currents i, and ."_,.' are

calculated from those of the translational forces F,, as follows:

Driving Currents
forces I Translational force control
Fl][o 0000]/« Fl [0 Knla
Rl 1000 00|/ |:> Fi2]7 Ky 0 /g
F. Ly . I
T_' B 0 000 ]aﬁ [F_r }_[ 0 Koy lur
Tx' 3x4 3x2 [q.\’ F./2 K3 0 IL.U‘
Y| | matrix matrix| K3 Kz <0
IS Az (s b, 20— F56)
K(r\m‘ ¢) V -
6 x 6 matrix %
Torque control
I(i\'
I
T.=3x2 ]»ff(__ 3x4 ‘{:}x
T matrix|| /. matrix | o
Toy
Fig. 6.3.1-3: Control method for driving forces.



7 r --1 .

(6.3.1-10)

Supplying the armature currents i, and i, equal to the references iy and i,,‘ generates
the translational forces F, equal to the references F, .

6.3.2. Torque Characteristics and Rotational Motion Control

The armature currents i; and i, generate not only the translational forces F,, but
also the torques T, . Therefore, it is extremely important to investigate how the torques
Ty’ resulting from the armature currents i; and i, influence the rotational motions of
the mover. When the Euler angle ¢~ 0, the torques 7.’, 7,’, and 7.’ are dominant on the
Euler angle o, B, and j, respectively. Next I performed a numerical analysis of the
torque characteristics due to the armature currents for the x—directional drive when
rotational motions with more than 2 DOF occur in the range within -2 deg < a, 8, and y
< 2 deg.

Figure 6.3.2-1 shows the system constants Kg, (= I.’/ I5) and Ke; (= T’/ I,), which
are dominant on the a—-motion, for the Euler angle a. The system constant K, is
independent on the Euler angles £ and y and the system constant Kg is almost
independent on the Euler angles @ and f. Figure 6.3.2-2 shows the system constants Ksl
(=T,’/ 1) and K5, (=T, / I,), which are dominant on the f~motion, for the Euler angle 4.
The system constant K, is independent on the Euler angle y, and the differential (6K, /
0p) is independent on the Euler angles a and y. The system constant Ks; is almost
independent on the Euler angles a, S, and y. Figure 6.3.2-3 shows the system constants
Ky =T, | I) and Ky (= T;’ / 1), which are dominant on the y-motion, for the Euler
angle y. The system constant Kjy; is independent on the Euler angles « and S, and the
system constant Ky, is almost independent on the Euler angles S and y.
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From these results, when rotational motions with more than 2 DOF occur, K is
almost in agreement with K7 in Eq. (6.1.2-3). Therefore, negative d-axis currents I, Ly
that control the suspension forces F, generate stable restoring torques T,’, T.". However,
the g—axis currents that control the translational forces F,, F, generate torques 7., T,
T,’, which are not stable restoring torques. So next I performed a numerical analysis of
the torque characteristics due to the armature currents for the a—directional drive.

Figure 6.3.2-4 shows the torques due to the armature conductors for the
a-directional drive at (8, ») = (0, 0). When the Euler angles (8 » = (0, 0), the d-axis
current /i, generates only the torque 7,’ and the g—axis current I« generates only the
torques 7,’, T.". Therefore, the torques 7,’ and 7;’ cannot be independently controlled by
the armature currents for the a-directional drive.

Figure 6.3.2-5 shows the torques from the armature conductors for the a-directional
drive at (8, ) = (2, 2). The d- and g-axis currents generates T2, T, T;’, but the torque T’
is much less than the torques 7.’ and 7.’ Therefore in this study, the torques 7.’ and 7.’
are controlled by the two armature currents for the a—directional drive. When the Euler
angle ¢ ~ 0 and angular velocity @y’ ~ 0, a linearized equation of the rotational motion
can be obtained from Eqs. (6.2.3-2) and (6.2.3-4) as follows:

dzf_ A% " ' ' ' _degi-lﬂ
@t ‘”"{(J”') T~ 0 %I ' 01 ) At (6.3.2-1)

=~ Ra)¢ (Jm ')_l Tsm| = TE = [Ta Tﬁ T7 ]T

In this study, T, which is the reference of T, is determined by a PD control from
the Euler angle o and the reference o as follows:

