
 Eindhoven University of Technology

MASTER

Analysis and design of a rotary and a linear actuator for 2-DoF applications

Meessen, K.J.

Award date:
2008

Link to publication

Disclaimer
This document contains a student thesis (bachelor's or master's), as authored by a student at Eindhoven University of Technology. Student
theses are made available in the TU/e repository upon obtaining the required degree. The grade received is not published on the document
as presented in the repository. The required complexity or quality of research of student theses may vary by program, and the required
minimum study period may vary in duration.

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain

https://research.tue.nl/en/studentTheses/10f72d8c-55ae-41a8-9061-8469444e63dc


---I.Ute !echnische universi!ei! eindhoven

Capaciteitsgroep Elektrische Energietechniek
Electromechanics & Power Electronics

Master of Science Thesis

Analysis and design ofa rotary and a linear
actuator for 2-DoF applications

K.T. Meessen
EPE.2008.A.OI

The department Electrical Engineering
ofthe Technische Universiteit Eindhoven

does not accept any responsibility

for the contents ofthis report

Coaches:

dr. J.J.H. Paulides, TU/e
dr. E.A. Lomonova, TU/e
ir. R.A.J. van der Burg, Assembleon

January 3°,2008

/ faculteit elektrotechniek



Analysis and design of a rotary and a linear actuator for 2-DoF
applications

K.J. Meessen*
University of Technology Eindhoven & Assembleon

Supervisors:
Dr. J. J. H. Paulides (TUIe)
Dr. E. A. Lomonova (TUIe)

Ir. R. A. J. van der Burg (Assembleon)

January 30, 2008

*k.j.meessen@student.tue.nl



Contents

Abstract

Acknowledgements

List of symbols

1 Introduction
1.1 The placement module . . . . . .
1.2 Requirements and Specifications

1.2.1 Rotary actuator
1.2.2 Linear actuator
1.2.3 System

1.3 Rotary-linear motion.
1.3.1 Review of existing rotary-linear motion systems.

iii

v

vi

1
1
2
2
4
5
6
6

2 Linear actuator 11
2.1 Magnetic loading in the z-actuator 12

2.1.1 Saturation.......... 13
2.1.2 Magnetic vector potential . 15
2.1.3 Radially magnetized topology. 18
2.1.4 Parametric search on the radial topology 21
2.1.5 Quasi-Halbach magnetized topology with soft-magnetic core. 24
2.1.6 Parametric search on the quasi-Halbach topology. . . . . . . 27
2.1.7 Quasi-Halbach magnetized topology with non-magnetic core. 31
2.1.8 Parametric search on the quasi-Halbach topology with non-magnetic core 34
2.1.9 Axially magnetized topology with non-magnetic core. 38
2.1.10 Parametric search on the axially magnetized topology 47
2.1.11 Conclusions magnetic loading 50

2.2 Electrical loading in the z-actuator 52
2.2.1 Winding arrangement 52
2.2.2 Inductances... 54
2.2.3 Number of turns 55

2.3 Force calculations. . . . 56
2.3.1 Force model. . . 57
2.3.2 Thermal constraints 59
2.3.3 Parametric analysis 60
2.3.4 End-effects ..... 62



ii

2.4 Losses .
2.4.1 Ohmic losses .
2.4.2 Eddy current losses.

2.5 Final design .

3 Ftotary actuator
3.1 Currently used rotary actuator . . . . . . . . . . .

3.1.1 Eddy current losses .
3.1.2 Assumptions for eddy current calculations.
3.1.3 Calculation method .
3.1.4 Resistivity of the solid steel back-iron
3.1.5 Different speed .
3.1.6 Lamination thickness .
3.1.7 Different material properties
3.1.8 Outer radius back iron.
3.1.9 Measurements .
3.1.10 Conclusions .

3.2 Magnetic loading rotary actuator
3.2.1 Parametric search magnetic loading theta-actuator
3.2.2 Magnet length versus flux density
3.2.3 Flux density in the armature

3.3 Electrical loading ...
3.3.1 Thermal model
3.3.2 Torque.

3.4 Conclusions

Conclusions

Fteferences

A Fourier

B Coefficients

C Graduation paper

CONTENTS

65
65
66
67

69
69
70
70
70
72
73
74
74
75
75
76
77
81
82
83
84
84
85
87

89

93

95

98

101



Abstract

This thesis describes the multi-physical analysis of a linear and a rotary actuator to apply
in a rotary-linear motion system. Using semi-analytical field equations, several models are
derived to develop a fast design tool.

The first part of this research presents the analysis of a linear actuator. In the analysis,
four different topologies of a slotless tubular permanent magnet actuator (TPMA) are inves
tigated. Using axial symmetry and Fourier theory, a unified semi-analytical solution for the
magnetic field equations of the four topologies is derived in a two-dimensional axisymmetric
coordinate system. Using these semi-analytical field equations, a time efficient analysis is per
formed on the magnetic field in the actuator. Several magnetostatic models are implemented
and coupled to electrical and thermal equations to design a TPMA for a high acceleration
motion profile. Two topologies showed to be favorable for high acceleration applications and
one of them is realized by means of a prototype.

The second part focusses on the rotary part of the two degrees of freedom (2-DoF) system.
In the first Section of this part, eddy current losses of the currently used rotary actuator are
calculated. The effect of using a solid steel back-iron instead of a laminated steel back
iron is investigated using a finite element analysis (FEA). The calculations are compared to
measurements. To analyse and design a rotary actuator, semi-analytical models are derived
for a slotless permanent magnet actuator for two different rotor topologies, Le. parallel
magnetized and radially magnetized. The magnetic behavior of both models is analyzed and
compared by a parametric search on geometric parameters. The magnetostatic models are
coupled to thermal models to calculate the torque capabilities.
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Ch.apter 1

Introduction

Assembleon is a world-wide supplier of Surface Mount Technology (SMT) placement solutions.
The Surface Mounted Devices (SMD) are placed on Printed Circuit Boards (PCB) using pick
and-place (P&P) machines. An ever increasing demand for more cost-effectiveness solutions
drives Assembleon towards a redesign of their P&P machines. This redesign should increase
the current capacity of 150k components per hour, increase the functionality, and lower the
costs.

One P&P machine contains several placement robots in series which provide the pick and
place operation. This robot consist of a computer for control, a feeder trolley to provide
a reel with components, and a moveable placement module for the pick and place action.
This placement module is mounted on a linear actuator to move in the x-axis (short stroke
direction) which is mounted on a spindle to move in the y-axis (the long stroke direction).
This work focusses on the placement module.

1.1 The placement module

The placement module contains a linear actuator to move in the z-direction to pick and place a
component, and a rotary actuator to be able to orient the component in the desired direction.
The linear actuator is a voice-coil actuator which moves the complete rotating actuator up
and down to pick and place components as shown in Fig. 1.1.

The shaft of the rotary actuator is hollow to feed through a vacuum to be able to pick
a component. After the component is picked, the linear actuator will move this component
up. A camera module placed on the placement module will identify the component and the
rotary actuator orient the component in the desired direction.

In the current solution, the rotary actuator is directly mounted on the moving part of
the voice coil actuator. The expectation is that combining both actuators will increase the
efficiency. The goal of this work is to develop two actuators which can be combined to get a
more efficient system.

1



2 Introduction

Moving
part

Rotary
actuator

Linear
actuator

Figure 1.1: Current Assembleon pick and place module.

1.2 Requirements and Specifications

In the previous section is stated that the complete placement module contains two actuators
which have to be combined in one system. This system has one translator which can move in
the O-direction (rotate), and move in the z-direction (linear). In this section, the requirements
for the separate actuators, as well as for the complete system are given.

1.2.1 Rotary actuator

Table 1.1 shows the specifications of the rotary (0) actuator. The estimated load inertia is
based on the current design of the rotary actuator. The main part of the load inertia is caused
by the magnet, the inertia of the shaft, the nozzle, and the component is negligible.

Table 1.1: Specifications of the theta-actuator
Parameter
Estimated friction torque
Estimated load inertia
Peak acceleration
Maximum velocity
Duty cycle
Continuous mechanical power

Value
2mNm
5.0xlO-7 kgm2

::; 3500 rad/s2

::; 125.6 rad/s (20 Hz)
::; 54%
127mW

Figure 1.2 gives the worst case motion profile of the O-actuator. Directly after the pick
action, the actuator starts to rotate to orient the component. In this worst case situation,
the actuator rotates 540 degrees to orient the component in the right position. The nozzle,
placed at the end of the shaft to pick a component, has to be rotated to its starting position
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Figure 1.2: Worst case rotary actuator motion profile. This cycle is continuously repeated.

after the place action. As can be seen from the motion profile of the angle, the rotor always
turns in one direction. This is done to avoid wear of the seals between the vacuum tube and
the shaft.

During one complete cycle, the actuator is four times accelerated with the maximum
acceleration/deceleration. This four accelerations take 144 ms in total. One complete cycle
is 268 ms. Therefore, the worst case duty cycle is:

Dtheta = 54%. (1.1 )

The total maximum estimated torque Ttotal is

Ttotal = JmCi. + Tfriction = 3.75mNm, (1.2)

where J m is the moment of inertia of the rotor and the load, Ci. the maximum angular velocity,
and Tfriction is the friction torque. The angular velocity w increases linearly during maximum
acceleration. Therefore, the mean value of the angular velocity during maximum acceleration
is used to calculate the mean mechanical power during maximum acceleration

P = wTtotal = 235mW. (1.3)



4

The continuous mechanical power during one cycle is

Pcontinuous = 159mW.

Introduction

(1.4)

The total power dissipated in the actuator is higher due to iron losses and joule losses in the
windings.

1.2.2 Linear actuator

The specifications of the linear actuator are listed in Table 1.2. The static force of 41 N is
used to put components into connectors at the PCB. The total payload of the z-actuator
includes its mover and the rotary actuator since they are mounted on the same shaft. The
estimated payload mass is 0.13 kg. Figure 1.3 shows the motion profile of the z-actuator.

Table 1.2:
Parameter

Specifications of the z-actuator

Value
Stroke
Peak acceleration
Maximum speed
Static force
Estimated payload mass
Duty cycle
Continuous mechanical power

35mm
150 m/s2

2 mls
41 N (for 250 ms)

0.13 kg
34 %
5.7W

At t = 0, the shaft starts to move downwards to pick a component. The acceleration is equal
to the maximum acceleration until the position of the shaft is at -10 mm. After this position,
the actuator starts to decelerate to have velocity equal to zero at the moment the system
picks a component. When the component is picked from the reel, the shaft moves upwards
until position z = 0 is reached. The shaft starts to move downwards when the place-position
on the PCB is reached and the same movement is repeated.

The z-actuator moves with the positive respectively negative maximum acceleration during
92 ms. With a total worst case cycle time of 268 ms the duty cycle of the z-actuator is

D z = 34%. (1.5)

Accelerating the payload mass at the maximum acceleration gives a force and mechanical
power

F = 19.50N,

P = 16.77W.

(1.6)

(1.7)

Where P is the mean mechanical power during maximum acceleration. The continuous me
chanical power during one complete cycle is

Pcontinuous = 5.7W. (1.8)

Note that the total power dissipated in the actuator is higher due to iron losses and copper
losses.



1.2. Requirements and Specifications 5

I I

IPiCkl
.

IPlace II I
I I
I I
I I
I I
I I

r-- I - ""-- I ---I I

o

~ 200
~.s 100

c:
o
~
Q)

Q) -100
(J
(J

« -200
o 0.05 0.1 0.15 0.2 0.25

0.05 0.1 0.15 0.2 0.25

0.01 ,-----;---,------,------..,-------,;-----,-----------,-------,

0.250.20.15
Time[s]

0.10.05
-0.02 '----------'~___'_____ -"----- -'-----~I.oL-__--L- ---'----------.J

o

E
c:
o
~

.~ -0.01
c..

Figure 1.3: Worst case z-actuator motion profile. This cycle is continuously repeated.

1.2.3 System

The placement module uses a vacuum to pick the component from a reel. To be able to feed
through this vacuum, the shaft has to be hollow. Therefore, the rotor diameter has to be at
least 4 mm. The space for the two actuator is limited in the placement module. Table 1.3
gives the dimensions for the combination of the two actuators.

Table 1.3: Specifications of the system

Parameter Value
Inner diameter shaft 2:2.5 mm
Outer diameter stator ::; 18.0 mm
Length ::;140.0 mm
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1.3 Rotary-linear motion

The combination of rotational and linear motion is widely used in modern tooling machines
and robotics. In conventional machinery, this two-degrees of freedom (2-DoF) motion is
realized by combining a conventional rotary and linear actuator. The major disadvantages
of this solution are the relatively high moving mass, as the linear actuator has to move the
complete rotary actuator, and the moving cables for the rotary actuators, especially in quick
motion applications.

In literature, several combinations of linear and rotary actuators are presented. Some
interesting examples are presented in the next section.

1.3.1 Review of existing rotary-linear motion systems

Switched reluctance machines

In [12] and [13], a switched reluctance machine (SRM) is proposed as a candidate to provide
the 2-degrees of freedom. The system consist of one translator and multiple stators which
can be controlled independently as shown in Fig. 1.4. Simultaneously, but unequal excitation
of the same windings in each stator produces the torque and the force. The torque, T, is the

Windings in
stator 1

I
Stator

Figure 1.4: Rotary-linear system using two switched reluctance machines [13].

sum of the same directional reluctance torque on the part of the translator in both stator 1
and stator 2. The force in the x-direction is produced by the difference in excitation of both
stators.

In [13] is shown that the two degrees offreedom can be controlled independently. However,
the force density of the actuator is low and as a result of stacking multiple rotary actuators,
the number of end windings is increased. This results in more losses as the end-windings do
not contribute in the force or the torque production.

Induction machines

A second class of machines used for rotary-linear systems is the induction machine. Several
publications are found where induction machines are combined to provide the 2-DoF. In [14],
shows another example of stacking multiple rotary actuators in the axial direction two provide
the thrust force. By controlling the phase of the supply voltage for each stator winding, the
translator can produce a rotary, linear and a combined motion.
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[15] presents a linear helical-motion induction motor that can be used in stacked arrange
ment to provide pure rotary, pure linear, or helical motion. One motor produces a helical
motion due to skewed windings and different conductor layers in the rotor.

In [16] a 2-DoF system consisting one translator and two stators is proposed for a pick and
place module. As can be seen in Fig. 1.5, the winding configuration of the stator providing
linear motion, and the winding configuration of the stator providing the rotary motion are
different. By changing the axial length of the two stators, the system provides more force or

\;I'lt"'~z-stator coils

Figure 1.5: Rotary-linear system using two induction motors on one translator [16].

torque.
As for the switched reluctance motor, the power density of the induction motor is lower

than the power density of an actuator system using permanent magnet materials. Another
disadvantage of the induction motor is the heat generated in the rotor. However, an advantage
of an induction motor is the easy and low cost geometry, e.g. the translator in the induction
machine in Fig. 1.5 is an aluminium tube without any permanent magnet material.

Permanent magnet machines

Patents [17],[18], and [19] show rotary-linear actuators with permanent magnets. In [20], an
detailed overview of some rotary-linear actuators is given and a new design is proposed. This
design is optimized for high speed applications and focusses mainly on the mechanical design
of the system. The system is based on two actuators having one translator and two stators
with air-bearings in between. The thesis show interesting mechanical aspects, e.g. different
bearing types and sensing methods. However, in this thesis the design is focussed on the
electromagnetic design.

Patent [17] is a system based on one translator with two different magnetization patterns
for the two DoF. These two patterns interact with two different coil sets as shown in Fig.
1.6. One coil set is wounded in the longitudinal direction to create torque, and the second
coil set is wounded in the circumferential direction to create linear force. The topology of
the rotary-linear actuator in this thesis is similar to this actuator with one translator and
two different magnetization patterns. However, it will be optimized for very high acceleration
levels in the z-direction.

