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ANALYSIS AND DESIGN OF A MAGNETICALLY LEVITATED PLANAR MOTOR
WITH NOVEL MULTI-LAYER WINDINGS
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This paper proposes a novel permanent magnet planar motor with moving multi-layer orthogonal overlapping windings. This novel
motor topology can achieve a 5 degree-of-freedom drive by using two sets of x-direction windings and two sets of y-direction windings,
in a core-less configuration. The orthogonal multi-layer construction guarantees a high utilization of the magnetic field and realizes de-
coupling between x-direction thrust and y-direction thrust. The topology and operating principle of the planar motor are introduced in
this paper. A reliable analytical tool for fast and accurate modelling of the motor is established based on the equivalent current method
and the expressions of forces are derived. The force characteristics of the two-layer and the three-layer windings topologies are
compared and design guidelines of planar motor are proposed. The analytical and 3D FEM results are validated with the experiments

results of a tested prototype.

Index Terms — Analytical model, magnetic levitation, multi-layer windings, PM planar.

I. INTRODUCTION

Conventional multi degree-of-freedom (DOF) actuators are
usually achieved by the integration of several one degree-

of-freedom linear machines, supported on mechanical bearings.

However, this usually results in a complicated system
involving a number of moving parts, where the associated
friction not only reduces the response time but also
compromises the positional precision. Recently, the
development and use of magnetically levitated planar motors,
especially permanent magnet (PM) planar motors, has
increased rapidly [1-3]. The advantages of such motors
include high power density, simple structure, direct driving,
low friction and no backlash. This makes PM planar motors,
especially those with 5 or 6 DOF (able to simultaneously
realize translation and rotation movements) ideal for
applications such as semiconductor lithography systems,
robots and other high-precision industrial applications [4, 5].

In order to meet the high speed, high force density
requirements, synonymous with high-precision industrial
applications, a novel magnetically levitated PM planar motor
with multi-layer orthogonal overlapping windings is proposed
in this paper. The moving core-less overlapping windings
topology shows how a higher winding factor K, than the
concentric windings used in the planar motors proposed in [6-
9] can be achieved and shows faster response speeds than
motors with moving magnets [10-13]. A main benefit of the
core-less configuration is of course the lower force ripple
when compare to slotted motors [14-16] resulting in an
improved accuracy. Moreover, the control scheme of the
proposed planar motor is relatively simple due to the
decoupling between the y-axis and x-axis motions. The x-axis
winding does not affect the motion in y and vice versa.

The basic structure and the operating principle of the
motor are introduced in the paper. The magnetic field analysis
is presented using an analytical method based on the
equivalent current method. The analytical expressions of force

are derived and the force characteristics are analyzed for a
number of potential winding configurations. The analytical
models are validated by a 3D, finite element (FE) model. In
order to validate the performance of the motor, a prototype is
manufactured and tested. Comparisons of the results are
presented, thus verifying the accuracy of the analytical results
and the validity of the design of the planar motor.

II. ToPOLOGY OF THE PLANAR MOTOR

The structure of the proposed planar motor is shown in Fig.
1, which consists of stationary magnets on the bottom and
moving coreless windings on the top. Both the x and y
windings are lap-wound in an orthogonal multi-layer
configuration. The effective areas of the windings are equal to
the full area of the mover section, which results in an optimal
utilization of space and of the magnetic field.

Halbach PM array

Fig. 1 Topology of the planar motor

The windings are divided in four parts, separated by the
imaginary center lines (shown in red in Fig. 1). This indicates
that the four sets of windings, including two sets of x-direction
windings and two sets of y-direction windings can be
controlled separately. The structure and parameters of the four
sets are symmetrical and thus the forces distribution in the
planar motor is as shown in Fig. 2. Based on the Lorenz force
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law, the x-direction windings generate the forces in y and z
directions, while the y-direction windings generate the forces
in the x and z direction. Taking advantage of the separate
control, then unbalanced force and torques can be generated
together to achieve a 5 DOF configuration.