T, =P,la" -a)-Dy, ‘2—‘:’ ............................................................................. (6.3.2-2)

where Pr, and Dy, are proportional and differential parameters, respectively. Then, the
references T,; and T,‘ are determined to be zero because of the suppression of the #~ and
y-motions. The torque references T " and T.” can be calculated from the reference Tz by
Eq. (6.3.2-1). Then, the references of the armature currents for the a-directional drive

lie and lqa' can be calculated for the torque references 7" and 7.” as follows:

L |_[Ks K] ([T -[T"'] ............................................................. (6.3.2-3)
]qa‘ K65 K66 T:" T:a‘

where Ty,” and T.,’ are torques due to the armature currents i; and i, and can be

represented as follows:
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Ty
[Txa]=|:K4l K42 K43 K44] Iqx
T, K6l K62 K63 K64 ]dy

za
1‘1)’

Frrresatassenrares e e s tsis et s et b n e sasesnsesneenans (6.3.2-9)

Supplying the armature currents i, equal to the references in generates T nearly
equal to Tz, and controls the rotational motions with less interference to the

translational motions.
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6.4. Numerical Analysis of Mover Motion

This section presents the analytical conditions of the 6-DOF motions of the mover

and the analysis results.

6.4.1. Analytical Model and Conditions

Motion characteristics with 6 DOF can be obtained by solving Eqgs. (6.2.3-1)-
(6.2.3-4) using the Runge-Kutta method. In order to numerically solve the equations, it
is necessary to calculate the driving forces F,, and T.,’ at each time step. The
calculation at each time step consists of an integration of Lorentz force acting on the
line segments as shown in Egs. (3.3.1-3) and (3.3.1-4), and so requires a lot of
computation time. The flux density B acting on the armature conductors greatly
depends on the mover position 7, and Euler angle ¢. Therefore, the driving forces Fi,
and T,’ are functions of the mover position r;, and Euler angle ¢. In this study, the
system-constant matrix K was calculated and the data table of K was made before the
motion analysis. Then, the system-constant matrix K is calculated from the mover
position ry, and Euler angle ¢ by interpolating it with the data table at each time step.
Figure 6.4.1-1 shows a flow chart of the motion analysis. The analysis conditions are
shown as follows:

> time step dr=0.2 ms

» control period /. = 2 ms

> initial positionr;=0

> initial Euler angle ¢ =0.

When the z-position is zero, the mover is assumed to be on the stator. The
proportional and differential parameters are determined so that the settling times in
the x—, y—, z—, and -motions are less than 1 s. In this analysis, to investigate the planar

motion control and magnetic levitation, the following two position references are given:

O Magnetic suspension at specific positions:

In this analysis, the position references are given as follows: the mover position rg,
=[0 0 0.15]" and Euler angle @ = 0 deg. Therefore, the large g-axis currents I and
I to generate the translational forces F; and F, are unnecessary. In this condition, the

magnetic levitation of the mover is easy to be stabilized because there are small torques
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7, and T.’, which are not restoring torques.

(I Planar motion control with magnetic suspension:

In this analysis, in order to verify the compatibility of both the 3-DOF planar motion
control and magnetic suspension, the position references are given as follows:

> x =2cos(m) mm

‘f

y‘ = 2sin(m) mm
> z=0.15mm

> Euler angle " =0 deg.

In this analysis, the g-axis currents I and I, used to generate the translational
forces F. and F, influence the magnetic suspension characteristics, and this influence

was investigated.

Physical model

(Time step: dr)
i == A ¢ ieEse =il =T S Cuwrrent controller
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|
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Figure 6.4.1-1:  Flow chart of 6-DOF motion analysis.
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6.4.2. Numerical Analysis Results

Numerical analysis of the mover motions under the previously mentioned conditions
(D and (II) in Subsection 6.4.1 were performed. These analysis results are shown as
follows under each of the above conditions:

)

an

Magnetic suspension at specific positions:

Figure 6.4.2-1 shows the analysis result of the mover motions under
analysis condition (I). Figure 6.4.2-1 indicates that the mover can be
positioned at these reference positions in the x—, y—, z—, and a~directions with
less suppressed /- and p~displacements. Therefore, the mover can be
magnetically suspended with stability.

Figure 6.4.2-2 shows the analysis result of the armature currents under
analysis condition (I). The d-axis currents I and I, used to generate the
suspension forces are absolutely less than 0.36 A and 0.45 A, respectively.
The g-axis currents I, and I, used to generate the translational forces F;
and F, are absolutely less than 3 mA, therefore, high-resolution current
controls ai'e necessary to control the mover motions. The armature currents
for the a—directional drive are absolutely less than 0.04 A.