In [18] and [21], an actuator is presented with only one magnetization pattern on the
translator and two sets of coils to provide the two motion directions. Fig. 1.7a shows the
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Rotary coils

Figure 1.6: Rotary-linear system using one translator with two magnetization patterns [17].

topology of one of the actuators. Both actuators in [18] and [2:1.] have a translator with a

Linear I.

axis coils,
\

Magnet
array

Translator

(a)

Rotary
axis coils

(b)

Figure 1.7: Rotary-linear system using one translator with a checkerboard magnetization pattern.
(a) The complete actuator, (b) the magnetization pattern [18].

checkerboard magnetization pattern as shown in Fig. 1.7b. Two different sets of coils are
placed at both sides of the translator. One set has windings oriented in the axial direction to
provide rotary motion, the second set has radial oriented windings to provide linear motion
as shown in Fig. 1.7b. Using one magnetization pattern for rotation and translation requires
less translator length. However, as can be seen in Fig. 1.7b, with this magnetization pattern
only 50% of the translator surface is covered with magnets, thus theoretically the efficiency
is 50% compared to a regular machine.

As the requirements of the P &P application here desires a high force density, the actuator
presented in [18] does not seem to be appropriate. However, using one magnetization pattern
on the translator is an interesting option.

The last permanent magnet rotary-linear actuator reviewed here is patent [19], which
presents an actuator for a P&P application. The actuator comprises two single-phase Lorentz
force actuators as can be seen in Fig. 1.8. The stator has a soft-magnetic core with a
cylindrical coil around it for the linear force, and a shell with a toroidal coil for the rotational
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(a)

B

~~
Annular
magnet

Annular
segment

(b)

11

Rotary
axis coil~-lQ

I

Linear

~lb~~~:g-axis coil

'9
5

Figure 1.8: Rotary-linear system comprising two single-phase Lorentz force actuators. (a) The stator
part, (b) the translator part [19].

force. The translator consists of a radially magnetized annular magnet, interrupted by an
annular segment magnetized in the opposite direction. Linear force is produced by interaction
of the cylindrical coil and the annular shaped magnet. The rotational force is created by
interaction of the toroidal coil and the magnetic translator. The magnetic flux due to the
magnet ring leaves the rotor, links the toroidal coil and passes through the bridge and the
core back to the magnet ring. Due to the gap in the shell, the flux is forced to link the toroidal
coil always in the same direction. The flux linkage of the toroidal coil changes due to the
oppositely magnetized annular segment. Therefore, a rotational force can be produced when
the annular segment is located within the angular extend of the toroidal coil.

This actuator provides in a compact and simple way both rotational and linear force.
However, due to the large airgap and the incomplete use of the magnet for linear motion, this
actuator has a low power density.



Chapter 2

Linear actuator

In this chapter, a linear actuator is analyzed and designed to provide the force in the z
direction. A moving magnet tubular actuator, as shown in Fig. 2.1, is chosen to be the best
actuator to produce the force in this application. The main reason to choose this topology is
the round translator, this translator can rotate without disturbing the linear force production.
Therefore, the combination with a rotary actuator becomes easier. A second reason is the
high force density of this type of actuators and the absence of end-windings.

Armature
_-h-TTTTTTTTl1"TTTTm.------ Coils

Permanent magnets
Core

Figure 2.1: Slotless tubular permanent magnet actuator.

Due to the small size of the actuator, a slotless topology is chosen. This structure is easier
to manufacture as the resulting armature is a simple hollow tube. A second advantage is the
smoother force characteristic due to the absence of slot cogging. However, slotless actuators
have a larger effective airgap and therefore a lower magnetic loading. This reduces the force
density of the actuator [22].

The thrust force of a TPMA can be expressed in terms of the magnetic loading and the
electrical loading

(2.1)

where B g is the magnetic loading in the airgap, Q is the electrical loading, Lactive is the
active length of the stator of the TPMA, and D g is the airgap diameter [23]. When only the
translator mass is considered as load and friction is neglected, the acceleration capability of

11
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the actuator is
Fthrust

a= ,
mtranslator

where the mass of the translator, which is a cylinder, is

mtranslator (X R2
.

Linear actuator

(2.2)

(2.3)

As can be seen, the force increases linearly with the radius, while the mass increases with the
radius squared. Therefore, the acceleration decreases linearly with the radius, thus a small
radius is favorable for a high acceleration level.

The first part of this section presents the models of different topologies and a parametric
search on the magnetic loading. In the second part the electrical loading and the force are
analyzed. Two final designs are presented at the end of the chapter. The actuator here is
designed without taken into account the rotary motion.

2.1 Magnetic loading in the z-actuator

In this section, general expressions are derived to describe the magnetic field produced by the
magnets in the tubular actuator. Four different topologies are analyzed. First, the topology
with radially magnetized surface-mounted magnets is presented, the second topology is a
tubular actuator with an Halbach magnet array and a soft-magnetic core, the third topology is
a Halbach magnet array with a non-magnetic core, and the last topology is a tubular actuator
with axial magnetized magnets separated by soft-magnetic pole pieces. The actuators have a
slotless stationary part with coils and a mover with surface mounted magnets.

The topologies are analyzed using semi-analytical models. In these models the following
assumptions are made:

1. The permanent magnets have a linear demagnetization characteristic, and are fully
magnetized in the direction of magnetization.

2. The mover is assumed to be infinitely long, the end effects are neglected

3. The stator and mover back-iron are infinitely permeable.

The permanent magnets in the analysis are modeled as magnets with a remanent flux density,
Brem , of 1.2T and a relative permeability, /-Lr of 1.05. The demagnetization curve is shown in
Fig. 2.2a.
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Figure 2.2: (a) Demagnetization curve of the permanent magnets. (b) BH-curve of mild steel AllOlO.

2.1.1 Saturation

As the permeability of the iron parts in the actuator is a non-linear function of the flux, the
third assumption is only valid when the iron is not saturated. Fig. 2.2b shows the non-linear
behavior of mild steel AllOlO, which is often used in actuators. To verify assumption three,
the influence of the non-linear behavior of the iron parts on the magnetic loading of the
actuator is calculated using a simple magnetic equivalent circuit (MEC). Fig. 2.3 shows the
MEC of a radial magnetized tubular actuator. The reluctances in the circuit are representing

z
......1----- 'tp ----.....,.~

Figure 2.3: Magnetic equivalent circuit of one pole-pair of a radial magnetized tubular actuator.

the different materials in the actuator where the reluctance is

R = l (2.4)
J.loJ.lrA

where l is the radial length, A is the area in the angular direction, J.lr is the relative perme
ability and J.lo is the permeability of vacuum. The reluctances representing the iron parts,
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Rstator and R eore are non-linear. The magnetomotive force (MMF) source, F m , represents
the magnets.

To calculate the influence of Rstator on the magnetic loading, R eoTe is set to infinity, the
influence of R eore is calculated with Rstator = 00. As can be seen in Fig. 2.3, it is hard to
define the reluctance Rstator and R core as one reluctance because the flux density in these
regions is not uniformly distributed. Therefore, the reluctances are worst case models where
the assumption is made that the length of the reluctance is Tp and that the flux density in
this part is uniform.

RaiT
19 + 1eoil (2.5)

J.LoTp21r Rair
,

R m
1m (2.6)

J.LOJ.Lr Tp21r Rm '

Rstator
Tp (2.7)

J.LOJ.Lr 1stator 21r Rstator
,

R eore
Tp (2.8)

J.LOJ.Lr 1eore21rR eoTe
,

where RaiT, R m , Rstator, R eore are the radii at the middle of the different parts. The values for
the geometric parameters are shown in Table 2.1. Fig. 2.4 shows the effect of the increasing

Table 2.1: Geometric parameters for the saturation model

Rout (mm) 9.00
lstator (mm) 1.00
1eoil (mm) 1.50
19 (mm) 0.20
1core (mm) 2.00
Tp (mm) 8.50

flux density in the stator and the core on the total reluctance of the flux path. As the magnetic
loading is proportional to the inverse of the reluctance, the magnetic loading decreases rapidly
for a flux density higher than 1.5 T in the iron parts of the actuator. Therefore, to ensure
that assumption three is valid, a constraint is added to the analysis that the flux density is
below 1.5 T in the iron parts.
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Figure 2.4: Influence of increasing flux density in the (a) stator and (b) core of the actuator on the
total reluctance of the flux path.

2.1.2 Magnetic vector potential

Rout

stator R s
Region I

R rn
Region II

R r
translator r Region III

core
~n

air Z Ilr = 1

Figure 2.5: Regions in the tubular actuator.

To calculate the magnetic field produced by the magnets, three regions are considered
as shown in Fig. 2.5. Region I is the source free airspace/winding region, region II is the
magnet region, and region III is the core region. Region III can be either non-magnetic or
soft-magnetic. In case that region III is non-magnetic, this region has to be considered as
a source-free region. Otherwise, region III is not considered as a region but replaced by a
boundary condition at r = R,.. The magnetic field equations are solved in the r - z coordinate
system using the magnetic vector potential, X, which is defined as [7]

13 = \7 x X, (2.9)
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Linear actuator

13
13

in the source free air-space region (1,111),

in the magnet region (II).

(2.10)

(2.11)

The flux density 13, which has only a component in the r and a component in the zdirection,
results in only a Ae component. Therefore, the vector potential becomes a scalar. The flux
density can be written as

13 Brr+ Bzz, (2.12)

Br
8Ae (2.13)--- ,
8z

8
(2.14)Bz a(rAe)r r

The governing magnetic field equations in terms of the vector magnetic potential A are

2 -\7 AI,IlI
2 -\7 All

0,

-j.Lo\7 x M,
(2.15)

(2.16)

where j.Lo is the permeability of air and M is the magnetization vector. In polar coordinates,
the Laplace equation (2.15) and the Poisson equation (2.16) can be written as

(
8

2
AIe +! 8AIe _ ~AIe + 8

2
AIe) if

8r2 r 8r r2 8z2

( 8 8) -
- 8z Blr + 8r BIz ()

°
(

8
2
AIle 18AIle 1 A 8

2
AIle) if

8 2 + --8- - 2" lIe + 8 2r r r r z

( 8 8) -
- 8z BIlr + 8r BIlz ()

-j.Lo (8Mr _ 8Mz ) if
8z 8r

(
8

2
AllIe 1 8AIIle 1 A 8

2
AllIe) if

8 2 + - 8 - 2" HIe + 8 2r r r r z

( 8 8) -
- 8z BIlIr + 8r BIlIz ()

0.

(2.17)

(2.18)

(2.19)

These differential equations are solved by the method of separation of variables. The sum
mation can be disregarded as the differential equations should hold for every n. The solution
for Ale, AIle and AllIe are a Bessel function in the radial, (f), direction and a sinusoidal
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function in the axial, z, direction.

AIo(r, z) = _f ~n (a1nHn(mnr) + blnBKl(mnr)) cos(mnz),
n-l,2,3, ..

AIIo(r, z) _f ~n [(Kan(mnr) + a2n )B:I1 (mnr)
n-l,2,3, ..

- (Kbn(mnr) - b2n) BK1 (mnr)) ] cos(mnz).

AIIlo(r, z) _f ~n (a3nHn(mnr) + b3nBKl(mnr)) cos(mnz).
n-l,2,3, ..

17

(2.20)

(2.21)

(2.22)

(2.23)

Where aln,b1n , a2n, and b2n are constants obtained by the boundary conditions, Hn and BKI
are modified Bessel functions of the first and second kind respectively with order 1, and K an
and K bn are functions which result from substitution of (2.21) into (2.18). mn is the spatial
frequency which contains only odd harmonics and is defined as

(2n - 1)1r
m n = .

Tp
(2.24)

According to (2.13) and (2.14) in combination with (2.20) and (2.21), the following solution
for Bfr , BIz, BUr, BIIz , BIIIT> and BIIlz are obtained:

00

(a1nB:n (mnr) + hnBn (mnr)) sin(mnz),BI'r(r, z) = L (2.25)
n=1,2,3, ..

00

(a1nBIo(mnr) - blnBKo(mnr)) cos(mnz),Blz(r, z) L (2.26)
n=1,2,3, ..

00

[(Kan(mnr) + a2n) BI1(mnr)BIIr(r, z) L
n=1,2,3, ..

- (Kbn(mnr) - b2n)Bn(mnr)] sin(mnz), (2.27)

00

[(Kan(mnr) + a2n )BIo(mnr)BIIz(r, z) L
n=1,2,3, ..

+ (Kbn(mnr) - b2n )BKo(mnr)] cos(mnz), (2.28)

00

(a3nBIl (mnr) + b3nBn(mnr)) sin(mnz),BIIlr(r, z) L (2.29)
n=1,2,3, ..

00

(a3nBIo(mnr) - b3nBKo(mnr)) cos(mnz).BIIlz(r,z) = L (2.30)
n=1,2,3, ..

(2.31)
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Figure 2.6: Tubular actuator topology with radially magnetized magnets. Region I contains the
airgap and the winding area, Region II is the magnet region.

2.1.3 Radially magnetized topology

In the radially magnetized topology shown in Fig. 2.6, the magnets are magnetized in pos
itive and negative radial direction alternatively. Therefore, the magnetization vector !VI is
described by a Fourier series of a square wave with only a component in the radial direction
[1].

00

L Mrn sin (mnz) r,
n=I,2,3, ..

4Brem . (mnTp ) . (mnTpCXp )---sm -- sm .
f..toTpmn 2 2

Where Tp is the pole pitch, and cxp is the magnet to pole pitch ratio ~.

Using this magnetization in (2.21) and (2.18) results in the following
ICan(mnr) and ICbn(mnr) ,

(2.32)

expressions for

(2.33)

(2.34)l
mnr BI1 (x)

ICbn(mnr) = -f..toMrn B ()B () B ()B ( ) dx.
mnRr II X Ko x + KI X IO X

As this topology has a soft-magnetic core, region III is not treated as a region, Therefore,
an extra boundary condition at r = R,. is added. The constants aIn , bIn, a2n, and b2n
can consequently be derived from the boundary conditions. As there are four unknowns,
four independent boundary conditions are necessary to find the solutions. General boundary
conditions can be found by evaluating the integral form of the Maxwell equations over control
volumes at material interfaces [7]. This results in

1. The tangential component of ii is continuous if the surface current density at the
interface is zero.

2. The normal component of jj is continuous across an interface.
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The iron in the translator and the stator is assumed to be infinitely permeable and eddy
currents in both magnets and iron-parts are neglected. Therefore, the boundary conditions
for this problem are

B1z(r, z) Ir=R
s

HIIz(r, z) Ir=R
r

Blr(r, z) Ir=Rm
Hlz(r, z) Ir=Rm

0,

0,

BIIr(r,z)lr=Rm'

HIIz(r, z) Ir=Rm'

(2.35)

(2.36)

(2.37)

(2.38)

The boundary conditions must hold for all harmonics, therefore the summations in (2.29)
to (2.28) are neglected in the following expressions.

1. Boundary condition (2.35):

as the solution must be valid for all z, the cos(mnz) term can be eliminated, hence

(2.39)

2. Boundary condition (2.36):

0,

0,

[ ( Kan(mnR,.) + a2n) B:ro(mnR,.) +

(Kbn(mnR,.) - b2n )BKo(mnR,.)] cos(mnz) = 0,

(Kan(mnR,.) + a2n)B:ro(mnR,.) + (Kbn(mnR,.) - b2n)BKo(mnR,.) = 0,

where from the definition of Kan(mnr) and Kbn(mnr) in (2.33), and (2.34) follows that
Kan(mnR,.) and Kbn(mnR,.) are zero, which results in

(2.40)
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3. Boundary condition (2.37):

4. Boundary condition (2.38):

[ ( Kan(mnRm) + a2n) BIO(mnRm) + (Kbn(mnRm) - b2n) BJCo(mnRm)] cos(mnz),

substitution of BIO(mnRm) by Cgn , and BJCo(mnRm) by CIOn gives,

The constants aIn, bIn, a2n, and b2n can now be derived from the set of four independent
equations. The equations can be rewritten into matrix form
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Figure 2.7: Magnetic flux density of the magnets calculated in the middle of the coil (r = R s - lc:t),
where both analytical and FEM results are shown.

