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Analysis and design of a slotless tubular permanent magnet actuator
for high acceleration applications

K. J. Meessen,a� J. J. H. Paulides,b� and E. A. Lomonova
Department of Electrical Engineering, Eindhoven University of Technology, Den Dolech 2,
5612 AZ Eindhoven, The Netherlands

�Presented 14 November 2008; received 22 September 2008; accepted 27 November 2008;
published online 3 March 2009�

This paper presents the design of a linear actuator for high acceleration applications. In the analysis,
a slotless tubular permanent magnet actuator is modeled by means of semianalytical field solutions.
Several slotless topologies are modeled and compared to achieve the highest acceleration. A design
has been proposed and built, and measurements are conducted to verify the models. © 2009
American Institute of Physics. �DOI: 10.1063/1.3072773�

I. INTRODUCTION

In robotic applications there is an increasing demand for
high-speed actuation with high precision and bandwidth ca-
pabilities. One particular application is the pick and place
�P&P� robot that places surface mounted devices �SMDs� on
printed circuit boards, which are picked from a feeder. The
complete P&P action requires four degrees of freedom ro-
botic motion. However, this paper focuses on the short-
stroke �30 mm� linear motion in the vertical direction to pick
and place the components. To increase the current throughput
of the total P&P cycle, currently a maximum of 8000
components/h, a high acceleration level is necessary.1

This paper proposes a slotless tubular permanent magnet
actuator �TPMA�, as shown in Fig. 1, since it has a high
force density, no end windings, and ideally a zero net radial
attraction force between the translator and armature. The tu-
bular actuator consists of a stator and a translator, where a
moving magnet translator is preferred since it does not re-
quire winding connections to the moving part. To minimize
all the disturbance �end effect, slot, etc.� cogging forces, the
stationary part containing the three phase windings is slot-
less. Indeed a slotless topology still suffers from end-effect
cogging forces, although considerably less than the slotted
counterpart. Further, this disturbance force can be minimized
by changing the shape of the stationary part.2 An additional
advantage is the manufacturability of a slotless structure
since the soft-magnetic stator part is simply a tube.

In order to have a design tool which facilitates both the
waveform and the mean value of the force in a time-efficient
way, semianalytical descriptions of the magnetic field distri-
bution are derived. The main advantages over using finite
element analysis to design an actuator are the time-efficient
calculation of the field distribution and the ease of adding
other physical behaviors, e.g., thermal, to these models to
create a powerful and very fast multiphysical design tool.

II. SEMIANALYTICAL DESCRIPTION

Several papers have been written on the design of tubu-
lar actuators using semianalytical field equations. In Refs.
3–5 semianalytical solutions for the magnetic fields in differ-
ent tubular actuator topologies are presented, and Ref. 6
compares the force densities of three different topologies.
Although these papers are very extensive, the conclusions
from Ref. 6 cannot be used in this research as the force is
maximized instead of the acceleration. These two quantities
are strongly connected but show different optima. Therefore,
the models described in these papers are reconsidered, ex-
tended, and used to perform an extended parametric study to
obtain the highest TPMA translator acceleration.

III. MAGNETIC LOADING

First, the field due to the permanent magnets is described
with a semianalytical formulation where the coils are mod-
eled as air. Hence, the armature reaction field is not consid-
ered in the model. The formulation is obtained by solving the
magnetostatic field equations using the magnetic vector po-
tential A, defined as

B = � � A , �1�

where B is the magnetic flux density.7 Due to the symmetry
in the circumferential direction in tubular actuators, the mag-
netic flux density B has only an r- and a z-component. There-
fore, the magnetic vector potential has only a circumferential
�-component and the vector potential can be treated like a
scalar potential.

In the model, the following assumptions are made:

a�Electronic mail: k.j.meessen@tue.nl.
b�Electronic mail: j.j.h.paulides@tue.nl. FIG. 1. A slotless TPMA.
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�1� The soft-magnetic parts are infinitely permeable.
�2� The actuator is infinitely long; the end effects are ne-

glected.
�3� The permanent magnets have a linear demagnetization

characteristic and are fully magnetized in the direction
of magnetization.

Different regions have to be considered where in the
source free regions �core, airgap, and coils; Fig. 1�, the
Laplace equation has been solved,

�2A = 0, �2�

and in the permanent magnet region, the Poisson equation
has been solved,

�2A = − �0 � � M , �3�

where M is the magnetization vector describing the magnet
array on the translator by a Fourier series. The solution for B
is obtained by applying boundary conditions on the inter-
faces of the regions as described in Refs. 3–5.