As can be observed in Fig. 2, when the width and the
length of the whole windings are both 2pz, the width and the
length of each set will be pr and 2pz. The number of pole
pairs of each set is p.
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Fig. 2 Force distribution in the planar motor

III. SYSTEM ANALYTICAL MODELLING

A. Magnetic Field Model

In [17], a 2D PM array was proposed, in which the PMs
for the N and S poles were implemented with different
remanence B,. In this work, an improvement on the structure
of [17] is proposed. The modification is that as shown in Fig.3,
the PMs of the array are now all of one material with B,
=1.34T, with iron spacers between the N and S poles. The
proposed array has thus N-pole modules and S-pole modules
alternately distributed, in order to increase the field density in
the air-gap, where the x-axis distances and y-axis distances
between the PM poles are 7.
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Fig. 3 The proposed PM array

Since there is minimum magnetic saturation in the motor,
an analytical model with an ideal PM (with a relative
permeability x,= 1) can be used to facilitate the analysis of the

magnetic field in the planar motor. Assuming the effect of the
iron spacers is negligible then the analytical model can be
derived based on the equivalent current method. The flux
density produced by a PM cube is calculated by the equivalent
surface currents. For example, a cube magnetized in the z-
direction can be assumed as an equivalent surface current on
the ABCD plane as shown in Fig. 4. The flux density in an
arbitrary point (X, y, z) can be expressed as described by (1) to
(5), which is the double integral of the Biot-Savart Law.

B =

AB BC cD DA (1)

For (1), B,,.B,..B,. ,B are flux density vectors

generated in point P by the equivalent surface current on the
AB, BC, CD and DA planes.
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where ‘a’, ‘b’ and ‘h’ denote the width, the length and the

thickness of the cube respectively. Also, /., = M xn , where

M is the residual magnetization vector andn is the normal
vector on the surface.
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Fig. 4 Model diagram of a cube magnetized in Z direction

In addition to the N and S poles, the other PMs are
magnetized along the diagonal direction. By decomposing the
residual magnetization vector into horizontal and vertical
directions, the magnetic force of the PM array can be treated
as a combination of the magnetic forces in the x and y axes as
shown in Fig. 5. The equivalent residual magnetization of the

PMs in the decomposed parts is M /2 . Since the resultant
magnetization of the N and S poles is Jam . a reverse

compensation term («/2_ - I)M is implemented to ensure an

accurate calculation of the forces over the poles.
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Fig. 5 The decomposition of the array

Using this analytical model, the flux density generated by
the PM array can be obtained. The x and the z components of
air-gap flux density in a PM array with 13 poles are shown in
Fig. 6, where the symmetry and periodicity characteristics due
to the construction of the PM array can be observed.
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Fig. 6 Air-gap flux density distribution

B. Force Model

The periodicity of the flux density, permits the force
generated in one set of y-direction windings to be expressed as

Y(mm)

L

hy Lore,
Thrust force: F_ = 2p[ [ 7,B.dxdydz (6)
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Similarly, the force generated in one set of x-direction
windings can be expressed as

L
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2
where J, is the surface current density of the x-direction
windings, J, is the surface current density of the y-direction
windings, B,, B,, B, are the corresponding component of flux
density, L is the length of the windings and w., is the coil width.

The z-axis height h_; of the lower and upper surfaces of the y-
direction and x-direction windings is as shown in Fig. 7 and
Fig. 8, while x is the relative position of the y-direction
windings and y is similar for the x-direction windings.
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Fig. 7 Distribution of overlapping windings in z-direction
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Fig. 8 Diagram of the windings

Considering (6) — (9), and assuming that

L L
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then the forces equation can be re-written as (12 — 15)
by ek
Fo=2pLi [ % B, dxd: (12)
o e
by ey
F, = 2pLJth‘ | B .dydz (13)
23 77+v
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An important aspect of the design is that minimum
coupling between the two directions windings can be achieved
by maintaining F, and F, constant, when the windings are
moved in the y or x direction. This is done by setting B,,, , and
B.,, . to constant values for the different y and x positions
respectively. According to the structural symmetry of the array
and the windings, it can be derived that for minimum coupling
and best utilization of space the length of the windings L
should be 2nz, as shown in Fig. 8.