This results in

(2.43)

(2.44)

(2.45)

(2.46)

Where the constants Gin are given in Appendix B.
These equations are implemented in Matlab to calculate the magnetic field in the coils.

The results are compared with FEM and shown in Fig. 2.7. The very small difference between
FEM and the semi-analytical results can be explained by the difference in the models. In the
semi-analytical model, the axial length is infinite whereas the FEM model has a finite length.
In both models, the soft-magnetic parts are infinitely permeable.

2.1.4 Parametric search on the radial topology

In order to find optimal design parameters, a parametric analysis is performed to optimize
the magnetic loading. Using the analytical equations found in the previous part, the flux
density is calculated for different actuator sizes. For the analysis, the outer radius, Rout, is
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kept constant and the core radius, R,. has a lower bound as these are final system constraints.
To decrease the number of variables, the radial airgap length, 19, and the radial coil length,
lcoil are fixed here.

In the first analysis, the effect of varying both the pole pitch, Tp , and the radial magnet
length, 1m , on the flux density in the coil are analyzed. The radial length of the stator is
fixed, therefore the core radius, R,., changes when the radial magnet length, 1m , changes. The
dimensions of the actuator in this analysis are shown in Table 2.2.

Table 2.2: Fixed parameters in analysis

Rout (mm)
lstator (mm)
lcoil (mm)
19 (mm)
R,. (mm)
ap

9.00
1.00
1.45
0.25
~2.00

1.00

Fig. 2.8a shows the peak value of the the magnetic flux density in the middle of the coil
for several values of pole pitch and magnet length and Fig. 2.8b shows the RMS value of the
magnetic flux density in that analysis. As can be seen from the figures, a larger pole pitch,
Tp , results in a higher flux density. For the radial magnet length, 1m , an optimum exists at
approximately 2.6 mm.

Although a larger pole pitch results in a higher flux density, it has a major drawback. As
visualized in Fig. 2.9, almost all the flux from one magnet has to flow through the stator
and the core. Therefore, increasing Tp will increase the flux density in the stator and the core
causing saturation of the iron. To show this effect, the peak flux density in the core and the
stator are estimated and plotted in Fig. 2.8c and Fig. 2.8d. Increasing the radial length of
the magnet causes a further increase of the flux density in the core, because the core radius
R,. decreases with increasing magnet length.

Note that these flux densities are calculated for linear iron with an infinite permeability.
In reality, the iron starts to saturate for flux density values of approximately 1.3 T. Therefore,
this model provides only useful information when the estimated flux density in the core and
the stator are below 1.3 T.
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Figure 2.8: Magnetic flux density versus pole pitch Tp and radial magnet length lm.(a) and (b) show
the peak value and the RMS value of flux density in the middle of the coil respectively, (c) shows the
peak flux density in the armature and (d) shows the peak flux density in the core

Figure 2.9: Equipotential lines in the tubular actuator with radial magnetized magnets.

Conclusion

Fig. 2.8d shows that only a geometry with Tp ~ 4.5mm and lm ~ 2.0mm results in a design
with a low level of saturation in the core. As this geometry provides a relatively low flux



24 Linear actuator

density in the coil, the radial magnetized tubular actuator is not favorable in this application.
In order to decrease the flux density in the core, a topology with a Halbach magnet array is
proposed in the next section.

2.1.5 Quasi-Halbach magnetized topology with soft-magnetic core

To minimize the flux density in the core, a Halbach magnet array is proposed. A Halbach
magnet array concentrates the flux at one side of the magnets and provides a more sinusoidal
flux density. [5], [2] The magnets in a Halbach array are sinusoidally magnetized. Since, in
practice, it is relatively difficult to manufacture magnets with an ideal Halbach magnetization,
a simpler form, referred to as quasi-Halbach, is used here. Instead of one magnet with
sinusoidal magnetization, a two-segmented magnet array is used. The magnetization is shown
in Fig. 2.10 and can be expressed as a Fourier series in the radial (r), and a Fourier series in
the axial (2) direction. [6]

Figure 2.10: Thbular actuator topology with a quasi-Halbach magnetized magnet array with a mag
netic core. Region I contains the airgap and the winding area, Region II is the magnet region.

In this section, the same approach as in the previous section is used to calculate the
magnetic field in a tubular actuator with a quasi-Halbach magnet array as shown in Fig.
2.10. The resulting magnetization vector is

00 00

n=1,2,3, .. n=1,2,3, ..

(2.47)

(2.48)

where Tp is the pole pitch, and Ctp is the radially magnetized magnet pitch to pole pitch ratio
(Imr. ).

T p

The general solution presented in section 2.1.2 is still valid as only the magnetization
vector is changed. The boundary conditions for this problem are the same as for the radially



2.1. Magnetic loading in the z-actuator

magnetized topology

25

Blz(r, z)lr=R
s

0, (2.49)

HIIz(r, z) Ir=R
r

0, (2.50)

Blr(r, z) Ir=R
m

BIIr(r, z) Ir=R
m

' (2.51)

H1z(r,z)lr=R
m

= HIIz(r,z)lr=R
m

' (2.52)

To find aIn, a2n, bIn and b2n in the expressions for the magnetic field, (2.29) to (2.28),
the boundary conditions have to be solved. As the boundary conditions must hold for all
harmonics, the summations in (2.49) to (2.52) are neglected in the following expressions.

1. Boundary condition (2.49):
The derivation of this equation is the same as in (2.39).

2. Boundary condition (2.50):
As the magnetization has a z-component, the equation here is slightly different than
(2.40)

J.,l
o
lJ.,lr [(Kan(mnRr)+a2n) BYo(mnRr)+ (Kbn(mnRr)-b2n )BKo(mnRr)] cos(mnz) =

1
-Mzn cos(mnz),
J.,lr

where from the definition of Kan(mnr) and Kbn(mnr) in (2.33), and (2.34) follows that
Kan(mnRr) and Kbn(mnRr) are zero, which result in

_1_ (a2nBro(mnRr) - b2nBKo(mnRr )) = ~Mzn,
J.,loJ.,lr J.,lr

substitution of BYo(mnRr) by GIn, and BKO(mnRr) by G2n gives,

(2.53)

3. Boundary condition (2.51):
The derivation of this equation is the same as in (2.41).

4. Boundary condition (2.52):
As the magnetization has a z-component, the equation here is slightly different than
(2.42)
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J-lr (aInByo(mnRm) - bInBx.:o(mnRm)) cos(mnz) =

[(Kan(mnRm) + a2n) BYo(mnRm) + (Kbn(mnRm) - b2n) Bx.:o(mnRm )] cos(mnz)-

J-loMzn cos(mnz),

substitution of BYo(mnRm) by Cgn , and Bx.:o(mnRm) by CIOn gives,

J-lr(aInCgn - bInCIOn) = (Kan(mnRm) +a2n) Cgn + (Kbn(mnRm) - b2n) CIOn - J-loMzn ,

J-lraInCgn-J-lrbInCIOn -a2nCgn+ b2nCIOn = Kan(mnRm)Cgn +Kbn(mnRm)CIOn -J-loMzn .
(2.54)

The constants aIn, b2n , a2n, and b2n can now be derived from the set of four independent
equations. This results in the following matrix

-C18n

o
CI2n

-J-lrCIOn

(2.55)

This results in

( )( ) ( )( ) 'Q.w. _ .Q:m.... Qun. + Cll n + .Q:m.... _ Qun. Q.w. + Clln
C 2n C lOn C18n C 12n J-lr C lOn C1 8n C 2n C 12n

.Q:m....K (m D) + K (m D) + M (~---.1&-) (.Q:m.....QlZzl.) a
C lOn an n.LLm bn n.LLm zn C2n - C lOn - J-lr ClOn - C 18n \2

1

56)

( Q.w. .Q:m....)
C2n - ClOn

bIn
C17n

(2.57)--aIn,
CI8n

b2n
CIna2n - J-loMzn (2.58)

C2n

Where the constants Cin are given in Appendix B.
These equations are implemented in Matlab to calculate the magnetic field in the coils.

The results are compared with FEM and shown in Fig. 2.11 for CYp = 0.65. The very small
difference between FEM and the semi-analytical results can be explained by the difference in
the models. In the semi-analytical model, the axial length is infinite whereas the FEM model
has a finite length. In both models, the soft-magnetic parts are infinitely permeable.



2.1. Magnetic loading in the z-actuator 27

o. --Analytical radial
- - - Analytical axial

0.4
a FEM radial
x FEM axial

0.2

"'\
E ,

'0 0 """">%<"" /"-,,x
" """xCO

\. )(

-0.2
>i'

-0.4

-0.6

0 2 4 6 8 10 12 14 16
Z (mm)

Figure 2.11: Magnetic flux density of the magnets calculated in the middle of the coil (r = R s - ~ )

with a quasi-Halbach magnet array for O:p = 0.65 with a soft-magnetic core. Both analytical and FEM
results are shown.

2.1.6 Parametric search on the quasi-Halbach topology

In order to find optimal design parameters, a parametric analysis is performed to optimize
the magnetic loading. The same approach as presented in the previous section for the radial
magnetized topology is used here. The outer radius, Rout, is kept constant and the core
radius, R,. has a lower bound. To decrease the number of variables, the radial airgap length,
19, and the radial coil length, lcoil are fixed.

In the first analysis, the effect of both the pole pitch, Tp , and the relation between Tmr and
Tmz on the flux density in the coil are analyzed. The magnet length is fixed. The dimensions
of the actuator in this analysis are shown in Table 2.3.

Table 2.3: Fixed parameters in analysis

Rout (mm) 9.00
lstator (mm) 1.00
lcoil (mm) 1.45
19 (mm) 0.25
lm (mm) 3.00

Fig. 2.12a and Fig. 2.12b show the peak value of the fundamental and the RMS value
of the flux density in the coil respectively. Both figures show that the highest flux density is
achieved for O:p ~ 0.8. Increasing the pole pitch, Tp , results in a higher flux density. As for
the radial magnetized topology, increasing pole pitch results in a higher flux density in the
stator as well. In Fig. 2.13 is shown how the flux flows through the actuator.

To show the effects on the flux density in the stator, Fig. 2.12d depicts an estimation of
the flux density in the stator. As can be seen, the flux density rises very quick above 1.3 T and



28 Linear actuator

0.90.80.5 0.6 0.7
~mr/~p (mm)

0.40.3

11

(a) (b)

0.4 0.5 0.6 0.7
tm,/tp (mm)

0.8 0.9 0.4 0.5 0.6 0.7
~mr/~p (mm)

0.8 0.9

(c) (d)

Figure 2.12: Magnetic flux density versus pole pitch Tp and radially magnetized magnet pitch Tmr

to pole pitch Tp ratio. (a) and (b) show the flux density in the middle of the coil, (c) shows the total
harmonic distortion of the flux density in the middle of the coil and (d) shows the peak flux density
in the armature.

Figure 2.13: Equipotential lines in the tubular actuator with a quasi-Halbach magnet array with a
soft-magnetic core.
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causes saturation. Instead of for the radial magnetized topology, the radial stator length can
be extended here because the flux density in the core is lower due to the flux concentration
effect of the Halbach array.

In theory, a Halbach magnet array produces a sinusoidal flux density. In order to minimize
the force ripple it is possible to design the quasi-Halbach array for sinusoidal flux density. In
Fig. 2.12c, the total harmonic distortion is shown. For cxp = 0.5 the total harmonic distortion
is at its minimum.

A second analysis is performed to analyze the effect of changing the radial magnet length
on the flux density level in the coil. The dimensions of the actuator in this analysis are shown
in Table 2.4. Due to the geometric constraints 1m :S 4.3 mm in the analysis. In Fig. 2.14a

Table 2.4: Fixed parameters in analysis

Rout (mm) 9.00
lstator (mm) 1.00
lcoil (mm) 1.45
19 (mm) 0.25
cxp 0.75

and Fig. 2.14b the results of the analysis are shown. Both the peak value of the fundamental
and the RMS value of the flux density increases when the radial length of the magnet and
the pole pitch are enlarged.

As can be seen in Fig. 2.14d, the flux density in the stator rises when the pole pitch and
the magnet length increases. To prevent saturation of the armature, the flux density should
be below 1.3 T. This implies that as long as Tp < 6 mm, the armature will not saturate. When
a larger pole pitch is favorable, it is possible to prevent saturation by extending the radial
stator length. The flux density in the stator will decrease linearly with the radial length of
the stator. This implies that for lstator = 1.5 mm, the highest possible RMS value of the flux
density is now 0.74 T where for lstator = 1.0 mm, the maximum RMS value was 0.64 T. An
increase of 15 % is realized.

Fig. 2.14c shows that the influence of 1m on the total harmonic distortion of the flux
density is minimal for small Tp . The distortion increases when the pole pitch is enlarged
especially for small magnet length.
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Figure 2.14: Magnetic flux density versus pole pitch Tp and radial magnet length lm.(a) and (b) show
the flux density in the middle of the coil, (c) shows the total harmonic distortion of the flux density
in the coil and (d) shows the peak flux density in the armature.



2.1. Magnetic loading in the z-aetuator

2.1.7 Quasi-Halbach magnetized topology with non-magnetic core

31

In the previous section, a quasi-Halbach magnet array is introduced to minimize the flux
density in the core. Due to the self-shielding property of the Halbach magnet array, the
soft-magnetic core can be replaced by a non-magnetic core. This implies that the iron core
can be replaced by a aluminium core or no core at all, which will decrease the mass of the
translator. As the z-actuator has to operate at high acceleration, the mass of the mover is a
very important quantity.

Figure 2.15: Thbular actuator topology with a quasi-Halbach magnetized magnet array with a non
magnetic core. Region I contains the airgap and the winding area, Region II is the magnet region and
Region III is the non-magnetic core region.

In this section, the magnetic field equations are solved for a topology with a quasi-Halbach
magnet array and a non-magnetic core. The problem is similar to the problem with a magnetic
core however the third region has to be considered here, see Fig. 2.15. This source free region
III contains the core and is modeled to be source-free.

The magnetization is the same as for the topology with a soft-magnetic core and can be
expressed as a Fourier series in the radial (f), and a Fourier series in the axial (Z) direction.

The resulting magnetization vector is

00 00

n=1,2,3, .. n=1,2,3, ..

(2.59)

(2.60)

where Tp is the pole pitch, and Cl.p is the radially magnetized magnet pitch to pole pitch ratio
(.Imr.) .

T p

To solve the magnetic field equations with the six variables aln , a2n, a3n, bin, b2n, b3n, six
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boundary conditions are stated and solved.

Linear actuator

Blz(r, Z) Ir=R
s

0, (2.61)

AII1o(r, z)lr=o 0, (2.62)

B1r(r, z) Ir=Rm BIIr(r, z) Ir=Rm' (2.63)

BIIr(r, z) Ir=Rr BIIlr(r, z) Ir=Rr' (2.64)

H1Z(r,z)lr=Rm HIIz(r,z)lr=Rm' (2.65)

HIIz(r, z) Ir=Rr HIIlz(r, z) Ir=Rr' (2.66)

As the boundary conditions must hold for all harmonics, the summations in (2.49) to (2.52)
are neglected in the following expressions.

1. Boundary condition (2.61):
The derivation of this equation is the same as in (2.39).

2. Boundary condition (2.62):

AII10(0,Z) = ~n (a3nBI1(0) +b3nBK1 (0)) cos(mnz) = 0,

Since BI1 (O) = 0 and BK1(0) = 00,

(2.67)

3. Boundary condition (2.63):
The derivation of this equation is the same as in (2.41).

4. Boundary condition

a3n BI1 (mn Rr ) sin(mnz),

where from the definition of Kan(mnr) and Kbn(mnr) in (2.33), and (2.34) follows
that Kan(mnRr) and Kbn(mnRr) are zero. Substitution of BI1(mnRr) by C3n , and
BK:1(mn Rr) by C4n gives,

5. Boundary condition (2.66):
The derivation of this equation is the same as in (2.54).

6. Boundary condition (2.66):

1 1
--BIIz(Rr, z) - -Mz
MoMr Mr

1
-BIIlz(Rr, z),
Mo
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l-toMzn cos(mnz) = I-tra3nBro(mnR,.) cos(mnz),

where from the definition of Kan(mnr) and Kbn(mnr) in (2.33), and (2.34) follows
that Kan(mnRr) and Kbn(mnR,.) are zero. Substitution of Bro(mnR,.) by GIn, and
BKO(mnR,.) by G2n gives,

The constants aIn , a2n, a3n, bIn, b2n and b3n can now be derived from the set of six
independent equations formulated. The solutions are found by solving the equations using
Mathematica. The equations in matrix form are given here.