Planar motion control with magnetic suspension:

Figure 6.4.2-3 shows the analysis result of the mover motions under
analysis condition (II). Figure 6.4.2-3 indicates that the mover can track the
reference positions in the x— and y—directions, and be positioned in the z— and
a—directions with suppression of the /- and p-displacements. Therefore,
mover motions can be controlled with stable magnetic levitation.

Figure 6.4.2-4 shows the analysis result of the armature currents under
analysis condition (I). The g-axis currents /. and I,, are absolutely less than
7 mA, but slightly larger than those in analysis (I). The g-axis currents I
and I; used to control the translational forces F; and F, also generate
simultaneously the torques 7,’ and T;’, respectively. Therefore, displacement
of the Euler angles fand yunder analysis condition (II) is larger than that in
analysis condition (I) due to the greater g-axis currents I, and I, for the

planar motions.
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Therefore, I proposed a planar actuator with a magnetically levitated mover capable
of large planar motions over the stator, and demonstrated both 3-DOF planar motion
and magnetic levitation controls by applying three pairs (minimum number) of two-

phase armature currents control by numerical analysis of the 6-DOF motion.
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Fig. 6.4.2-1: Analytically-obtained mover motions under analysis condition (I).
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6.5. Summary of Chapter 6

This chapter presents a feasibility verification of a planar actuator with both 3-DOF
planar motions and magnetic suspension of the mover in order to further improve
performance. Then, based on a numerical analysis of the 6-DOF driving forces, a planar
actuator having a mover positioned above a plane and magnetically levitated by only six
currents and the six-current-control algorithm were conceptually designed.
Furthermore, I validated the designed planar actuator by numerical analysis of the
6-DOF motions. The results obtained in this thesis indicate the possibility of the
realization of a high-performance MDOF planar actuator:

> decoupled 3-DOF motion control and magnetic levitation on a plane.

> wide movable area by a small number (six) of armature conductors.

> extendible movable area regardless of the number of armature conductors.
> small millimeter-sized mover.
>

no problematic wiring to adversely affect drive performance.

As the next step, it is necessary to design an experimental system for the

verification of the 6-DOF motion characteristics and conduct experimental tests.
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Chapter 7

Conclusions

This chapter concludes this thesis and suggests future work.
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7. Conclusions

This chapter presents the accomplishments and technical contributions of this

thesis as conclusions, and also makes suggestions for future work.

7.1. Conclusions

In this study, I designed planar actuators that have a small mover capable of
traveling over a wide movable area on a plane, and which is driven by a small number of
armature conductors. These planar actuators form spatially superimposed magnetic
circuits for the MDOF motion controls. Magnetic circuits are the most innovative of all
planar actuators and enable the extensions of the movable area regardless of the
number of armature conductors. However, there is a disadvantage to magnetic circuits
that needs to be solved, which is that realizing decoupled controls among the driving
forces in each degree of freedom is difficult. The most important assertion and technical
contribution of this thesis is the design of the planar actuators so as to achieve
independently control more-degree-of-freedom mover motions by using spatially
superimposed magnetic circuits.

Chapter 1 presented an introduction to and applications for MDOF drive systems.
Multiple moving-part actuators, consisting of multiple 1-DOF actuators, have been
most utilized in MDOF drive systems. However, there are several disadvantages with
multiple moving-part actuators that make it difficult to improve the accuracy and
response of the mover drive. In order to solve these disadvantages, single moving-part
actuators, capable of direct drive with MDOF, have been studied. Chapter 1 then
introduced important element technologies, including magnetic materials and circuits,
position sensing, and suspension and guide mechanisms. With this in mind, the purpose
and technical contributions of this study were detailed. Finally, the structure of this
thesis was outlined.

Chapter 2 presented classification of MDOF drive systems and remarks about their
features and technical issues. MDOF drive systems can be classified by the number of
moving parts, form of driving forces, and drive principle. Synchronous planar actuators,
with which this study deals, have especially good controllability of the driving forces in
planar actuators. With these technical details in mind, I then summarized the
specifications of synchronous planar actuators that had been developed. In synchronous

planar actuators, planar actuators with a permanent-magnet mover realize
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sophisticated motion controls, but have insufficiently wide movable area unless the
planar actuators have a large number of armature conductors. The planar actuator that
I proposed in this study is aimed at achieving compatibility of both sophisticated motion
controls and a wide movable area using just a small number of armature conductors. In
Chapter 2, I clarified the orientation of my proposed planar actuator in relation to
previous planar actuators.