As shown by the analytical model presented above, the
components of the flux density are of a sinusoidal distribution
in space. Using a Fourier decomposition, it can be shown that
the amplitude of the largest harmonic (the 3"), is less than 4%
of the amplitude of the fundamental wave. As for a 3-phase,
linear synchronous motor [18], the forces of the planar motor
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can be expressed as shown in (16-19), where B,,, and B,,, are
the amplitude of B, and By, respectively, B, is the
amplitude of B, and B, x1 and yl are the distances
between the current resultant vector of the y-direction

windings and x-direction windings with their d-axis
respectively.
4ph tLB_J x0T
F = ———— 2 Ksin(—) (16)
a T
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IV. DESIGN OF THE MULTI-LAYER WINDINGS

A. Two-Layer Windings

The basic topology of the two-layer windings is shown in
Fig. 7. Considering that the flux density is directly related to
the height of the air-gap, then the top winding needs more
turns to achieve the same electromagnetic forces for the same
current density, resulting in k., > h.;. However, even though
the thrust and normal forces will be increased, the increasing
dimensions result in extra mass, which is detrimental to the
total system weight.

An in-detail analysis of the influence of the windings
dimensions, especially the thickness is carried out to achieve
the optimal values of these dimensions. Starting from the fact
that for minimum coupling, L= 2pt then for p=2 and 7= 20mm,
the variations of the maximum thrust forces with the thickness
of the windings is shown in Fig. 9. Because the magnetic field
is not saturated, the electromagnetic forces increase linearly
with the current density.

The levitation force is the difference between the normal
force and the weight of the mover (r, = F - m ). Fig. 10

shows the relationship between the levitation force and the
thickness of the windings at a current density of 4A/mm’,
where it can be observed that an optimal value of the winding
thickness exists, which is around 10mm (z/2) in this case.
Further analysis of the levitation force variation against
winding length shows that the maximum levitation force is
independent of the winding thickness /. as shown in Fig. 11.
Fig. 12 shows the relationship between the thicknesses of
the two windings, required to keep the same levitation force.
Due to the non-linear nature of this relationship, it is clear that
any increment of thickness will result in less material
utilization and force density, as shown in Fig. 13. It can be
concluded that 4.; and %, need to be smaller than 7/2 and L
should be designed as long as possible to decrease the
thickness of the windings in order to get a higher material

utilization and a higher force density. The increased length
will improve the force as shown in Fig. 11, and will also
increase the force density (force/volume of copper) as shown
in Fig. 13.
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Fig. 9 Variation of Thrust forces against current density(L=80mm)
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Fig. 10 Levitation forces with L=80mm
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Fig. 13 Levitation forces density with J=4A/mm’

B. Three-Layer Windings

A main challenge with the two-layer winding topology
presented above concerns the different equivalent air-gaps of
the layers. This results in an increased variation between the
two thicknesses, reduces the material utilization and at a later
stage complicates manufacturing. To mitigate this, a three-
layer windings topology is proposed in this paper. For this
topology, the two direction windings have the same equivalent
air-gaps and the same thickness. As seen in the following
sections, a three layer winding topology can achieve higher
force density values and higher material utilization than the
two-layer winding configuration.
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Fig. 14 Distribution of three-layer windings

As can be observed in Fig. 14, the first and third layers
windings are both configured for the same direction. Thus,
these are connected in series and both have a thickness #,;.
The windings in the secondary layer make up the other
direction and have a thickness of 2h.;. Since the direction
windings have the same equivalent air-gap, the difference
between the electromagnetic characteristics is much smaller
than that of the two-layer topology. The forces ratios of the
two direction windings are shown in Fig. 15, where force ratio
is the ratio between the forces generated by two different
direction windings with same current density.
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Fig. 15 Thrust ratio between x-direction and y-direction windings

However, a difference still exists between the two
direction windings, mainly due to the nonlinear variation of
the flux density. In order to generate the same force
characteristic, then different values of current need to be used
for the two direction windings. In general, the ratio of the two
current densities should be the inverse of the ratio of the two
forces.