GI7n -G18n 0 0 0 0 aln
0 0 0 0 0 1 bIn

GUn GI2n -GUn -G12n 0 0 a2n
0 0 G3n G4n -G3n 0 b2n

I-trGgn -l-trGIOn -Ggn GIOn 0 0 a3n
0 0 GIn -G2n -l-trGln 0 b3n

0
0

Kan(mnRm)GUn - Kbn(mnRm)GI2n (2.68)
0

Kan(mnRm)Ggn + Kbn(mnRm)GIOn - l-toMzn
l-toMzn

Where the constants Gin are given in Appendix B.
The field equations are implemented in Matlab to calculate the magnetic field in the coils.

The results are compared with FEM and shown in Fig. 2.7 for Q p = 0.65. The very small
difference between FEM and the semi-analytical results can be explained by the difference in
the models. In the semi-analytical model, the axial length is infinite whereas the FEM model
has a finite length. In both models, the iron parts are infinitely permeable.
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Figure 2.16: Magnetic flux density of the magnets calculated in the middle of the coil (r = R s - ~)
with a quasi-Halbach magnet array for Q p = 0.65 with a non-magnetic core. Both analytical and FEM
results are shown.

2.1.8 Parametric search on the quasi-Halbach topology with non-magnetic
core

The same approach as presented in the previous section for the quasi-Halbach magnet array
with magnetic core is used here. The outer radius, Rout, is kept constant and the core radius,
14 has a lower bound. To decrease the number of variables, the radial airgap length, 19, and
the radial coil length, lcait are fixed.

In the first analysis, the effect of both the pole pitch, Tp , and the magnet pitch to pole
pitch ratio, Q p on the flux density in the coil are analyzed. The radial magnet length is fixed.
The dimensions of the actuator in this analysis are shown in Table 2.7.

Table 2.5: Fixed parameters in analysis

Rout (mm) 9.00
lstator (mm) 1.00
lcoil (mm) 1.45
19 (mm) 0.25
lm (mm) 4.30

Fig. 2.17a and Fig. 2.17b show the peak value of the fundamental and the RMS value
of the flux density in the coil respectively. Both figures show that the highest flux density is
achieved for Q p = 0.4. The optimum for the pole pitch, Tp , is found around 8 mm. This is
in contrast to the topology with a magnetic core. In Fig. 2.18 is shown how the flux flows
through the actuator. As can be seen, almost all the flux is concentrated in the airgap.

In Fig. 2.17d the flux density in the stator is shown. Since the optimum of the flux density
in the coil is found for Tp ~ 8mm and Q p ~ 0.4, no saturation will occur when the optimal
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Figure 2.17: Magnetic flux density versus pole pitch Tp and radially magnetized magnet pitch Tmr to
pole pitch Tp ratio,ap-(a) and (b) show the flux density in the middle of the coil, (c) shows the total
harmonic distortion of the flux density in the middle of the coil and (d) shows the peak flux density
in the armature.

----t----=Z=-----------------------lltlj Rshaftin

Figure 2.18: Equipotential lines in the tubular actuator with a quasi-Halbach magnet array and a
non-magnetic core.
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geometry is used with lstator 2': 1.00mm.
In theory, a Halbach magnet array produces a sinusoidal flux density. In order to minimize

the force ripple it is possible to design the quasi-Halbach array for sinusoidal flux density. In
Fig. 2.17c, the total harmonic distortion is shown. For cxp = 0.5, the total harmonic distortion
is at its minimum.

A second analysis is performed to analyze the effect of changing the radial magnet length
on the flux density level in the coil. The dimensions of the actuator in this analysis are shown
in Table 2.6. Due to the geometric constraints 1m :::; 4.3 mm in the analysis. In Fig. 2.19a and

Table 2.6: Fixed parameters in analysis

Rout (mm) 9.00
lstator (mm) 1.00
lcoil (mm) 1.45
19 (mm) 0.25
cxp 0.50

Fig. 2.19b the results of the analysis are shown. Both the fundamental and the RMS value
of the flux density increases when the radial length of the magnet is enlarged. The optimal
pole pitch, Tp , is approximately 7 mm for 1m = 2.4 mm and 8mm for 1m = 2.4 mm.

As can be seen in Fig. 2.19d, the flux density in the stator rises when the pole pitch
and the magnet length increases. Fig. 2.19c shows that the influence of 1m on the total
harmonic distortion of the flux density is minimal in contrary to the influence of the pole
pitch, increasing the pole pitch results in more distortion.



2.1. Magnetic loading in the z-actuator 37

2.2 2.4 2.6 2.8 3 3.2 3.4 3.6 3.8 4 4.2 2.2 2.4 2.6 2.8 3 3.6 3.8
Im(mm)

(a) (b)

10 10
~. ·I<D>THDI. .. .

9 .·0.08
··o.OB: 9

O.OB .'
8 •... .~,,~.Oe'''-''-~''··'''-:''~·___~{).o. . . : :
~•.{).O&~ .. ..

E 7 e.O E
E- -e.O<t= E-
".

c. .0.... ".c.

6>

=:'""El.02 fl.O O..02-5 ..

O.
4 4

2.2 2.4 2.6 2.8 3 3.2 3.4 3.6 3.8 4 4.2 2.2 2.4 2.6 2.8 3 3.2 3.4 3.6 3.8 4 4.2
1m(mm) 1

m
(mmj

(c) (d)

Figure 2.19: Magnetic flux density versus pole pitch Tp and radial magnet length lm.(a) shows the
peak value of the fundamental of the flux density Bl and (b) shows the RMS value of the flux density
in the middle of the coil, (c) shows the total harmonic distortion of the flux density in the coil and (d)
shows the peak flux density in the armature.
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2.1.9 Axially magnetized topology with non-magnetic core

The last topology analyzed in this research is the axial magnetized topology as shown in Fig.
2.20.

core

air JLr = 1 z

Figure 2.20: TUbular actuator topology with a axial magnetized magnet array with a non-magnetic
core. Region I contains the airgap and the winding area, Region II is the magnet region and Region
III is the non-magnetic core region.

This topology is similar to the quasi-Halbach topology, where the radially magnetized
magnets are replaced by soft-magnetic pole pieces. The main advantage of this topology is
the ease of manufacturing as the translator has only axially magnetized magnets. As less
magnetic material is used, the actuator is probably cheaper as well. In this section this
topology is analyzed and compared to the topologies in the previous sections.

The magnetization vector has only a component in the z-direction and is described as

00

L Mncos(mnz)z,
n=l,2,3, ..

4Brem . (mnD:pTp )--'---- sln .
f..toTpmn 2

(2.69)

In the previous topologies, the derivation of the field equation was straightforward. Only
boundary conditions in the axial direction had to be applied. Due to the soft-magnetic pole
pieces in this topology, the magnetic field strength has to be zero at the boundaries of these
pole pieces. To fullfill these radial boundary conditions, another base frequency for the Fourier
series in region II is proposed. This results in the following expression for the vector potentials
in the regions

t, ~n (alnBIl (mnr) + blnBKl (mnr)) cos(mnz),

t, ~n (a3nBIl(mnr) + b3nBn(mnr)) cos(mnz),

(2.70)

(2.71)
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for the airgap region and inner air region and for region II

where qj is the spatial frequency in region II, given by
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(2.72)

(2.73)

Due to the choice of the coordinate system and the chosen spatial frequency forces the mag
netic field strength to be zero at the boundaries of the pole pieces. A DC-term, ¥ has to
be introduced in the vector potential in region III.

The vector potentials result in the following expressions for the magnetic flux density in
the different regions

B Ir ~ (a1nBYl(mnr) + blnBlCl(mnr)) sin(mnz) (2.74)

BIz ~ (a1nBIQ(mnr) - b1nBICo(mnr)) cos(mnz) (2.75)

BIIr ~ (a'jBn (qjr) + />,jB.<1 ('br)) sin(qjz) (2.76)

B lIz f (a2jByo(qjr) - b2jBICo(Qjr)) cos(qjz) + B o (2.77)
)=1

B IIIr ~ (a3nBYl(mnr) + b3nBICl(mnr)) sin(mnz) (2.78)

BIIIz ~ (a3nBro(mnr) - b3nBICo(mnr)) cos(mnz). (2.79)

(2.80)

To solve these equations and find expressions for aln, bIn, a2j, b2j, Bo, a3n and b3n , the follow-
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ing boundary conditions have to be applied

Linear actuator

BIz Ir=R8

BIIlr Ir=o

BIIrl
Izl=~

Blrl
r=Rm,lzl<~

Hlzi
r=Rm,lzl<~

[R
m

27rrBIIzI dr =
JRr z=~

BIIrl
r=Rr,l,zl<~

HIIzl
r=Rr,lzl<~

0,

0,

0,

BIIrl '
r=Rm,lzl<~

Hnl '
r=Rm,lzl<~

7:E. 7:E.

J~ 27rRmBlrl_ dz - J~ 27rRrBIIlrl_ dz,
2 r-Rm 2 r-Rr

BIIlrI '
r=Rr,IZI<~

HIIlzI .
r=Rr,IZI<~

(2.81)

(2.82)

(2.83)

(2.84)

(2.85)

(2.86)

(2.87)

(2.88)

1. Boundary condition 1 (2.81):

BIz Ir=R8 =~ (alnBro(mnRs) - blnBKo(mnRs)) cos(mnz) = 0

This should hold for all z and n, therefore this reduces to

2. Boundary condition 2 (2.82):

This should hold for all z and n which gives

(2.89)

(2.90)

(2.91)

(2.92)

and since Brl (0) = 0 and Bn (0) = 00 this implies that b3n = 0 which reduces the
expression of the magnetic field in region III to

00

BIIlr = L a3nBrl(mnr)sin(mnz)
n=l

00

BIn L a3nBro(mnr) cos(mnz)
n=l

(2.93)

(2.94)
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3. Boundary condition 3 (2.83):

B Il, 11.1~~ ~ ~ ((a,jBZI (Qjr) + b2j BKl (qjr)) sin(±Qj T;l

~ ((a2j BI1 (Qjr) + b2j BKI(qjr)) sin(±j7C) = O.
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(2.95)

(2.96)

This boundary condition is therefore automatically fulfilled by choosing the proper
solution for the magnetic field in region II.

4. Boundary condition 4 (2.84):

BIrl = BIIrl
r=Rm,lzl<~ r=Rm,lzl<~

If we consider for now that Izl < :Itt then the above expression becomes

~ (alnBIl(mnRm) + blnBKl(mnRm)) sin(mnz)

=~ ( a'jBrl (qjRm) + b,jBKI (qjRm) ) sin(qjZ1

Following the strategy given in appendix (A), the expression becomes

(2.97)

(2.98)

where E(n, j) is given by

2jT
Pc(n, j) = -;- sin(mnz) sin(qjz)dz.

m -Tp

However since we assumed that Izi < :Itt, the integral limits change to

2j~c(n,j) = - sin(mnz) sin(qjz)dz.
T m -~

Solving this integral leads to

(
') sin v sin u

En,) =-----
v u

where

(2.100)

(2.101)

(2.102)

u

v

, (2n - 1)1fQp
)1f + 2

, (2n - 1)1fQp
) 1f - -'--_----'-_.0...

2

(2.103)

(2.104)
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5. Boundary condition 5 (2.85):

HIzl
r=Rm,lzl<~

BIz I
/-Lo r=Rm,lzl<~

HIIZI
r=Rm,lzl<~

BIIz Mz I
/-Lo/-Lr /-Lr r=Rm,lzl <~

Linear actuator

(2.105)

(2.106)

If we consider for now that Izl < I:f- then the above expression becomes

(2.107)

rearranging gives

(2.108)

Following the strategy given in appendix (A), the expression becomes

where TJ(n, j) is given by

1 jTP
TJ(n,j) = - cos(mnz) cos(qjz)dz.

Tp -Tp

However since we assumed that Izl < I:f-, the integral limits change to

1j~TJ(n,j) = - cos(mnz) cos(qjz)dz.
Tp -~

Solving this integral leads to

( .) (sin U sin v)TJ n, J = a -- + --
p U v

(2.109)

(2.110)

(2.111)

(2.112)
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The function 0"(n) is given by

11~O"(n) = - cos(mnz)dz.
Tp -~

Solving this integral leads to

( )
_ 4 . ((2n-l)1fD:p )

0" n - ( ) sm .2n - 1 1f 2

6. Boundary condition 6 (2.86):

Inserting the equations for the magnetic field gives
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(2.113)

(2.114)

(2.115)

L:m r [~ (02jEIo(Qjr) -IF,jEKo(qjr)) cos(qjT;) + Bo]dr

7:E. 00

= J~ Rm~ (a1nBIl(mnRm) + b1nBK:l(mnRm )) sin(mnz)dz-

Tp 00

J~ Rr L(a3nBIl(mnRr)) sin(mnz)dz. (2.116)
2 n=l

Since the summation and the integral are linear operators, we may switch them which
results in

~ L:m r(02jEIO(qjr) -IF,jEKo(qjr)) cos (q/;) dr + J:m rBodr

00 7:E.

= ~J~ [Rm (alnBIl(mnRm) + b1nBK:l (mnRm)) sin(mnz)-

Rr(a3nBIl (mnRr)) sin(mnz)] dz. (2.117)

Solving the integrals leads to

~ :j [02j ( R",EIl(qjR",)-R,.EIl (q;Rr)) +b,; ( R",EK1 (qj R",)-RrEKI (qjRr) )] cos (qj T;)
R'?n - R; B

+ 2 0

= ~ [:: (alnBI1(mnRm)+blnBK:l(mnRm))-~(a3nBI1 (mnRr))] cos (m~Tm).
(2.118)
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7. Boundary condition 7 (2.87):

Bn I = BIIlT I
r=RT,lzl<~ r=RT,lzl<~

Linear actuator

(2.119)

If we consider for now that Izi < ~ then the above expression becomes

~ (a2jBz' (qjR,.) + b2jB'<:1 (qjR,.)) sin(qjz) ~ ~ a3nBzl (mnR,.) sin(mnz) (2.120)

Following the strategy given in appendix (A), the expression becomes

00

a2jBI1 (qjRr) + b2jBKl(qjRr) = L a3nBIl(mn Rr)E(n,j)
n=l

(2.121)

where E(n, j) is given in (2.102).