Chapter 3 presented the fundamental conceptual design of my proposed planar
actuator, which aims to resolve the technical issues of previous planar actuators. The
drive principle of the planar actuator is based on two-orthogonal linear-synchronous
motors. The planar actuator form spatially superimposed magnetic circuits
corresponding to the magnetic circuits of the two-orthogonal linear-synchronous motors.
There are two polyphase armature conductors, and exciting these armature conductors
generates two-directional multipole magnetic field over the stators. Therefore,
increasing the length of all the armature conductors easily expands the movable area.
Based on the numerical analysis results of the driving forces, I designed a decoupled
control algorithm for 2-DOF translational and 1-DOF rotational motions.

Chapter 4 presented a design for an experimental system for an investigation into
the drive characteristics of the planar actuator. I implemented a control algorithm into
a DSP connected to AD/DA converter boards, and designed a 3-DOF position-sensing
system using three laser-displacement sensors, as well as a suspension mechanism for
the mover using ball bearings. Then, specifications of these experimental apparatuses
were presented.

Chapter 5 presented an experimental verification of the 3-DOF motion controls of
the mover on a plane, and the results of the experiment. From these experimental
results, I successfully demonstrated that 3-DOF motions could be independently
controlled by two pairs of three-phase currents. The movable area in the translational
motions can be infinitely extended, and the rotational motions is in the range within the
yaw angle = +26 deg. Furthermore, the driving forces are periodic with a 90-deg period
in the yaw direction, and the mover can travel in multiple 90-deg steps in the yaw
direction. Therefore, the planar actuator has a wider movable area than previous planar
actuators, although it only has two polyphase armature conductors.

Chapter 6 presented a feasibility verification of the magnetic suspension of a mover
capable of 3-DOF planar motions in order to eliminate friction forces between the mover
and ball bearings, aimed at incremental improvement of the drive performance. Based
on a numerical analysis of the 6-DOF driving forces, I designed a planar actuator that

has spatially superimposed magnetic circuits formed by only six currents and a
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permanent-magnet mover, so that the mover motions could be independently controlled
in the 3-DOF translations and 1-DOF rotations above a plane. The drive characteristics
were validated by a numerical analysis of the 6-DOF motions.

This thesis demonstrated the following significant accomplishments of a novel
study:

> experimental verification of the design and control of a long-stroke 3-DOF

planar actuator.
> numerical verification of design and control of a planar actuator with a stably

and magnetically levitated mover capable of 3-DOF planar motions.

7.2. Future Work

This section discusses future works aimed at incremental improvements in the
performance of the planar actuator as follows:
> Improvements to the drive system:
< realization of decoupled 6-DOF motion controls by redesigning the mover or
stator structure.
< improvements to the specifications of the controller boards (input/output
range resolution, sampling time, and so on), that would improve drive
characteristics such as positioning precision and response.
< investigation of a movable area out of plane.

< consideration of payloads mounted on the mover.

> Improvements to the position-sensing system;
< realization of 6-DOF position-sensing system, preferably integrated with
the mover or stator.
< calibration of sensor signals against the experimental environment such as

temperature and thermal expansion.
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In conclusion, this thesis presents high-performance MDOF planar actuators with a
permanent-magnet mover capable of traveling over a wide movable area on a plane,
with just a small number of stationary armature conductors. The combination of the
mover and stator can generate spatially superimposed magnetic fields for the MDOF
drive, and therefore increasing the length of the armature conductors can easily expand
the movable area regardless of the number of armature conductors. A planar actuator
was conceptually designed and fabricated. The fabricated planar actuator can
independently control the 3-DOF motions of the mover. Furthermore, in order to
eliminate deterioration of the drive characteristics due to friction forces, the planar
actuator was redesigned so that the mover could be stably levitated and the 3-DOF
motions on a plane could be controlled. Then, the mover motion characteristics were
successfully verified by means of a numerical analysis. Next, a small fabrication size
was realized by integrating the permanent-magnet array and armature conductors for
the MDOF drive. The planar actuator has the first millimeter-sized mover and would
provide a significant starting point when used with small electromechanical

components in an MDOF drive.
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. Fabrication of the Smallest Halbach Permanent-Magnet
Mover

. Structure 6f Manufaétured Printed Circuit Board

. 6-DOF Position Sensing Utilizing Laser-Displacement
Sensors
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A. Fabrication of the Smallest Halbach Permanent-Magnet
Mover