The analytical models presented above are hence used to
predict the performance of the two-layer and the three-layer
topologies. For a “fair” comparison, the analyses are done
assuming the same conductor type and the same copper losses.
Fig. 16 compares the levitation force density distributions,
showing the “superiority” of the three-layer topology.
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Fig. 16 Levitation forces density with J=4A/mm *

C. Comparison between Different-Layer Windings

TABLE I
PARAMETERS OF THE WINDINGS WITH DIFFERENT LAYERS
Item One-Layer Two-Layer Three-Layer
Degree of Freedom 6 5 5
Number of coils 12 12 18
Winding factor 0.94 1 1
Thickness of layers h. hep, heo h/4, h/2, h /4
Equivalent air-gap of + hel2,
%c and y windigné)s grhi2 g % he+he!2 gt hl2
Utilization of the <87.5% 100% 100%
mover space

Table I compares the parameters of the proposed three-
layer topology with a two-layer counterpart, and the one-layer
topology used in [8]. The relationship between h.; and h; is
shown in Fig.12. As listed above, since concentrated windings
are used in the one-layer topology, its K,, and its utilization of
mover space are smaller than for the two-layer and three-layer
topologies (distributed windings). The space utilization of
concentrated windings used in the one-layer topology is 87.5%,
while the space utilization of the distributed windings used in
two-layer and three layer topology is 100%. When considering
the same equivalent air-gap, then it is clear that the proposed
three-layer topology can provide a higher force density than
the one-layer topology, at the cost of an increased mechanical
complexity. As shown in Fig.16, the force density of the three-
layer topology is also higher than that of two-layer one.

An important point to note is that the windings of a three-
layer topology are simpler than for a two-layer one, where the
thickness of windings should be in strict accordance with the
nonlinear height relationship shown in Fig.12. The
“superiority” of the three-layer topology is thus confirmed and
is chosen for the implementation of the planar motor.
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V. 3D FEM ANALYSIS

In order to verify the proposed design and verify the
analytical models presented above, a full 3D FE model of the
planar motor is built. The main specifications and parameters
are given in Table II. Fig. 17 illustrates the flux density
distribution of the magnetic field generated by the PM array,
showing that the multiple magnetic field distribution does
have the symmetrical characteristics, earlier shown in Fig. 6.
The flux density vector is approximately 1.487, which is
considerably higher than the flux density of the armature field.
As shown in Fig. 18, for a current density of 4A/mm2, the
amplitude of the armature field is only 0.09T (i.e. 6% of that
of the no-load field). Therefore it can be safely assumed that
armature reaction is negligible in the planar motor.

TABLE II
PARAMETERS OF THE PROTOTYPE

Item Symbol Value
Poles number of PM arrays p 13
Pole pitch T 20mm
Thickness of PM I 10mm
The remanence of PM B, 1.32T
The relative permeability of PM Uy 1.2
Width of Windings L 80mm
Number of Windings layers ny 3
Thickness of one-direction Windings 2h, 2mm
Layers of Y-direction Windings 1%,3¢
Layers of X-direction Windings 2nd

]
.014201 .341827 LEEDDED .906280 1.32383
.177959 505265 LB32631

1.15897 1.4873

Fig. 17 No-—iéad flux density distribution

-T75E-04 .002044 - .005978 .
.001081 3027 .0043833 .006959

Fig. 18 A-rmature flux density distribution

.008s82s

Fig. 20 compares the x and the z components of the air-gap
flux density of Fig. 19 with those of Fig. 6, where it can be

observed that the FE field density is slightly larger than that of
the analytical model. This is mainly due to the influence of the
4, of the PMs and the effect of the of iron spacers. However,
the average errors of B, and B, are only 0.02T and 0.026T,
proving the validity of the analytical models.