8. Boundary condition 8 (2.88):

HIIzl
r=RT,lzl<~

BIIz Mz I
/-La/-Lr /-Lr r=RT,lzl<~

HIIlz I
r=RT,lzl<~

B
IIlz I
/-La r=RT,lzl<~

(2.122)

(2.123)

If we consider for now that Izl < ~ then the above expression becomes

rearranging gives

(2.125)

Following the strategy given in appendix (A), the expression becomes

(2.126)
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From now on, the Bessel functions are replaced by other variables to simplify the equations
as given in Appendix B. A summary of the equations gathered from the boundary conditions
is given below

00

a2jCI5j + b2jCI6j - L(aInClln + bInCI2n )E(n, j)
n=1

( aIncgn - bInClOn) - 2- f (a2jCl3j - b2jCI4j)T/(n,j) - Eo a(n)
J.Lr j = I J.Lr

t, ~ [a2j ( Rm C15j - R,-C7j ) + b2j ( Rm C16j - R,-CSj) ] cos (q/;)+

R?n; R; B o _~ [~: (aInClln + bInC l2n) - ~ a3nC3n] cos ( m n T; )
00

a2j C7j + b2j CSj - L a3nC3nE(n,j)
n=1

1 00 B
a3nC ln - - L (a2jC5j - b2j C6j ) T/(n,j) - ---..2. a (n)

J.Lr j=1 J.Lr

Elimination of bIn leads to
CISn

aln = -CbIn
I7n

00

a2j C7j + b2jCSj - L a3nC3nE(n,j)
n=1

1 00 B
a3nC In - - L (a2jC5j - b2jC6j) T/(n,j) - ---..2. a (n)

J.Lr j =I J.Lr

0,

0,

(2.127)

0,

0,

(2.128)

0,

(2.129)

0,

0,

To eliminate the summations, the equations are rewritten into matrices as given in appendix
B. As the boundary of the summation, infinity, is not possible to implement, the summations
is calculated from j = 1 to j = J and n = 1 to n = N. Now the complete set of equations
contains 2J + 2N + 1 equations and can be written as a matrix multiplication
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[ -eJNCNNa ] [ C JJ15 ] [ C JJ16 ] [ OJN ] [ OJ ]

[ CNNb ] [ -~~)NCjj13 ] [ ~~)NCJJ14 ] [ 0NN ] [ ~;U~ ]

X ~ [-Rmm'CNN.] [q,(RmC"" - J<C"')] [" (RmC",. - J<C"')] [J<m);cNN.] [¥]

[ 0JN ] [ Cm ] [ CJJ8 ] [ -eJNCNN3 ] [ OJ ]

[ 0NN ] [ -~~)NCJJ5 ] [ ~~)NCJJ6 ] [ CNNl ] [ -~u~ ]

(2.130)

where

[ b~l ] [ OJ ]

[ aJ2 ] [ _~MT ]Jlr N

[ bJ2 ]
= X-I. 0 (2.131)

[ a~3 ] [ OJ ]

Eo [ _~MT ]Jlr N

This matrix is implemented in Matlab and the flux density in the middle of the coil is
calculated for N = 60 and J = 60. The resulting waveform is compared to a FE model and
the two methods show very good agreement as shown in Fig. 2.21.
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Figure 2.21: Magnetic flux density of the magnets calculated in the middle of the coil (r = R s - ~).

Both analytical and FEM results are shown.

2.1.10 Parametric search on the axially magnetized topology

The same approach as presented in the previous section for the quasi-Halbach magnet array
is used here. In the first analysis, the effect of both the pole pitch, Tp , and the ratio of Tm to
Tp , ap , on the flux density in the coil are analyzed. The radial magnet length is fixed. The
dimensions of the actuator in this analysis are shown in Table 2.7.

Table 2.7: Fixed parameters in analysis

Rout (mm) 9.00
lstator (mm) 1.00
lcoil (mm) 1.45
19 (mm) 0.25
lm (mm) 4.30

In Fig. 2.22 the results of the simulation are shown. In Fig. 2.22a and Fig. 2.22c it can
be seen that an optimum exists at Tp i=::j 9mm and ap i=::j 0.9. However, the flux density in the
pole pieces and in the armature are above 1.5 T at this working point. To avoid saturation
in the pole pieces, ap < 0.8. A lower ap results in less harmonic distortion as well.

The second analysis investigates the effects of Tp and lm on the flux density. The sizes as
shown in 2.7 are used, and ap = 0.75. Fig. 2.23 shows the results. The main conclusion is
that the flux density increases when lm is enlarged, and the pole pitch optimum is 7mm <
Tp < 8mm. As can be seen from Fig. 2.23e,f, the soft-magnetic parts are not saturated for
lm < 4.3mm
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Figure 2.22: Magnetic flux density versus pole pitch Tp and magnet pitch to pole pitch ratio O:p.(a)
to (d) show the flux density in the middle ofthe coil, (e) shows the peak flux density in the pole pieces
and (f) shows the peak flux density in the armature



49. . the z-actuator2.1. Magnetic loadmg m

4

e.fl4o--....,....- l

3.53
1m (mm)

3
1
m

(mm)

(b)

2.5

e.04.......--- .
"'"---- . . ..... .e.o
-----:-:-:-0.03. I~_~ J

e.o---=-:-:- 0.02 -.-.-.. -.. -.. :- .

15 ==--T!P-~~==~:::::~~
14

E
E.-

o....

43
1
m

(mm)

(a)

15

43.5

(c)

7·

8· .

12

11

15

14

E
E.-

o....

6L1~~~4
\ '5 ID

th l (a) to (d) showIe) . and mdial magnet leng :;;~ piece; and If). fl density versus pole PltchtThP peak flux density III the p
2

23' Magnetlc ux '1 (e) shows eFigure . '. .ddle of the COl,d 'ty III the ml
the flux enSI 't 'n the armatureshows the peak flux densl y I



50 Linear actuator

2.1.11 Conclusions magnetic loading

In the previous parts, four different topologies of the tubular actuator are analyzed. A
parametric search is performed on the magnet length, the pole pitch, the radial to axial pole
pitch ratio for the Halbach magnet array, and the magnet to pole pitch ration in the axially
magnetized topology. The flux density in the coil is calculated in all situations as well as the
flux density in the stator and the core.

The first analyzed topology was a tubular actuator with radially magnetized magnets.
The main conclusion drawn from the analysis was that the radially magnetized topology is
not suitable in this application. Due to the relative small core radius and its minimum inner
radius, saturation of the core occurs in all calculations.

To avoid this saturation, a second topology is introduced. The quasi-Halbach magnetized
topology concentrates the flux in the airgap and only a small amount of flux flows through
the core. This topology gives good results. However, when a high flux density in the coil is
desired, the radial stator length of 1.0 mm is too small.

The first and the second topology use a soft-magnetic core. This implies that iron or steel
has to be used in these topologies. A non-magnetic core, e.g. aluminium, is favorable due to
its lower mass. Therefore, a third topology is introduced, a quasi-Halbach magnet array with
non-magnetic core. The magnetic performance of this topology is lower than the for topology
of the magnetic core but when the saturation in the stator is taken into account this topology
shows better performance.

A fourth topology is introduced in the last section. The axially magnetized topology
has the advantage of a non-magnetic core. In the analysis was found that the performance
of this topology is comparable to the performance of the quasi-Halbach topology with non
magnetic core. Another advantage of this topology is the manufacturability. All magnets can
be magnetized in the same direction, no radially magnetized magnets are necessary.

From the results of the parametric search, a TPMA of the axially magnetized topology, and
a TPMA of the quasi-Halbach topology with non-magnetic core are designed. The parameters
are chosen such that saturation in the soft-magnetic parts is avoided, the peak value of the
fundamental of the flux density is at its maximum, and the total harmonic distortion is low.
The geometric parameters for these two designs are shown in Table 2.8.

In Fig. 2.24, the magnetic loading of the two designs are shown. As can be seen, the
axially magnetized topology has a higher peak value of the flux density, however, as was
shown before, the fundamental and the RMS value of the flux density are approximately the
same for both topologies, which will result in comparable forces.

Table 2.8: Geometric parameters for the optimized models
Parameter quasi-Halbach Axially magnetized
Rout (mm) 9.00 9.00
lstator (mm) 1.00 1.00
leoit (mm) 1.45 1.45
19 (mm) 0.25 0.25
1m (mm) 4.30 4.30
Tp (mm) 8.33 8.33
o.p 0.40 0.75
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Figure 2.24: Flux density waveforms of the optimized models of the quasi-Halbach magnetized topol
ogy with non-magnetic core, and the axially magnetized topology.



52 Linear actuator

2.2 Electrical loading in the z-actuator

The magnetic loading, presented in the previous section, determines only one part of the
force. The second part which characterizes the force is the electrical loading. In this section
the electrical loading of the z-actuator is presented.

From electrical point of view, the four topologies presented in the previous section belong
to two different classes. The two quasi-Halbach topologies and the axially magnetized topol
ogy have in principle sinusoidal flux density waveforms in the airgap and a corresponding
sinusoidal EMF, and belong to the brushless AC-machines. The radial magnetized topology
produces in principle a trapezoidal flux density waveform in the airgap and corresponding
trapezoidal EMF. Therefore, this topology is a brushless DC-machine. However, the rela
tive large effective airgap to pole pitch ratio due to the slotless structure, results in a more
sinusoidal EMF which makes this topology suitable for sinusoidal excitation as well.

In this section different aspects of the electrical loading are discussed. One of the most
important aspect of the electrical loading is the current density in the coils. This is discussed
in the next section about thermal issues.

2.2.1 Winding arrangement

(a) (b)

I -A I A I A I -A I -A I A I -~ I BIB I -B I -B I B I -c I c I c I -c I -c I c I

~z ~'tc':

(c)

Figure 2.25: Winding arrangements for slotless three phase tubular actuators. (a) Brushless DC
winding (short-pitch). (b) Brushless AC winding (full-pitch). (c) Example of a modular winding (18
coil / 8 pole combination).[6]

Three commonly used winding arrangements are shown in Fig. 2.25. A brushless DC
(BLDC) winding as shown in Fig. 2.25a is a short-pitched winding with two coils per phase
per pole pair. The coil pitch, Te , is one third of the pole pitch, Tp • In rotary actuators,
the short-pitched winding has the advantage of a short end winding, which results in a high
efficiency. However, since a tubular actuator has no end windings, this advantage does not
exist. The disadvantage of this short pitched winding is the lower winding factor for the
fundamental EMF.
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The short pitched winding is often used to reduce the EMF harmonics and the force
ripple. In a slotted structure, the BLDC winding could be more favorable than the BLAC
winding as it has three slots per pole pair instead of six slots per pole pair in a BLAC winding.
This increased number of slots can be a significant disadvantage from manufacturing point of
view. However, in the slotless structure the size of the coils is the same for BLDC and BLAC
windings.

The brushless AC-winding, shown in Fig. 2.25b, is a full pitched coil with three coils per
pole. This winding configuration has a winding factor of one, however higher MMF harmonics
are not reduced in the EMF and will produce a force ripple.

The third winding arrangement shown in Fig. 2.25c is the modular winding. This winding
arrangement offers significant advantages over conventional tubular BLAC and BLDC wind
ings in a slotted actuator. Each phase winding contains three adjacent concentrated coils.
This results in a high winding factor and a smaller number of coils for a given number of
poles. The coil width in this winding is !Tp compared to a coil width of ~Tp in conventional
windings. In a slotted actuator, this results in a smaller number of slots and a fractional
number of slots per pole. This reduces the cogging force due to stator slotting and the manu
facturing cost since less slots are necessary. In a slotless actuator the main advantage of this
winding arrangement is the lower number of connections in the actuator.

Slotless actuators exhibit no cogging force due to stator slotting, and as shown in the pre
vious section, the flux density in the coil contains a negligible amount of higher harmonics.
Therefore, there is no need for fractional coil pitch to pole pitch ratio to reduce EMF harmon
ics. To obtain a high winding factor without disturbances due to higher MMF harmonics,
simple full pitch BLAC windings, as shown in Fig. 2.25b, can be used in this design. While
using this winding arrangement, the force is only produced by the fundamental of the flux
density and the current.

Fig. 2.26 shows the EMF induced by the winding arrangement shown in Fig. 2.25b. The
waveform is calculated using a FE model of the quasi-Halbach topology with non-magnetic
core. The velocity of the translator during the calculation is v = 1.0 m/s. The optimized
parameters found in the previous section are used in this model. The design of the axially
magnetized topology shows a very similar EMF.
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Figure 2.26: EMF calculated by FEM per turn per coil at a velocity of v = 1.0 m/s. The optimized
quasi-Halbach topology with non-magnetic core shown in Table 2.8 is used.

2.2.2 Inductances

The self-inductances and mutual inductances of the full-pitch AC windings are calculated
using the FEM package FLUX2D for both the axially magnetized topology and the quasi
Halbach topology. The inductances are defined from magnetic point of view by the flux
linkage divided by the current through the coil

Lph
Wph

(2.132)
I ph

,

Wph ph·
(2.133)Mph· ph· "" J

l' J I phj

where L ph is the phase inductance, Wph is the flux linked by the phase coil and I ph is the
current through the coil. Mphi,ph j is the mutual inductance of phase i due to current in phase
j, Wphi,phj is the flux linkage of phase i due to current in phase j. From electrical point of
view, the inductances are defined as

L ph =
Uph

(2.134)
wIph

,

Uph ph
(2.135)Mph· ph· " J

" J wIphj
,

where Uph is the voltage at the terminals of the coil when the coil is not moving in an external
field and the voltage drop due to the resistance of the windings is neglected.

Both Wph and Uph can be obtained from FLUX2D results, however for the calculation
of Uph a time stepping simulation is required whereas for the calculation of Wph a simple
magneto-static analysis is sufficient. Here, the inductance is calculated with both methods
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and the results were in agreement. In the models the magnet sources were set to zero to be
able to calculate only the flux linkage, or voltage, produced by the coils. This is valid when
the influence of saturation of the stator part by the magnets is negligible. As the windings
are mainly surrounded by other windings and magnets, with a permeability close to one, the
possible saturation of the iron parts by the magnets can be neglected.

The dimensions stated in Table 2.8 are used in the FE model. The stator back-iron in the
model is two pole pitches longer than the active stator length. Therefore, the end effects due
to the finite length of the stator back-iron are not taken into account. In the next section
about end-effects, the final length of the stator back-iron will be obtained which can result in
a small deviation of the inductances. The found coil self- and mutual-inductances per turn
for the quasi-Halbach topology with non-magnetic core are

MA,e ] [ 18.6
MB,e 7.0

Le 6.3

7.0
18.6
7.0

6.3 ]
7.0 nH
18.6

(2.136)

The mutual inductances Me,A and MA,e are lower as the coils of phases C and A are placed
at the ends of the coil array as can be seen in Fig. 2.25b.

In a second model, the inductances of the axially magnetized topology are calculated.
Due to the soft-magnetic pole pieces, the reluctance is position dependent. Therefore, the
inductance is position dependent as well, the minimum and maximum values of the inductance
are shown in (2.137) and (2.138)

[ LA MA,B MA'C] [ 21
8.2 80]

MB,A LB MB,e 8.2 21 8.2 nH

Me,A Me,B Le 8.0 8.2 21

[LA MA,B MA'C] [ 25
9.3 9.0 ]

MBA LB MB,e 9.3 25 9.3 nH

M e :A Me,B Le 9.0 9.3 25

2.2.3 Number of turns

(2.137)

(2.138)

The number of turns, N turns , of each coil is an important quantity in the electrical design
of the actuator as it defines the amplitude of the induced voltage, the inductance, the coil
resistance and the necessary input current. The coil voltage, e.g. a coil of phase A, UA, as
function of the number of turns, Nturns , the coil self inductance per turn, LA, the mutual
inductances per turn, MA,B and MA,e, and the current, iA, is

where Rwire is the resistance of the coil

D [wire
-'Lwire = peu-A. .

W2re
(2.140)

In Fig. 2.27a, the relation between the number of turns, N turns , and the peak value of the
coil voltage, UA, and the peak value of the phase current, lA, is plotted for a velocity of 1.0 mjs
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Figure 2.27: (a) Coil voltage and current per coil vs the number of turns at a velocity of v = 1
mis, and (b) different components of coil voltage versus velocity for Nturns = 40, calculated using the
results from Fig. 2.26, (2.136) and (2.138). The given values are calculated with a current density of
JRMS = 5A/mm2 and a fill factor of 0.6.

and a current density in the coil area of JRMS = 3.3 A/mm2 . Fig. 2.27b shows the different
components of the coil voltage for Nturns = 15 and JRMS = 5 A/mm2. The inductive part
of the voltage is negligible compared to the resistive part during constant velocity. However,
during the change of the acceleration, jerk, the *term will be significantly higher. As the
inductance per turn per coil is very low, as shown in (2.136), the inductive part of the voltage
is only significant for an very high jerk.

The EMF from Fig. 2.26 and the inductances from (2.136) and (2.138) are used to calcu
late the coil voltage. The phase voltage and current are restricted by the inverter specifications
shown in Section 1.2. Therefore, a suitable number of turns has to be chosen.

2.3 Force calculations

In this section, the results of the magnetic loading and the electrical loading are combined
to calculate the force produced by the actuator. As is stated in the requirements in Chapter
1, the main action of the z-actuator is accelerate and decelerate at 150 m/s2 . An additional
action is the static force of 40N. The friction is neglected in the calculations.