In this study, I fabricated the smallest 2-D Halbach permanent-magnet array, which
measure just 11 mm x 11 mm x 2 mm. The permanent-magnet array consists of one
group of 16 permanent magnets and one of 24 permanent magnets, which measure 2
mm x 2 mm x 2 mm, and 2 mm x 2 mm x 1 mm, respectively. Mr. Koji Miyata and Mr.
Yuji Doi, Shin-Etsu Chemical Co., Ltd. kindly provided these permanent magnets for
this study. In the Halbach permanent-magnet array, adjacent permanent magnets are
mutually subjected to repulsion forces. Therefore, I fabricated the permanent-magnet
array by bonding the permanent magnets using these excellent adhesives; Araldite
standard (Epoxy adhesive) and LOCTITE 326 LVUV (Ultraviolet cure adhesive)
combined with LOCTITE 7649 (Primer).

First, I fabricated the permanent-magnet array on a 2-mm iron plate, mounting a
square-ruler-shaped 1.2-mm iron plate in order to fix the permanent magnets using the
iron plate during bonding between the permanent magnets. For the bond between the
permanent magnets, I used LOCTITE, which bonds quickly (less than one minute), and
has a relatively high shear strength (18.5 N/mm?), bonding only the lateral sides of the
permanent magnets. So in other words, I fabricated a Halbach permanent-magnet
array using only LOCTITE. However, the adhesive strength was not high enough, and
the bonded permanent-magnet array often became unglued when the electromagnetic
forces for the MDOF drive acted upon the permanent-magnet array.

Next, in order to strengthen the adhesion, I coated the Halbach permanent-magnet
array, bonded with LOCTITE, with Araldite, which bonds slowly (more than 12 hours)
but has greater shear strength. Araldite is viscous, and keeping a flat coating using
Araldite is difficult. So, after the Araldite hardened completely, I removed the unwanted
Araldite using sandpaper to flatten the surface of the permanent-magnet array.

Figure A-1 shows the fabrication procedure for the smallest 2-D Halbach

permanent-magnet array.
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B. Structure of Manufactured Printed Circuit Board

As mentioned in Chapter 3, in the experiments on 3-DOF motion control on a plane,
a double-layered printed circuit board was utilized in order to generate a multipole
magnetic field that has arbitrary amplitude and phase in the x— and y—directions. The
printed circuit board consists of two 35-um-thick conductor layers and a 100-um-thick
insulating layer sandwiched between the two conductor layers. In each conductor layer,
0.8-mm-wide strips of copper film are aligned at 1.76-mm (corresponding to one-third of
the pitch length of the 3-DOF planar actuator) intervals. Three-phase conductors for the
x— and y—directional drives are then formed by inserting the external circuits shown by
dashed lines in Fig. B-1. The figure shows how exciting two pairs of three-phase
conductors generates a multipole magnetic field above the centered 90 mm x 90 mm
area of the printed circuit board. The intervals between the strips of copper film near
the end of each strip are longer than those near the center in order to secure areas wide
enough to solder, and 2.5-mm-diameter lands are aligned at 3.5-mm intervals. Figure
B-2 shows the manufactured double-layered printed circuit board.

In Chapter 6, a triple-layered printed circuit board was designed in order to
generate a multipole magnetic field that has arbitrary amplitude and phase in the x-, y-,
and x,~directions shown in Fig. 6.3.1-1. A cross-section view of the triple-layered printed
circuit board is shown in Fig. B-3. The total thickness of the printed circuit board is
0.425 mm. The first, second, and third conductor layers have two-phase armature
conductors for the x—, -, and a-directional drives as shown in Figs. B-4, B-5, and B-6,
respectively. The first and third conductor layers consist of 18-pum-thick copper film and
12-pym-thick through-hole plating, and the second conductor layer consists of
35-um-thick copper film. The width of all the conductors is 0.8 mm. In the printed
circuit board, there are a lot of 0.3-mm-diameter through holes, including 12-pm-thick
through-hole plating in order to form mutually insulated three pairs of two-phase
printed circuits. There are 15-um-thick solder-resist layers and 5-mm-diameter lands
with 1.4-mm-diameter through holes on the top and bottom surfaces. Figure B-7 shows

the manufactured triple-layered printed circuit board.
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Structure of the double-layered printed circuit board. The solid lines