Fig. 21 compares the generated forces, relative to the
position of the mover for a current density of 4A/mm?2 The
thrust F, from the FE and analytical model are 8.39N and
8.28N respectively, and the normal force F, are 8.39N and
8.09N. The error between the results is less than 3.6%, which
again illustrates the excellent agreement between the FE and
the analytical results.

(b) The z component
Fig. 19 Air-gap flux density distribution got by 3D FEM

(a) The x component
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(b) The z component
Fig. 20 Difference between the results of analytical and FEM model
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(b) The normal force
Fig. 21 Thrust and normal forces

VI. PROTOTYPE AND EXPERIMENTS

To validate both models and thus prove the validity of the
proposed design, a prototype of the three-layer planar motor
has been manufactured, based on the parameters in Table II.
To attenuate the effects of the end-windings, the windings are
extended so as to overlap completely the PM array. The
prototype motor is shown in Fig. 22, where the spacing
between the adjacent layers is 0.5mm.

(a) PM array (b) Multi-layer Wrﬁings

(c) Experiment system

Fig. 22 The prototype of the planar motor

The surface area of the PM array in the prototype is
110mm*110mm, which consists of 109 NdFeB cubes and 12
iron spacers. Fig. 23 shows the measurement results of the
flux density distribution in the plane with g=2mm. Fig. 24
compares the analytical, FE and experimental results, where
the excellent agreement can be observed.

In the experimental system, four linear guides are placed
on the angles of the resin board to which the windings are
attached, in order to improve the translational movement
accuracy. The signals of the position sensors installed on the
guides are monitored by a dedicated data acquisition system
along with the required feedback from the current sensors.

Fig. 25 shows the levitation forces achieved from the
prototype. Because of the quantum limit of the position sensor,
the magnetic levitation height measured is limited to less than
2mm. Ripples in the experimental results were also noted, but
this is mainly due to mechanical aspects such as friction in the
guides. Fig. 25 indicates the “worth” of the proposed design
by proving the performance of the proposed design. Also, Fig.
25, once again indicates the validity of the analytical and the
FE models by illustrating the accurate predicted performance
values, when compared to the experimental results.

50 50

X(mm) Y(mm)

(a) The x component

(b) The z component
Fig. 23 Measurement result of air-gap flux density distribution
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Fig. 24 Experimental results of air-gap flux density at y=0mm
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Fig. 25 Relationship between levitation height and current

VII. CONCLUSION

In this paper, a novel planar motor with multi-layer
overlapped windings has been proposed, in which four sets of
orthogonal multi-layer windings can realize 5 DOF of motion.
The combination of these windings and the proposed PM array
has the advantage of a high utilization of space and of the
magnetic field. Based on the analytical model and force
expressions derived, the force characteristics of the motor
were analyzed and the main design criteria of the windings
were identified. The results prove that, when the length of the
windings is 2pt, the x and y axes thrusts in the motor can be
decoupled successfully, and the force ripple is less than 1.5%.
Compared to the two-layer windings topology the novel three-
layer windings topology was proved to have a higher force
density and an enhanced material utilization.

This paper serves as a proof of concept of the proposed
motor with main focus on the basic force characteristics
analysis and the design of the multi-layer windings. The

design can be further improved by a careful assessment of the
dynamic characteristics of the system, especially when
considering the effects of coupling between the generated
forces relative to the various DOFs of the machine. These
aspects will be investigated in future work that also includes
studies and implementation of intelligent, nonlinear control
strategies that from preliminary analyses show potential
improvements in terms of performance at a drive, system level.
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