The acceleration of the translator in the z-direction, az , is restricted by the mass of the
translator and the load, m, and the force produced by the actuator in the z-direction, F z ,

(2.141)

As the mass of the load is negligible in this application, only the mass of the translator is
considered here. The translator consists of two parts, the active part which is inside the stator
and interacting with the coils, and the stroke which is outside the stator. The force of the
actuator is proportional to the active length of the translator, the mass of the translator is
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proportional to the active length and the stroke

F z ex lactive,

m ex lactive + lstroke'

57

(2.142)

(2.143)

Therefore, the acceleration of the translator is not directly proportional to the stator length
(active length), this is depicted in Fig. 2.28. As can be seen, the acceleration increases rapidly
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Figure 2.28: Force produced by the z-actuator and the maximum acceleration of the translator for
several values of active length. The length of the translator is the length of the stroke, lstroke = 35mm

and the active length of the translator.

when the ratio between the active length and the stroke is small, and converges when the
active length becomes much larger than the stroke.

2.3.1 Force model

The analytical field equations obtained in Section 2.1 are implemented in Matlab to calculate
the force produced by the actuator. Two models have been made with the optimized dimen
sions shown in Table 2.8. In the calculations in this section the active length of the actuator
is set to 12Tp = 100mm. This results in twelve coils of each phase. As the length of the stroke
is 35 mm, and the translator has to contain an even number of radially magnetized magnets,
the translator length is 145.0 mm (17Tp +Tmr ) for the quasi-Halbach topology, and 143.7 mm
for the axially magnetized topology. The actuator can simply be extended by more pole-pairs
on the translator and coils in the stator to provide more force.

As the z-actuator is a slotless structure, the force can be calculated using the Lorentz
force equation. [8]

(2.144)

where J is the current density and B the magnetic flux density. Although both J and B
can be described analytically, the integral is difficult, if not impossible, to solve analytically.
Therefore, the integral is approximated by modeling multiple current sheets in the coil region.
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The coil is split into several slices where in each slice the magnetic flux density, jj is calculated
and multiplied by the current in the current sheet, which is put in the middle of the slice. Fig.
2.29 shows the effect of increasing the number of slices in the coil region on the calculated
force. Although the radial length of the coil is large with respect to the total radius of the
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Figure 2.29: Effect of splitting the coil area into multiple slices for force calculation.

actuator, which results in a relatively large deviation of the flux density over the coil area,
the effect of multiple slices for the force calculation is very small. The force converges for a
small number of slices to a fixed value and the force calculated with one slice deviates less
than two percent from the final value. Therefore, time can be saved by using a small number
of slices without reduction of accuracy. Note that this figure shows only the effect of the slices
on the resulting mean value of the force and not the force waveform. In all calculations in
this section, the number of slices in the calculations is set to eight.

The results of the analytical model created in Matlab are compared with a time-stepping
FE model. As in the Matlab model the end effects are neglected, the stator part of the
actuator in the FE model is made longer than the length of the translator plus the length of
the stroke. Fig. 2.30 shows the results of both models of the quasi-Halbach topology. The
results are in good agreement, the difference in mean value is less than two percent.
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Figure 2.30: Force calculated for the quasi-Halbach topology by the semi-analytical model and the
FE model and a current density of 2.8 A/mm2 .

2.3.2 Thermal constraints

As stated in (2.144), the force of the actuator proportional to the current. Therefore, a high
current density is desirable to increase the force and the acceleration. However, the copper
losses in the coil increase quadratically with the current

(2.145)

This power is converted to heat in the coil and causes a temperature rise of the actuator.
Therefore, the current has to be limited to prevent overheating and a low efficiency of the
actuator.

The heat is removed from the actuator by radiation, convection and conduction. The
amount of heat that can be removed depends on the ambient temperature and the structure
of the actuator. Usually most heat is removed by convection. However, the amount of heat
removed by radiation can be enlarged by e.g. painting the actuator black. The heat transfer
coefficient, h, is used to express the amount of energy that can be removed from an surface
while there is a temperature difference between the surface and the ambient of b.T,

h [m';K] . (2.146)

The assumption is made that the thermal resistance of the actuator is negligible, this implies
that in the calculation the outer temperature of the actuator is equal to the temperature of
the coils. This results in the following restriction of the current density

b.T J 2Z (R ZCOil) 1= coilPcu s - 2 kpRouth' (2.147)
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The heat transfer coefficient has values of approximately 20 W /m2/K when only natural
cooling and convection is used for cooling, up to 70 W /m2 /K when forced air cooling is used
[9].

In the requirements in Section 1.2 is stated that the worst case duty cycle is 34%. In this
calculation is assumed that during the maximum acceleration and deceleration the maximum
current is applied to the windings, and during the remaining time of the cycle no current is
applied to the windings. This duty cycle is used to calculate the continuous power dissipated
in the coils. The semi-analytical models in Matlab are extended with the thermal restriction
and the force and acceleration are calculated for several values of h and ~T. The results of
the calculation are shown in Fig. 2.31. As can be seen, for a ~T = 40°C an acceleration of
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Figure 2.31: The influence of the heat transfer coefficient, h, on the (a) force and (b) the acceleration
plotted for several values of /:)"T for a duty cycle of 34%.

150 m/s2 can be achieved with a heat transfer coefficient of h = 10.

2.3.3 Parametric analysis

In Section 2.1, a parametric search is performed with the aim to obtain the highest flux
density in the coil region. However, the highest acceleration is not always achieved in that
optimum as the mass of the translator has to be taken into account as well. Therefore,
additional simulations with the analytical model of the quasi-Halbach topology with non
magnetic core and the axially magnetized topology are performed to obtain the influence of
several parameters on the acceleration of the translator.

The magnetic loading of actuator is almost linear with respect to the radial magnet length
within the possible range of the requirements. Thus, for constant current, the force is linear
with the radial magnet length as well. However, the magnetic material used in most high
performance PM actuators, NdFeB, has a significant mass density of 7600 kg/m3 , thus more
magnet material results in a higher translator mass and therefore a lower acceleration. In
Fig. 2.32, the results of the simulation are shown. For both topologies, the force increases
when the radial magnet length is enlarged. However, for the quasi-Halbach topology the
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Figure 2.32: Force and acceleration versus radial magnet length for constant Rm . (a) quasi-Halbach
topology with non-magnetic core, (b) axially magnetized topology.

acceleration start to decrease for lm > 3.3 mm, the mass increases faster than the force. As
the decrease of the acceleration is less than 1%, the larger radial magnet length is probably
favorable because the force is increased with 7%.

A second analysis is performed to find the best ratio of magnetic and electrical loading.
The acceleration and force are calculated for several combinations of radial coil length, lcoil,
and radial magnet length, lm. As the temperature of the actuator is an important constraint,
in the first simulation, the current in the coils varies to have a constant ~T. As a result of the
changing outer area due to a changing lm+lcoil, the power dissipated in the coil varies while ~T
is constant (see (2.147)). In Fig 2.33a and Fig. 2.33b, the results of the simulation are shown
for quasi-Halbach topology and the axially magnetized topology respectively. The dashed
lines show values of constant the force, the solid lines values of constant the acceleration. The
thick line marks the flux density in the armature, and for the axially magnetized topology
the flux density in the pole pieces. To avoid saturation, a working point above this line is
required. The cross-marks show the best combinations of values for lcoil and lm.

As can be seen, increasing the magnet length results in a higher force capability. However,
the increased magnet length causes a rise of the translator mass resulting in a lower acceler
ation. Therefore, a trade-off has to be made as both high acceleration and high peak force
are required. Note that increasing the active length results in a higher force as well, without
affecting the acceleration negatively.

A second important aspect in actuator design is efficiency. Therefore, a second simulation
is done with varying current to have a constant power dissipation in the coils. Fig 2.34a and
Fig. 2.34b show the results of the simulation for the quasi-Halbach topology and the axially
magnetized topology respectively. The main difference between these results and the results
for a constant ~T are the shifted optima.
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Figure 2.33: Force (dashed line) and acceleration (solid line) versus coil length, lcoil, and magnet
length, lm. The current in the coils changes to have a constant 6:..T = 40°C in all cases for a duty
cycle of 34%. (a) Quasi-Halbach topology, (b) axially magnetized topology.
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Figure 2.34: Force (dashed line) and acceleration (solid line) versus coil length, lcoiZ, and magnet
length, lm. The current in the coils changes to have a constant copper loss in all cases. (a) Quasi
Halbach topology, (b) axially magnetized topology.

2.3.4 End-effects

Due to the abrupt change in permeance of the magnetic circuit at the ends of the tubular
actuator, a cogging component arises in the force. This force component contaminates the
resultant force of the actuator and therefore has to be minimized. In literature, several
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papers describe methods to minimize these end-effects [24],[25], [26]. However, in the papers
the translator is assumed to be much longer than the stator, which implies that only the
effect of the finite length of the armature is taken into account. In this application a second
end-effect has to be taken into account, the finite length of the translator. As the acceleration
has to be maximized, the translator length has to be minimized, which results in a translator
length of the active length plus the stroke. This implies that the end of the translator reaches
the stator end.

In the papers different methods to minimize the end-effects are presented. In order to save
time and simplify the design, the end-effects for the quasi-Halbach topology are minimized
using a FE model as described in [26]. The translator is only at one side of the actuator
outside the armature as shown in Fig. 2.35. This results in end-effects at only one side of

Figure 2.35: FE model of the quasi-Halbach topology to obtain the end-effects of one side of the
translator.

the armature. As the end-effects are the same at both sides of the translator only shifted
by an angle which depends on the length of the armature, the armature length can now be
optimized to minimize the resulting end-effects. As described in [26], the translator is moved
out the armature until position where the cogging force is maximum. At that position, the
value of dpeak is obtained. Now the optimal armature length for minimum cogging force is

(2.148)

where k is an integer. A new FE model is made with an armature length where the cogging
force is minimized and the results are compared with the cogging force of a model with
lax = kTp . In the model, on both sides of the actuator at least one pole pair of the translator
is outside the armature to neglect the effect of the finite length of the translator. The results
are shown in Fig. 2.36. The fundamental of the cogging force, which has a period of one
pole-pitch, Tp , is reduced by a factor 68. The effect on the higher harmonics is negligible and
the second harmonic becomes dominant. Other techniques, i.e. end-skewing as described in
[25], can be used to reduce other harmonics. Further research on this topic is necessary to
minimize the cogging force using these techniques, and to minimize the cogging force of the
axially magnetized topology.
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Figure 2.36: (a) Cogging force waveform of the quasi-Halbach topology for an armature length of
lax = 100 mm (kTp ) and for an optimized armature length of lax = kTp + 2dpeak (b) Cogging force
spectrum for an armature length of lax = 100 mm (kTp ) and for an optimized armature length of
lax = kTp + 2dpeak.

To show the effect of the changing armature length on the resulting cogging force of
both ends of the armature, five FE models with different armature length are made with
an armature length close to the length with minimum cogging force. In a time-stepping
simulation the harmonics in the resulting force are calculated and shown in Fig. 2.37.
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Figure 2.37: Harmonic spectrum of the cogging force due to finite armature length, lax, for several
values of armature length of the quasi-Halbach topology.

Note that all results above do not show the end effect of the finite length of the translator.
Taking this effect into account by moving the translator to both ends of the armature results
in the force waveform shown in Fig. 2.38. As can be seen an additional symmetric cogging
force is introduced due to the finite length of the translator. As the translator mass of this
model is 114 g, a acceleration of 150 m/s2 requires a force of 17 N. Thus the amplitude of



2.4. Losses

2.5 '--~-~-""----'----'----'--------'----r-"1

2·

g
~
-;, 0
c:
·~-0.5

8
-1

-1.5

-2 .

-2.5 '---~_----'-_----'--_--'-_-'----_L.----'--I.-----'---.J

o 5 10 15 20 25 30 35 40
Position (mm)

65

Figure 2.38: Cogging force waveform obtained by FEA by moving the translator to both ends of the
armature for an armature length lax = kTp + 2dpeak'

the force ripple due to end-effects as shown in Fig. 2.38 is 7%. More research is necessary to
minimize all the end-effects.

2.4 Losses

The losses in the tubular actuator can be split in two main parts. The ohmic losses, Pohmic,

in the windings and the eddy current losses, Peddy, caused by the changing magnet field in
conducting parts of the actuator. The friction losses are neglected here.

2.4.1 Ohmic losses

The ohmic losses in the windings are proportional to the current squared.

(2.149)

However the current through a wire, I wire , and the resistance of a wire, Rwire, depend on
the number of turns, N, the ohmic losses do not depend on the number of turns. Thus the
ohmic losses depend on the current density in the coil, Jcoil, the coil area Acoil , the fill factor
and the resistance of copper. As the force is proportional to the current the copper losses are
proportional to the force squared. The ohmic losses and the force versus the current density
are shown in Fig. 2.39. The losses are the total losses calculated for 36 coils with a radial
coil length, lcoil = 1.75 mm, and a coil width of Tp /3.

In the previous section, a translator mass of 114 g was found. Therefore a force of 17 N is
required to accelerate with 150 m/s2 which result in an ohmic loss of approximately 6.5 W.
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Figure 2.39: Ohmic losses and force versus the RMS value of the current density in the coil with a
fill factor of 0.6.

2.4.2 Eddy current losses

The eddy current losses in the armature are dominant. Therefore, only the eddy current
losses are calculated using a FE model. The armature in the model is modeled as AllOlO
mild steel with a resistivity of p = 2x10-7nm. As the eddy current losses are proportional to
the frequency of the magnetic field in the iron squared, and therefore to the velocity of the
translator squared, the mean value of the velocity squared during one pick action as specified
in Section 1.2 is calculated. The imposed velocity of the translator in the FE model is set to
this value of 1.0 m/s. The calculated value of the eddy current losses induced in the armature
is

Peddy = 1.5W. (2.150)

This power is dissipated as heat and causes therefore an additional heat source to the 6.5 W
power due to ohmic losses. As the eddy current losses causes damping as well, the required
force during acceleration is increased.

Consider the first 23 ms of the motion profile of the linear motion shown in Fig. 1.3,
which describes half of the pick action. With the assumption that the mass of the translator
is 115 g, the required thrust force is calculated from the acceleration. The mechanical power
is defined as

Pn1ech = ~thrustV, (2.151)

where v is the velocity of the translator. Using the eddy current loss power calculated in the
previous section, the mechanical, ohmic, and eddy current power can be calculated for the
motion profile.

As the eddy current loss has to be considered as a damping force, the eddy current power
is added to the mechanical power to calculate the required power for constant force. Fig.
2.40 shows the required power and the resulting total ohmic losses. The dashed line shows
the power and losses when the eddy current term is not taken into account. As can be seen,
during acceleration, the eddy current losses cause extra ohmic losses, and during deceleration,
the ohmic losses are lower due to the eddy current damping effect. This results in a very small
increase of the mean ohmic losses of less than 1% to overcome the eddy current damping.
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Figure 2.40: Mechanical power and ohmic loss power. The solid line shows the required power when
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2.5 Final design

From the results of the previous sections, two designs are derived. A prototype of model (B)
is being built and tested.

(B) axially magnetized

Outer radius
Radial stator length
Radial coil length
Radial airgap length
Radial magnet length
Pole pitch
Radial to axial magnet ratio
Axial active length
Axial armature length
Translator length

9.00
1.00
1.75
0.25
4.00
8.33
0.75

100.00
103.90
144.39

Design B
9.00
1.00
1.75
0.25
4.00
8.33
0.40

100.00
103.90
144.39

Design A

Rout (mm)
lstator (mm)
lcoil (mm)
19 (mm)
lm (mm)
Tp (mm)
CYp

lactive (mm)
lax (mm)

ltranslator (mm)

Table 2.9: Geometric parameters final design (A) quasi-Halbach topology,
topology.

----;::;----:-:-------=-----=----,------==---,------==---=------:---:---------
Geometric parameter
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DescriptionDesign BDesign A

Table 2.10: Electrical parameters final design (A) quasi-Halbach topology, (B) axially magnetized
topology.