IV. ELECTRICAL LOADING

The electrical loading depends on the current density in
the coils and the winding distribution. While the magnetic
loading is primarily limited by material properties of the per-
manent magnet and the soft-magnetic material used in the
armature and the translator, the electrical properties of the
actuator are mainly restricted by thermal constraints. The
current density in the coil region defines the heat produced
due to dissipation in the windings. Due to this heat, the tem-
perature difference between the armature and the ambient
rises to

�T = J2lcoil�Cu�Ri −
lcoil

2
� 1

kpRsh
, �4�

where J is the current density, �Cu is the resistivity of copper,
and kp is the packing factor of the coil region. In this expres-
sion, the coil and armature are assumed to be perfect heat
conductors, which is a good approximation.8 The heat trans-
fer coefficient varies from approximately 20 W m−2 K−1 for
natural cooling up to 70 W m−2 K−1 when forced air cooling
is used.9

V. ACCELERATION

Considering only the translator mass, which is a valid
assumption in this application as the SMD components have
a mass on the order of a few grams and the friction is ne-
glected, the acceleration capability of the actuator is

a =
F

mtr
, �5�

where mtr is the translator mass which has a linear depen-
dency with the active length plus the stroke �30 mm in this
application�, while the force F increases linearly with only
the active length. A parametric search is performed with the
semianalytical model of four different actuator topologies,
viz.,

�1� radial magnetized topology,
�2� quasi-Halbach magnetized with soft-magnetic core,
�3� quasi-Halbach magnetized with nonmagnetic core, and
�4� axially magnetized topology.

The analysis showed that the quasi-Halbach topology is
favorable when a small translator radius is used. Albeit that
from manufacturing point of view, the axially magnetized
topology is preferable, which is depicted in Fig. 2. This to-
pology contains less permanent magnet material, and all
magnets are magnetized in the �relatively easy� axial direc-
tion.

An important aspect in actuator design is efficiency.
Therefore, a model is created where the current density is
varied to maintain constant power dissipation in the coils.
Figure 3 shows the results of the semianalytical model,
where the pole pitch �p, the magnet radius Rm, and the inner
armature radius Ri are varied. The numbers in the graph in
Fig. 3 are calculated for a fixed Ri=8.5 mm, while the
crosses show the optimal ratios independent of which value
for Ri is chosen. Using Eq. �4�, the acceleration and force
density levels are mainly limited by the achievable heat
transfer coefficient �fixed to 20 W m−2 K−1� and the tem-
perature constraint, i.e., maximum temperature rise of 40 °C
for a duty cycle of 34%. These constraints provide the allow-
able TPMA current density level. Further, in the design, the
permanent magnet has a relative permeability of 1.05 and a
remanent flux density of 1.15 T; an airgap length of 0.25
mm, Rout=Ri+2.0 mm, Rr=2.0 mm, an active length of
100.0 mm, and �p=0.725 are considered. The solid translator
core as shown in Fig. 1 is modeled as aluminum. The eddy
currents in this core are very small, approximately 0.3 mW,
mainly caused by reluctance perturbations at the armature
ends resulting in traveling spatial harmonics of the flux den-
sity.

FIG. 2. �Color online� Axial magnetized slotless TPMA.

FIG. 3. �Color online� Acceleration �solid contour lines� of an axial mag-
netized TPMA vs Ri /�p and Ri /Rm. The dashed lines show the force density
and the crosses show the optimal Ri /�p ratio for a certain value of Ri /Rm.
The values in the figure are calculated for Ri=8.5 mm.
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Figure 3 clearly shows that a ratio of Ri /Rm of approxi-
mately 2.6 results in the highest acceleration. This illustrates
the favorability of a small translator radius to realize high
acceleration levels, which in this particular example is Rm

=3.2 mm. However, the force density and the translator
stiffness are much lower for this small translator radius.
When larger translator radii are used, the reduced accelera-
tion level can be improved by increasing the inner diameter
of the core, Rin, to decrease the translator mass, although
very high acceleration levels will always favor relatively
small TPMA radii.

The analysis in this paper is extended to illustrate the
influence of Rm on the achievable acceleration and force den-
sity levels again limited by a maximum temperature rise of
40 °C at a 34% duty cycle. The analysis results are summa-
rized in Table I for an active length of 100.0 mm, an airgap
length of Rc−Rm=0.25 mm, and a solid core with Rr

=2.00 mm. The results illustrate that, for example, doubling
the translator diameter �designs 1 and 3� results in a 28%
reduced acceleration level, a 10% increased force density,
and a 200% increased force level. Further, it is interesting to
note that a clear optimum �design 2� exists when considering
the force density levels. However this optimum cannot be
identified for the acceleration level. This illustrates that the
TPMA design is mainly bound by the applications necessary
acceleration and force levels �also very dependent on pay-
load� although Table I clearly illustrates the TPMA potential.