Fig. B-1:

represent the copper film and the dashed lines represent external circuits.
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Total thickness : 0.425 mm
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18-um Cu film ;
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Fig. B-3: Cross-section view of triple-layered printed circuit board.
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Fig. B-4: Structure of the first conductor layer. Red and pink lines represent the
two-phase armature conductors for the x—directional drive: dark and light green lines
represent the two-phase armature conductors for the y—directional drive: and dark and
light blue lines represent the two-phase armature conductors for the a-directional

drive.
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Fig. B-5: Structure of the second conductor layer. Red and pink lines represent

the two-phase armature conductors for the x-directional drive; dark and light green
lines represent the two-phase armature conductors for the y—directional drive: and dark
and light blue lines represent the two-phase armature conductors for the a—directional

drive.
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(b) Bottom view.
Fig. B-T: Photographs of the manufactured triple-layered printed circuit board.
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C. 6-DOF Position Sensing Utilizing Laser-Displacement
Sensors

In order to suspend the mover without mechanical contact, it is extremely important
to detect the 6-DOF positions of the mover. In this study, a position-sensing method
utilizing six laser-displacement sensors was investigated to precisely detect the position
of the extremely small mover, the dimension of which are approximately 11 mm x 11
mm x 2 mm.

The six laser-displacement sensors are arranged as shown in Fig. C-1. As mentioned
in Chapter 4, we measure the distance from the sensor head to the surface of an object
using the sensors and the principle of laser triangulation. The sensors output a voltage
proportional to the magnitude of the displacements from reference distance D. Sensors 1,
2, and 3 irradiate different lateral sides of the mover, and Sensors 4, 5, and 6 irradiate
the same top surface of the mover. In this study, a sensor coordinate xjy;z is defined to be
tilted by —45 deg around the z~axis to the stationary coordinate x.y,z,.

Six laser-displacement sensors are aligned so that path of the laser beam from
Sensor i with respect to the sensor coordinate xyz, r; (i = 1, 2, 3, 4, 5, or 6) can be

represented as follows;

™ =[-D-% 0 o]T N 0 OF e (C-1)
r, = % —D—% o]T T [ T S (C-2)
rs = —55—3 D+é o]T N[0 =1 OF e (C-3)
Iy = :- db, sin6, -’% -% db, cosé, +-;1]T +N,sin6, 0 -cos,] w..... (C-9)
ns = :x% — dbs sin 6; _y% db cos bs +g:|r +N[0 sin€; —cosby] .o, (C-5)
Fe = "—;5- dbg sin 6, +-Ji?5‘i dbg sin +§]T +Ng[0 —sinf; —cosb] v, (c-6)

where w, /, and h are width, length, and height of the mover, respectively, x; and y; G, j: 1,
2, 3, 4, 5, or 6) are relative positions between Sensors 1, 2, 3, 4, 5, or 6, and N, is a
positive number. Laser beams from Sensors 4, 5, and 6 are tilted by 6, &, and 6, to the
zaxis, respectively. When the mover position with respect to the stationary coordinate
xsZs F'sm = [0 0 0]7 and the Euler angle ¢=[0 0 0], distances between the sensor

head and measurement point in Sensors 4, 5, and 6 are db;, dbs, and dbs, respectively.

237



The orientation of the mover can be calculated relatively easily by using a new Euler
angle ¢=[ay B 71" that is defined by counterclockwise first ¢;~rotation around the z—~
axis, second f -rotation around the y~axis, and third y -rotation around the x~axis.
The Euler angle y can be represented by the amount of a displacement in the
measurement points of Sensor 5, and 6 (ASs, and AS;, respectively, as shown in Fig. C-2)
as follows:

—AS5 cosfs + AS, cos G,
AS;ssinfs + AS, sinfg + ys4

7= tan"( ) ............................................................... cn

Next, the Euler angle 4 can be represented by £4’, which is a tilt angle of the mover
to the x,— y; plane about the y~axis, as follows: ‘

taN B =181 B1COSJ; - weueueueueuererrreiesesesesesesessssetesssssestsssesesssssssssssssesssssssssssssssenees (C-8)

Then, the tilt angle 4’ can be represented by the Euler angle y and displacement of
the measurement points ASy, ASs, ASs as follows:

B'= tan_,(AS4 cosf, —AS; cosfs ~tany, - AS sines)

Therefore, the Euler angle S can be obtained by Egs. (C-8) and (C-9) as shown in the
following equation:

AS, cos@, — ASs cosf; —tan y, - AS; sin 6;
AS,sind, +x,5

B = tan"[ X oS y,) .............................. (C-10

Next, in order to obtain the Euler angle a;, output signals of Sensors 2 and 3 are
necessary. The y~directional positions of the points measured by Sensors 2 and 3, ¥> and
Y; as shown in Fig. C-3, can be calculated from the output signals. The y~directional
distance between the two measurement points (Y3 - ¥,) depends on only the Euler angle

#=[ay B yl" and can be represented by the Euler angle as follows:

) I 1 OO (C-11
Y =ACOSY; +ASMY AN Y ottt (C-12)
yLz =x23 tanal' ................................................................................................... (C.13)

where a;” and y’ express tilt angles about the z~axis in x;,—y, plane and about the x~axis

in cross-section B-B’, respectively, and can be represented as follows:

_1[ sine; sin B, cosy, +cosq, sin
7,'=tan™| ——— A - Al R (C-19)
sin@, sin B, sin y; —cosa; cosy,
- sina, cos
o,'=tan” R (C-15)
cosa; cosy; —sina, sin B, siny,

The Euler angle o can be calculated from Eqs. (C-11)-(C-15) and represented as

follows;
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l a
J(x23cosﬂl—(Y3"'Y2)Sinﬁ]'Sin7[)2+((Y3—Y2)cos}/l)2 e eeesseesssenanee (C'].G)

—tan"( (Ys‘Yz)COS}’/ )
X,3 €0s f ‘(Ys —Yz)sinﬁ, -siny,

o, =sin”

Next, in order to obtain the mover positions, a normal vector of each surface n,,,; and
a position vector of each surface center r,,; (i = 1, 2, 3, 4, 5, or 6) with respect to the
sensor coordinate xygz; are introduced as shown in Fig. C-4. In Fig. C-4, O and O’ express
origins at the sensor and mover coordinates, respectively, and O;’ expresses center of
surface i (i =1, 2, 3, 4, 5, or 6). When the mover is not displaced from the base position,

the normal vector n,,; and position vector r,so can be represented as follows:

Bpa0 = [1 0 O]T, ny500 = [‘1 0 O]T’
Mo =[0 1 0], Muqo=[0 =1 Of, coooeeeeeree s (c-17)
R,50 = [0 0 I]r, 560 = [0 0 - 1]T

rwl'0=[w/2 0o of, rms2,0=[_W/2 o of,
Fuszn =10 172 OF, Fuao=[0 =172 0f, oo (C-18)
Tmsso=[0 0 RI2], rpeo=[0 0 —hi2]

The normal vector n,,; and position vector r,; can be calculated by the normal vector

50 and position vector rqo (i =1, 2, 3, 4, 5, or 6) as follows:

Py = Rty g oot e s e (C-19)
Frsi = RUpyTorgi 0 cooverereerrecstmentinstrenriesetrsuteeetesesteesasesseseesaeseneesaasanseeesseesssassmsensmneannes (C-20)

where R, expresses the orientation of the mover with respect to the laser coordinate
xyez and can be represented by the Euler angle ¢ as follows:
cosa, cos f3; -sing, cos §, sin S,
R,, =|sina, cosy, +cosa; sin f;siny, cosa,cosy, —sina,sin §;siny, —cospf;siny, |.
sina, siny; —cosa; sin f,cosy; cosa,;siny; +sina,sin B, cosy, cospf, cosy,

A position vector of an arbitrary point on a surface / with respect to the sensor
coordinate xyiz;, rii (i=1, 2, 3, 4, 5, or 6) satisfy the following equation:

BT (i = Fim )= 0 et ss s st ss e se et (C-22)
where r;, expresses the mover position with respect to the laser coordinate xyz;. The
mover position r;, can be calculated from the Euler angle ¢ by Egs. (C-17)-(C-22) with
respect to the three Surfaces 1, 3 (or 2), 6 (or 4, or 5).
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Fig. C-1: Position relation among the six laser beams and mover.
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(a) Measurement point of Sensor 4.  (b) Measurement points of Sensors 5 and 6.
Fig. C-2: Definition of displacements in the measurement points of Sensors 4, 5,

and 6 from the base positions (AS;, ASs, and ASp).

Sensor 3

(a) Cross-section view in the x;—); plane. (b) Cross-section view at B-B .
Fig. C-3: Displacements in the measurement points of Sensors 4, 5, and 6 from
the base positions (ASs, ASs, and ASp).
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Fig. C-4: Definition of the normal vector of each surface nm,,; and the position

vector of each surface center r,, with respect to the sensor coordinate xy;z;.
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Next, the mover position r, and Euler angle ¢ with respect to the laser coordinate
xyiz; are transformed with respect to the stationary coordinate x.y,z;, because the control
system of the mover position 7, and Euler angle ¢ with respect to the stationary
coordinate xy,z; were designed in Chapter 6.