----::=::=:--------------=------,--=---=------=--------------
Electric parameter

Ncoils

Nturns

EMF (V)
Ls (JtH)
Ms (JtH)
imax (A)
Umax (V)

36
39

10.7
339
128

2.3
33.4

36
39

11.2
420
146
2.4

34.8

Number of coils
Number of turns per coil
Electro motive force @ 1 mls
Total self inductance 12 coils
Total mutual inductance 12 coils
Maximum phase current (41N)
Maximum phase voltage (@1.8 m/s)



Chapter 3

Rotary actuator

As presented in the introduction, the 2-DoF system consists of a linear and a rotary actuator
with one common translator. In the first part of this chapter, the existing rotary actuator in
the placement module is analyzed. The analysis is focussed on the feasibility of solid back-iron
instead of laminated back-iron from eddy current loss point of view.

In the second part of this chapter, a permanent magnet rotary is analyzed using semi
analytical equations, and a parametric search is performed to find optimal geometric param
eters.

3.1 Currently used rotary actuator

In the current placement module, a two-pole slotless permanent magnet actuator as shown in
Fig. 3.1 is used. The magnet in the actuator is parallel magnetized. The dimensions of the
actuator are listed in Table 3.1.

--------~-~-----------------

------~-------- ---------

Figure 3.1: Geometry rotary actuator.
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Table 3.1: Dimensions rotary actuator.
Parameter 22BS Description
Rin (mm) 1.25 Inner radius
Rr (mm) 2.00 Rotor radius
Rm (mm) 5.25 Magnet radius
Rcoil (mm) 5.50 Coil radius
Rs (mm) 6.95 Stator radius
Rout (mm) 8.75 Outer radius
lax (mm) 15.00 Axiallength
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In this section, the eddy current loss in this actuator is analyzed using a 2D FEA. The
results are compared with measurements.

3.1.1 Eddy current losses

To decrease the costs of the rotary actuator, it can be beneficial to use solid steel instead of
laminated steel. A major drawback of using solid steel for the back iron are the iron losses.
The iron losses contains hysteresis losses, excess losses and eddy current losses. In solid steel,
the eddy current losses are the most important. The current loop caused by the induced
voltage will be much larger than in laminated back iron resulting in higher eddy current
losses. The eddy currents will cause an extra heat source additional to the windings, and a
damping torque Tdamp'

The eddy current losses are proportional to frequency squared and flux density squared:

(3.1)

where B is the flux density and f its frequency. As the maximum speed of the rotary actuator
in this application is only 1200 rpm, i.e. 20Hz for a two pole machine, it can be feasible to
use solid steel back iron.

3.1.2 Assumptions for eddy current calculations

To calculate the eddy current losses, the rotary actuator as described in Fig. 3.1 and Table
3.1 is used. Instead of using a non-conducting magnetic region in the FE package FLUX2D,
a solid conductor region is assigned to the back iron. The magnetic properties are described
by the BH-curve in Fig. 2.2b unless stated otherwise.

In order to simplify the modeling of the eddy-current loss within the 2D finite element
(FE) analysis, the machine is assumed to be infinitely long. This means that instead of
eddy-current loops, the induced currents are assumed to flow in the axial direction. This
assumption is reasonable in brushless permanent magnet machines, where the axial length
is much larger than the diameter. It needs noting that 2D, compared to 3D, FE modeling
provides a total eddy-current loss that is overestimated, hence is a useful approximation due
to its ease of implementation.

Eddy current losses occur in all conducting parts of the machine. In this section only eddy
current losses in the back-iron are calculated as the major part of the losses arise here when
solid steel is used. All simulations are performed at the maximum speed in this application.
This is the worst case situation, the losses increase quadratically with the speed of the rotor
therefore, the duty cycle has a big effect on the total losses.

Both simulations for eddy current losses at no-load and with current applied to the wind
ings are performed. The conclusion from these simulations is that the extra eddy current
losses caused by the armature reaction are negligible. Therefore, all results presented here
are without taking into account the armature reaction.

3.1.3 Calculation method

As said before, the eddy current losses are calculated using 2D FEM. When a resistivity is
given to the back-iron, and the rotor turns at a certain speed, a current is induced in the
back-iron. Figure 3.2 shows the current density induced in the back-iron at 1200 rpm.
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Figure 3.2: Induced current density in the back-iron of the adjusted 22BS. The back-iron has a
resistivity p = 1.4x10-7 nm. The rotor speed n is 1200 rpm.

To calculate the total losses, the back-iron is split into 20 rings. In each ring, the current
density is assumed to be constant in the radial direction. Figure 3.3 shows the current density
versus angle in the rings of the back-iron. The inner ring ha.."l the highest current density and
the outer ring the lowest current density. The losses are calculated using the RMS value of
the current density in one ring, integrated over the surface of that ring. This gives the total
current flowing in the axial direction in each ring. The current through the ring squared times
the resistivity of the ring gives the eddy current loss in each ring. The sum of all rings gives
the total eddy current loss in the back-iron.
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Figure 3.3: Current density in the back-iron divided into 20 rings. The line indicating the lowest
current density represents the outer ring ofthe back-iron, the line indicating the highest current density
represents the inner ring of the back-iron. The current density waveform versus angle is shown in (a),
the current density RMS value in each ring is shown in (b).

3.1.4 Resistivity of the solid steel back-iron

Table 3.2 shows the eddy current losses at no-load for different values of resistivity for solid
steel. The resistivity is increased from 1.4x10-7 Om the resistivity of steel AllOlO (mild
steel), up to 6.0x10-7 Om, the resistivity for improved electrical steels [27].

Table 3.2: Solid steel eddy current losses Peddy and torque Tdamp for different values of resistivity p.
The torque is produced by the eddy-currents in the back-iron at no-load.

p (Om)
1.4x10-7

2.0x10-7

3.0x10-7

4.0x10-7

5.0x10-7

6.0x10- 7

Peddy (mW)
360
252
164
121
96
80

Tdamp (Nmm)
3.2
2.4
1.6
1.2
0.9
0.8

Compared to the actuator power and torque, the eddy current losses are significant for a
resistivity of 1.4x10-7 Om. The maximum torque for this application is

Ttotal = Jmex + T/riction (3.2)

where Jm is the inertia of the rotor and the load, ex the maximum angular velocity and T/riction

the mechanical friction torque from the specifications provided by Assembleon. The load of
the actuator is a nozzle and a component. The mass and inertia of this load are very small
compared to the inertia and mass of the rotor and therefore neglected. For an inertia Jm of
5xlO-7 kg m2 and a peak acceleration ex of 3500 rad/s2 , the total torque is:

Ttotal = 1.75mNm + 2.0mNm (3.3)



50

100

3.1. Currently used rotary actuator

400r-----r----..---.,....--~--r---~___,

~ 350

.s 300
>u

c...ijl 250

~
gj 200

..Q

E
~ 150
::J
(J

>.
""0
""0
W

O'-------'----~--~-~--~--'-------'

o 234 5 6
Resistivity p (0 m) x 10-7

73

Figure 3.4: Solid steel eddy current losses Peddy and torque T for various values of resistivity p.

And the maximum power of this application is

Pmax = Wmax Ttotal = 470mW (3.4)

The mechanical power and torque for this application are in the same range as the eddy
current losses in Table 3.2 for a low resistivity. Therefore, using solid steel back-iron is not
feasible unless improved steel is used.

3.1.5 Different speed

As shown in Eq. (3.1), the eddy current losses are proportional to the frequency squared.
Therefore, decreasing the speed of the actuator gives lower eddy current losses. Table 3.3
and Fig. 3.5 shows the eddy current losses versus the rotor speed n for a constant resistivity
p = 1.4x10-7 Dm.

Table 3.3: Solid steel eddy current losses Peddy at various speeds n for constant resistivity p
1.4xlO-7 Om.

n (rpm)
400
600
800
1000
1200
1600

Peddy (mW)
37
85
150
240
360
650

Tdamp (mNm)
1.1
1.6
2.2
2.8
3.2
4.6
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Figure 3.5: Solid steel eddy current losses Peddy versus speed n for constant resistivity p
Om.

1.4x10-7

3.1.6 Lamination thickness

Table 3.4 shows the results of the eddy current losses Peddy for various values of lamination
thickness t and resistivity p at a constant speed of 1200 rpm. As can be concluded from Table
3.3, the iron losses decreases when laminated steel is used.

0.8mW
1.6 mW
2.7mW

6x10 7 Om

1.0 mW
1.9 mW
3.3mW

5x10 7 Om

1.2 mW
2.4 mW
4.1 mW

4x10 7 Om

1.6 mW
3.3mW
5.5mW

3x10 7 Om

0.35 2.4 mW
0.50 4.9 mW
0.65 8.3 mW

Table 3.4: Eddy current losses Peddy for different values of lamination thickness t and resistivity p all
at a constant speed of 1200 rpm.

t (mm) 2x10 7 Om

The original 22BS actuator is designed for high speeds therefore, a simulation at rated
speed of the 22BS is made. The simulation is performed at 13000 rpm with a lamination
thickness of 0.35 mm and a resistivity of 4x10-7 Om. The calculated eddy current losses are
94mW.

3.1.7 Different material properties

One simulation is performed for a model with solid steel back-iron made of Vacofiux 50, a
material with a high level of saturation (about 2 Tesla) and a resistivity of 4.4x10-7 Om. The
simulation results in more eddy current losses. Due to the higher flux density in the iron, the
eddy current losses are increased. However, the higher flux density results in a higher torque
for the same current as well. Another disadvantage of using this material is the price, it is
more expensive than steel AIlOlO.
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The influence of the outer radius is shown in Table 3.5. The eddy current losses increase
for increasing outer radius. Due to the increasing outer radius, the flux density in the iron

Table 3.5: Solid steel eddy current losses Peddy for different values of the outer radius, a constant
resistivity equal to 4xl0-7 [lm, and a constant speed of 1200 rpm.

Rout (mm) Peddy (mW) T damp (mNm)
16.5 86 0.75
17.5 121 1.15
18.5 157 1.60
19.5 191 2.00

decreases, but the amount of iron increases quadratically. Therefore, the eddy current de
creases, but the losses increases because the current flows through a larger amount of iron.
The disadvantage of a smaller outer radius of the back-iron is the decrease of the flux density
in the airgap which results in a lower torque.

This conclusion is a contradiction with the influence of the outer radius for machines with
laminated steel. As can be seen in Table 3.6, the eddy current losses decrease in laminated
steel when the outer radius of the motor increases.

Table 3.6: Laminated steel eddy current losses Peddy for different values of outer radius, a constant
resistivity equal to 4xl0-7 [lm, and a constant speed of 1200 rpm. The lamination thickness t is 0.50
mm.

3.1.9 Measurements

Rout (mm)
16.5
17.5
18.5
19.5

Peddy (mW)
2.1
2.4
2.4
2.1

Measurements on a prototype of the adapted 22BS are performed by another company to
validate the simulation results. The losses are measured by driving the rotary actuator by
a DC motor. First, only the rotor of the rotary actuator is attached to the external DC
motor to calculate the rotational losses of the DC-motor. At various speeds the current and
voltage of the DC-motor are measured to calculate the losses. Now the same measurement
is done with the DC-motor coupled to the rotor inside the solid steel stator. The difference
between these losses are the iron losses in the adapted 22BS rotary actuator. The material
properties of the back-iron in the measurements is not given. Therefore, the measurements
can give different results than the simulations. To compare both results, it is assumed that
the material used for the back-iron has the properties of AllOlO, and a resistivity of 1.4xl0-6 .

Table 3.7 gives the results from measurements. Figure 3.6 shows both the measured iron
losses and the eddy current losses calculated from FE simulations. The measured iron losses
include the hysteresis losses and excess losses which do not depend on the frequency squared
but only frequency. Therefore the curve of the measurements is more linear. As can be seen,
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Table 3.7: Measured solid steel iron losses Piron at various speeds n.

n (rpm) Peddy (mW) Tdamp (mNm)
285 90 1.7
555 157 1.9
967 266 2.1
1190 346 2.3
1562 497 2.6
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Figure 3.6: Measurements of iron losses and simulations of solid steel eddy current losses Peddy versus
speed n.

the simulations and the measurements are in the same order, the simulations give a good
approximation of the losses in the back-iron

3.1.10 Conclusions

All conclusions are drawn for a constant speed of 1200 rpm.

• The eddy current losses in solid steel back-iron differ from 80 mW for a resistivity of
6.0x10-7 Dm to 360 mW for a resistivity of 1.4x10-7 . This is 17% up to 77% of the
maximum mechanical power needed.

• The torque produced by the eddy currents differ from 20% up to 85% of the maximum
required torque.

• For laminated steel, the eddy current losses are between 0.8 mWand 8.3 mW, depending
on the lamination thickness and the resistivity.

• A smaller outer radius results in less eddy current losses but decreases the torque density
as well.
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The mechanical power and torque for this application are in the same range as the eddy
current losses in Table 3.2 for a low resistivity. Therefore, using solid steel back-iron is not
feasible unless improved steel is used.

3.2 Magnetic loading rotary actuator

In this section, general expressions are used to describe the magnetic field produced by the
both radial and parallel magnetized magnets in slotless actuators having surface-mounted
magnet rotors. [7, 3, 4] This type of actuator is particularly interesting for precision appli
cations as it exhibits almost zero torque ripple due to the absence of slots [28]. These semi
analytical equations are used to develop fast and accurate design tools for rotary actuators.

The field vectors ti and if are coupled by

and
tin = J-lOJ-lrifn + J-loM in permanent magnets,

(3.5)

(3.6)

(3.7)

where M is the magnetization, J-lo the permeability of vacuum, and J-lr is the relative perme
ability of the permanent magnet. For permanent magnets having a linear second-quadrant
demagnetization characteristic, the amplitude of the magnetization vector M is

M = B rem ,
J-lo

where B rem is the remanent flux density of the permanent magnet. The direction of the
magnetization M is different for radial and parallel magnetized permanent magnets as can
be seen in Fig. 3.7. In polar coordinates, the direction of M is given by

R,
v -R

m

J.-;:::::::=:~~:=!.p~-Rs

--+-+----Im

(a)

R,
Rm

1-==~~~+--Rs
--+--+----Im

(b)

Figure 3.7: Magnetization in (a) radial magnetized permanent magnet (b) parallel magnetized per
manent magnet actuator.

(3.8)

The components Mr and Mo over one pole pair for both radial and parallel magnetized
magnets can be described as Fourier series,

00

Mr = L Mrn cos(npO),
n=1,3,5, ...

(3.9)
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where for radial magnetization

and for parallel magnetization

00

Me = L Men sin(npO) ,
n=I,3,5, ...

B
rem

sin (mr
2
0<p )

2--Qp ~ ,
!to 2

0,

Itotary actuator

(3.10)

(3.11)

(3.12)

(3.13)

(3.14)

(3.15)

where

dIn
sin [(np + 1)Qp~]

'II np, (3.16)
(np+ l)Qp~

d2n 1 fornp=1, (3.17)

d 2n =
sin [(np - 1)Qp~ ]

for np i- 1, (3.18)
(np - 1)Qp~

where Q p is the magnet pole-arc to pole-pitch ratio.
In order to obtain an analytical solution for the magnetic field distribution in the airgap

and the magnets, the following assumptions are made:

1. The permanent magnets have a linear demagnetization characteristic, and are fully
magnetized in the direction of magnetization.

2. The rotor is assumed to be infinitely long, the end effects are neglected

3. The stator and rotor back-iron are infinitely permeable.

To solve the magnetic field equations, the magnetic scalar potential, cp, is used here which is
defined as

!tr

The (Laplacian) equation for the magnetic scalar potential in vacuum expressed in the polar
coordinate system is

in the magnets.

ii = -Vcp.