VI. MEASUREMENTS

To verify the semianalytical models and assumptions,
design 1, as given in Table I, is built, as shown in Fig. 4, and
extended measurements are performed. For practical imple-
mentation, a small slit is introduced in the stator to terminate
the windings, which gives a very small decrease in magnetic
loading but limits the stator eddy currents in the solid back-

iron. The application specific motion profile is used with
stroke, acceleration, and peak velocity of 30.0 mm,
200 m s−2, and 2.0 m s−1, respectively. The controller
mainly contains acceleration, gravity compensation, and end-
effect cogging �due to the finite length of the translator� feed-
forward. This combined with a position controller �closed
loop bandwidth of approximately 280 Hz� resulted in an er-
ror at the end of the motion profile of 4 �m.

VII. THERMAL TEST

Static thermal tests have been performed to verify the
heat transfer coefficient and the assumption that the winding
temperature is equal to the actuators’ outer surface. A con-
stant power is applied to the actuator while the ambient sur-
face of the actuator and the winding temperatures are mea-
sured until steady state �1 °C /15 min� was achieved.
Numerous thermal tests provided that only a small tempera-
ture drop of approximately 3 °C exists between the windings
and the outer surface. Furthermore, the heat transfer coeffi-
cient appeared to be 25 W m−2 K−1 in the laboratory envi-
ronment without forced cooling. This validated the use of
Eq. �4� to determine the temperature rise of the TPMA.

VIII. CONCLUSIONS

Several TPMAs have been designed for high accelera-
tion applications. This has been achieved by using fast and
accurate analysis/design tools based on semianalytical field
solution. Using these models, a parametric search on the
achievable acceleration and force density by TPMAs is per-
formed. From different topologies, a slotless actuator with
axial magnetized translator is selected, mainly due to the
smooth force characteristic and ease of manufacturability. A
sample TPMA has been built and extensively tested, where
acceleration and force density levels of 200 m s−2 and 9.1
�105 N m−3 have been achieved considering a maximum
actuator surface temperature rise of 40 °C at a 34% duty
cycle. The performance of this actuator is approximately
three times higher than that of the currently used actuator in
the application mentioned in Sec. I.

1J. J. H. Paulides, J. L. G. Janssen, and E. A. Lomonova, Proceedings of
International Conference on Electrical Machines and Systems, 2008 �un-
published�, p. 2954.

2J. Wang, M. Inoue, Y. Amara, and D. Howe, IEEE Trans. Magn. 152, 731
�2005�.

3B. L. J. Gysen, E. A. Lomonova, J. J. H. Paulides, and A. J. A. Vandenput,
IEEE Trans. Magn. 44, 1761 �2008�.

4Jiabin Wang, Geraint W. Jewell, and David Howe, IEEE Trans. Magn. 35,
1986 �1999�.

5S. M. Jang, J. Y. Choi, S. H. Lee, S. K. Cho, and W. B. Jang, Proceedings
of the Sixth International Conference on Electrical Machines and Drives
�2003� �unpublished�, p. 250.

6J. Wang, G. W. Jewell, and D. Howe, IEE Proc.: Electr. Power Appl. 148,
456 �2001�.

7E. P. Furlani, Permanent Magnet and Electromechanical Devices �Aca-
demic, San Diego, 2001�.

8L. Encica, J. J. H. Paulides, E. A. Lomonova, and A. J. A. Vandenput,
IEEE Trans. Ind. Appl. 44, 534 �2008�.

9J. R. Hendershot and T. J. E. Miller, Design of Brushless Permanent
Magnet Motors �Magna Physics, Oxford, 1994�.

TABLE I. Geometric parameters of four designs.

Parameter Design 1 Design 2 Design 3 Design 4

Rm �mm� 6.00 9.00 12.00 15.00
Ri �mm� 8.25 11.40 15.00 18.50
�p �mm� 8.33 12.00 15.35 18.07
Pcopper �W� 5.3 6.8 8.7 10.2
a �m s−2� 193 150 138 121
Fdens �N m−3� 6.5�105 7.3�105 7.2�105 6.9�105

F �N� 21.5 41 65 91

FIG. 4. �Color online� Prototype of an axial magnetized TPMA, design 1.
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