The laser coordinate xyz are tilted by —-45 deg around the z—axis from the
stationary coordinate xy.z,, Therefore, the mover position r,, with respect to the
stationary coordinate x,z; can be represented by that r;, the laser coordinate xyz; as

follows:

where R, expresses a rotation matrix that generates a —45 deg counterclockwise
rotation around the z—axis and can be represented as follows:
cos(45°) sin(45°) 0
Ry =|=5in(45%) €OS(85°) 0. .oreereereerierieerieenseesseesiees s seessees s ssasesassasssaeeses (C-24)
0 0 1
The orientation R,, defined by the Euler angle ¢ = [&y 4 ]’ based on rotations
around the z—, y~, and x—axes as shown in Eq. (C-21), can also be represented by the
Euler angle ¢=[a S " based on rotations around the z,~, y-—, and x.~axes. Vectors of

the y,— and x,—axes with respect to the laser coordinate xy:z;, 4, and A, are represented

as follows:
0] [-1/42
Ay = Ry 7|1 =] V2 [ (C-25)
_0_ 0
1] [142
A = Ry 0|2 1732 |- e (C-26)
0 0

From Egs. (6.2.2-1)-(6.2.2-3) and (C-25)-(C-26), the orientation R, can also be
represented by utilizing the Euler angle ¢ as follows;
Ry =[Rit Rimz  Rims ] coveeeeeneceemeccemneemine e eessssesssssssssssessssssessesssssssans (Cc-2m
where R, Rim2, and Rj,3 can be represented as follows:
sina-(—sinﬂ-siny+cos,B—cosy)+cosa-(—-sinﬂ~siny+cos,3+cosy)
R, =5 sina'(sinﬂ-siny+cosﬂ+cosy)+cosa-(sinﬂ-sin7+cosﬂ—cosy)
J2(sina - (~sin B-cos y +siny)+cosa - (—sin 8- cos y —sin ))
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sina-(sinﬁ-siny—cosﬂ—cosy)+cosa-(—sin,B'siny-t-cosﬂ-cosy)
R, =3 sina-(—sinﬂ-siny—cosﬂ+cosy)+cosa-(sinﬂ-sin7+cosﬂ+cosy)
\/E(sina-(sinﬂ-cosy+siny)+cosa-(—sinﬂ~cos7+siny))

. sin f+cos B-siny
Ry =—=|SINB=COS B-SINY [.rrrrrerrererrerrrrireeiesreeeeinissessseeinsasses s ssssssassesanes (C-30)
2
V2 cos B-cosy
From Egs. (C-21) and (C-27)—(C-30), the Euler angle ¢ can be represented by the
different Euler angle ¢ as follows:

o= sin-! (sina, +cosa, Xsin B, siny, +cos B,)+(sina, —cosa, )cos ¥, 31
7y A
B =sin"[5inﬂ’ —coshy Siny’) .................................... (C-32)
V2
= sin1[ J2sin By —sin g (c-39
vy eeeeeseeeeeeaesaetestastaseb et et st as e s b b s ss s et st s e nanbansenans

As mentioned above, the 6-DOF mover position can be detected by using the six
laser-displacement sensors. Figure C-5 shows the calculation procedure of the 6-DOF
position from the output signals of the six laser-displacement sensors.

Next, I fabricated the position-sensing system shown in Fig. C-6, and then
investigated the characteristics. The specifications of the fabricated position-sensing
system are shown as follows:

» Sensors 1, 2, and 3: LK-080 [Key01]

» Sensors 4, 5, and 6: LK-G080 [Key02]

» tilted angles of laser beams from Sensors 4, 5, and 6 to z~axis: 6, = 25 deg, 6 =

15 deg, and 6; = 15 deg
» distances between sensor head and measurement point in Sensors 4, 5, and 6:
dbs = 70 mm, dbs = 68 mm, and dbs = 68 mm.

The results show there are important problems to be resolved; the detected positions
include errors caused by dimension and placement errors of each piece of experimental
apparatuses, property variations of the sensors and power amplifiers due to
temperature variations, electrical noise, and so on. Furthermore, these errors can
induce identification errors in the system-constant matrix K in the motion-control
algorithm, and deteriorate the motion-control characteristics. Therefore, calibrating the

position sensing system is an extremely important issue.
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