Combining (3.5), (3.6), (3.19) with Maxwell's equation leads to

V 2
cpI 0 in vacuum,

V·M

~~ (r aCP1 ) +~ a
2

cpI = O.
r ar ar r2 a02

(3.19)

(3.20)

(3.21)

(3.22)
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The (quasi-Poissonian) equation for the magnetic scalar potential in magnets expressed in
the polar coordinate system is

From (3.9) and (3.10)

(3.23)

\J.JVJ Mr aMr 1 aMo (3.24)-+-+--
r ar r aO

00
1

L - Mn cos(npO) , (3.25)
r

n=1,3,5, ..

where

Mn = Mrn + npMon- (3.26)

General solutions for (3.22) and (3.23) are obtained from [4]

00

'PI(r,O) = L (anlrnp + bn1r-np) cos(npO),
n=1,3,5, ..

in the airgap and

(3.27)

00

L (an2rnp + bn2r-np ) cos(npO)
n=1,3,5, ..

for np -=I 1, and

+
00

L [M( )2(Cos(npO),f..lr 1 - np
n=1,3,5, ..

(3.28)

(3.29)

for np = 1. The constant anI, bn1 , an2, bn2, a12, b12 are found by applying the boundary con
ditions:

HOI (r, 0) Ir=R
s

0, (3.30)

Ho2 (r, 0) Ir=Rr 0, (3.31)

BTl (r, 0) Ir=R
m Br2 (r, 0) Ir=Rm ' (3.32)

HOI (r, 0) Ir=R
m HOI (r, 0) Ir=Rm ' (3.33)
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where the dimensions Rs , R r , Rm are defined in Fig. 3.7. This gives with (3.19)

18<pI
0, (3.34)--- =

r 8B
r=R8

18<pll
0, (3.35)----

r 8B
r=Rr

8<Pll 8<pn
00

--- - J1r ---aB + L Mn cos(npB) , (3.36)
8B

r=Rm r=Rm n=1,3,5, ..

18<pI 18<pII
(3.37)--- ----

r 8B r 8B
r=Rm r=Rm

Using Mathematica, the complete solutions for the r and if component of the flux density
in the airgap are equations:

00

Brl(r,B) = L KB(n)fBr(r) cos(npB) , (3.38)
n=1,3,5, ..

00

Bel (r, B) = L KB(n)fBe(r) sin(npB) , (3.39)
n=1,3,5, ..

where for np = 1

fBe (r)

When np =11,

{
2~g + 1 for parallel magnetization
1 for radial magnetization

(3.40)

(3.41 )

(3.42)

(3.43)

KB(n)
{

(
R )np+l (..&...)2n

p
}J10Mn np (d3n - 1) + 2 it;; - (d3n + 1) R m 344

2/" (np)' - 1 ";:' [1- (~)"P] - ";:1 [(!Jr,-r- (~r] ,( )
(~J np-l (~:)np+l + (~ ) np+l (3.45)

_(~s) np-l (i:)np+l + (~m)np+l (3.46)

{ (np - ;p) ~:: + ;p for parallel magnetization (3.47)

np for radial magnetization
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3.2.1 Parametric search magnetic loading theta-actuator

The equations derived in the previous section, (3.38) and (3.39), are implemented in Matlab
to calculate the flux density in the airgap. The results of both models are compared to results
of a FEA and show very good agreement as can be seen in Fig. 3.8. In this section is started

- Brsemi-analytical - Brsemi-analytical

............- Be semi-analytical ............. Be semi-analytical
0.3 B FEM B FEMx

r
x r

0.2 0 BeFEM 0 Be FEM
E E
lD 0.1 lD

.~ ~

'" 'iii
c c

'" '""tl "tl
>< -0.1

~ -0.2::>
0:: 0::
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-0.4

-0.3

-0.4 -0.6

-0.5 -0.8
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(a) (b)

Figure 3.8: Flux density calculated in the middle of the coil for an actuator having one pole pair of
(a) radially magnetized magnets, and (b) parallel magnetized magnets.

to design the rotary part of rotary-linear system. The torque of the rotary actuator can be
expressed by rudimental equations for an initial sizing. The load of the rotary actuator is

(3.48)

where 0: is the angular acceleration, and Jm is the moment of inertia of the translator and
the load. As the load is only a very small SMD, this component is neglected. The translator
can be described as a cylinder, which has an inertia

(3.49)

where R is the radius of the translator, and m is the mass of the translator

(3.50)

The produced torque of the actuator can be expressed as

7l"D~LBgQ
Tactuator = 2 ' (3.51)

where B g is the magnetic loading in the airgap, Q the electric loading, D g the airgap diameter,
and L the axial length of the actuator. Therefore, a translator with a small radius is favorable
as the load torque is

(3.52)
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and the actuator torque is

Tactuator ex: R
2

• (3.53)

This is the same conclusion as presented in the introduction of the linear actuator. There
fore, the geometric parameters of the tubular actuator presented in Table 2.9 are used as
initial values for the parametric search.

3.2.2 Magnet length versus flux density

Using Matlab, the mean value and the peak value of the flux density in the middle of the coil
for an actuator with one pole-pair is calculated. This calculation is performed for different
values of magnet length, lm, while the outer radius of the magnets is fixed, the geometric
parameters of this analysis are shown in Table 3.8. This implies that the rotor radius, Hr,

Table 3.8: Geometric parameters of rotary actuator for analysis.

Geometric parameter Value Description
Rout (mm) 9.00 Outer radius
lstator (mm) 1.00 Radial stator length
lcoil (mm) 1.75 Radial coil length
19 (mm) 0.25 Radial airgap length
Rm (mm) 6.00 Magnet radius
ap 1.00 Magnet to pole pitch ratio
pINumber of pole pairs

changes. In Fig. 3.9, the results are plotted for both radial and parallel magnetized magnets.
As the modeled magnets have a relative permeability close to 1, the internal reluctance of
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Figure 3.9: Radial component of the flux density in the middle of the coil versus magnet length, lm,
for an actuator with (a) radially magnetized magnets (b) parallel magnetized magnets. Both the peak
value of the fundamental of the flux density and the RMS value are shown.

magnet becomes larger when the magnet length increases. Therefore, increasing the magnet
length does not imply a linear increase of flux density in the coil.
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As can be seen in Fig. 3.9, for radial magnetization there is an optimum magnet length
while for the parallel magnetization the maximum flux density is reached at the maximum
magnet length possible for this magnet radius. Reduction of the radial magnet length has the
extra advantage of a decreasing translator mass.

3.2.3 Flux density in the armature

In the previous section, the flux density is calculated for several values of magnet length for
one pole pair. The effect of saturation of the armature is not taken into account. As the
geometry of the theta-actuator is slot-less, it is easy to make a good approximation of the
maximum flux density in the armature

(3.54)

where BRs is the peak flux density at r = Rs, and p is the number of pole-pairs and is is the
radial stator length. As can be seen, increasing the number of pole pairs or the radial stator
length result in a lower flux density in the armature. However, increasing the number of pole
pairs results in a lower magnetic flux density in the coil as well. Fig. 3.lOa and 3.lOb shows
the influence of the number of pole pairs on the flux density in the armature and in the center
of the coil. The flux density is calculated for the model as given in Table 3.8 with a magnet
length optimized for the highest flux density in the coil. The flux density in the stator is
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Figure 3.10: Flux density in the center of the coil and in the armature for several number of pole
pairs. (a) Shows the results for radially magnetized magnets and (b) the results for parallel magnetized
magnets.

limited at 1.3 T to prevent errors in the analytical model due to saturation. Although the
higher number of pole pairs can prevent saturation in the armature, the eddy current losses in
the armature will increase due to the increased frequency of the flux density. Therefore, both
eddy current losses and saturation have to be taken into account by choosing the number of
pole pairs.
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3.3 Electrical loading

Several winding topologies can be used in the rotary actuator. However, in this researched a
simple full-pitch three phase winding as shown in Fig. 3.11 is used to calculate the torque.
The torque is calculated using the Lorentz force equation as described in Section 2.3.1. The

Figure 3.11: Full pitch three phase winding arrangement.

same method is applied to this actuator to calculate the force on the windings. Consequently,
the torque can be calculated by

(3.55)

3.3.1 Thermal model

The semi-analytical model derived in the previous section is combined with equations de
scribing the thermal behavior. The assumptions for the thermal model are the same as in
the previous section, the coil region and the armature are perfect heat conductors and all the
heat is removed from the actuator via the armature. The heat produced by eddy currents is
neglected, only copper losses are taken into account

(3.56)

where Icoil is the coil current defined by

JRMS1f (R; - R~il)
Icoil = N '

turns
(3.57)

and Rcoil is the coil resistance per axial length,

(3.58)Nturns
Rcoil = PCu 1f (R2 _ R 2 .) _l_k

s C021 Nturns P

This results in

(3.59)2 (2 2) 1Pcu = J RMS1f R s - R coil pCuk'
P

Using the assumptions mentioned before, the temperature difference between the armature
and the ambient (b..T) is

1
b..T = Pcu h2 R D,

1f out
where h is the heat transfer coefficient, and D is the duty cycle.

(3.60)
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3.3.2 Torque

First the torque of the parallel magnetized topology is calculated for a constant current density
for several number of pole pairs. The geometric parameters are shown in Table. 3.9 and the
results are depicted in Fig. 3.12. As can be seen, a higher number of pole pairs results in a

Table 3.9: Geometric parameters of rotary actuator for analysis.
Geometric parameter Value Description
Rout (mm) 9.00 Outer radius
Istator (mm) 1.00 Radial stator length
lcoil (mm) 1.75 Radial coil length
19 (mm) 0.25 Radial airgap length
Rm (mm) 6.00 Magnet radius
lax (mm) 15.00 Axiallength
a p 1.00 Magnet to pole pitch ratio
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Figure 3.12: Torque, T, versus number of pole pairs, p, for the parallel magnetized topology. The
torque is calculated for a current density of JR!v[S = 4.5 A/mm2 , and an a.xiallenghth of lax = 15
mm.

decrease of the torque. However, to avoid saturation for a small number of poles can only be
obtained by a larger radial stator length, which will consequently result in less torque.

As the radial coil length used in the previous calculations is the same as for the tubular
actuator and not optimized, a second analysis is performed to find the optimal coil length.
One model is created to calculate the optima for a constant AT, where the results are shown
in Fig. 3.13. In a second model, the current density is varied to maintain constant copper
losses. The results of this calculation are shown in Fig. 3.14. As can be seen in Fig. 3.13, for
p = 1 and p = 2, the coil length has no optimum for lcoil < 4.5mm. In general, the optimal
coil length decreases with the number of pole pairs, mainly because the magnetic flux density
decays faster within the airgap [29J. This is valid for both models as shown in Fig. 3.13, and
Fig. 3.14.

However, as the outer radius, Rout has an upper limit, and R m is chosen to be the same
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Figure 3.13: Torque and flux density in the armature calculated for several values of coil length, lcoil.
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(b)p=2, (c)p=3, (d)p=4.

for the rotary and linear actuator, the optimum lcoil cannot be selected for p < 4. The best
performance, without saturation in the armature, is achieved for p = 3 and lcoil = 1.75 mm.
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Figure 3.14: Torque and flux density in the armature calculated for several values of coil length, lcoil.

The current density is varied to maintain a constant copper loss. (a) one pole pair, P = 1, (b) p = 2,
(c)p=3,(d)p=4.

Note that increasing the stator length will allow a lower number of pole pairs and possibly
higher performance with a smaller coil length. A more extensive analysis is required to create
a final design.

3.4 Conclusions

In the first part of this chapter, the eddy-current losses in the existing rotary actuator are
calculated and compared with measurements. The results show that a solid steel back-iron
results in a damping torque as large as the load torque. Therefore, using solid steel back-iron
is not feasible unless improved steel is used.

In the second part, semi-analytical models are presented for two topologies of slotless
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rotary actuators, i.e. a radially magnetized rotor and a parallel magnetized rotor. A para
metric search on geometric parameter is performed to investigate the effect of varying the
number of pole pairs and the radial coil length. The parallel magnetized topology shows
better performance, and the requirements of the system can be met without forced cooling.

Although the magnetic loading and electrical for the rotary actuator are calculated, more
research on e.g. losses is required to present a design. As the models presented in this Chapter
have a soft-magnetic core, which has a significant mass, it can be interesting to investigate the
performance when a non-magnetic core is applied. Due to the limited time for this research,
this is not included in this research.



Conclusions and recommendations

Conclusions

In this thesis, the multi-physical analysis and design of a linear and a rotary actuator is
presented to apply in a rotary-linear motion system. Both the linear and rotary actuator are
designed as two separated actuators with one common translator for P&P applications. In
this application, very high linear acceleration is required. Therefore, this research is mainly
focussed on the linear part of the system by means of the design of a tubular permanent
magnet actuator.

In the first part, slotless tubular permanent magnet actuators with different translator
topologies are investigated. A novel unified mathematical description of the magnetic field in
the form of semi-analytical equations is proposed for the different researched topologies. The
semi-analytical mathematical field description is obtained by applying sets of axisymmetric
boundary conditions to the general field equations in the different regions of the actuator. The
boundary conditions depend on the permanent magnet structure, the material of the different
regions, and the magnetization pattern of the actuator. The advantage of this semi-analytical
description is the time-efficient and accurate prediction of the magnetic fields in the actuator
which can be used for both design and control.

The unified electro-magnetic models are implemented and coupled with multi-physical
models describing electrical and thermal behavior resulting in a time-efficient analysis tool.
Using these models, an extensive analysis is performed to synthesize the best structure ac
cording to the requested motion profiles and highest acceleration.

The axially magnetized topology and the quasi-Halbach topology with non-magnetic core
show the best performance in terms of acceleration. The highest acceleration is achieved when
the translator has a very small radius. The quasi-Halbach topology shows the highest accel
eration capability. However, the axially magnetized topology is favorable from manufacturing
point of view.

To validate the models used in this analysis, a prototype of the axially magnetized topol
ogy is being built and tested.

The second part of this research concerns the analysis of the rotary part of the system.
As preliminary study, the eddy current losses in the currently used rotary actuator are inves
tigated using FEA and measurements, considering solid steel back-iron. The damping torque
created by the eddy-currents is observed to be as high as the required propulsion torque.
Therefore, using solid steel back-iron is only feasible when improved steel or lamination is
used.

An initial research has been made to design the rotary actuator for the 2-DoF system. As
for the linear actuator, semi-analytical models are derived for two rotor topologies of a rotary

89
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slotless permanent magnet actuator, i.e. a radially magnetized rotor and a parallel magnetized
rotor. A parametric search on the magnetic loading of both topologies is performed based on
the dimensions of the final design of the linear actuator.

The magnetostatic models are extended with thermal models and the Lorentz force equa
tion to calculate the torque performance The parallel magnetized topology shows the best
performance in terms of maximum torque.

Recommendations

This research is a preparation on a future PhD-project, Integrated Electromechanical Actu
ator. In this project, the aim is to design a 2-DoF single-body actuator where both linear
motion and rotation are realized by one stator and one translator.

In the semi-analytical models of the TPMA, axial symmetry is used which implies no pos
sibility to include axial end-effects. However, in practice, these end-effects can be significant.
By means of additional axial boundary conditions, it is possible to include these end-effects
in a semi-analytical model. This derivation will be a point of consideration in future work.

The semi-analytical models of the rotary actuator describe a rotor with a soft-magnetic
core, with a significant mass density. In order to decrease the mass of the complete translator,
a non-magnetic core, e.g. an aluminium core, can be favorable, albeit that the magnetic
loading will decrease as well. In an additional analysis with models of such actuators, the
effect can be investigated.

In order to have a design tool for a 2-DoF system with certain requirements, it is necessary
to couple the models of the rotary and linear actuator in one model. Due to the limited time
of the MSc. project, this tool is not developed in this research. As this work is mainly
focussed on the magneto-static analysis, no mechanical and transient behavior is considered.
However, for high acceleration levels, these mechanical stresses can become a dominant design
constraint. Additional research is required to investigate these phenomena.
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Appendix A

Fourier

Consider two arbitrary functions F(z) and G(z) which can be written as a Fourier series with
a fundamental period of T and L respectively

F(z)

G(z)

00 [ (n27rz) . (n27rz)J?:; K cn cos ----;y- + K sn sm ----;y- ,

00 [ (m27rz) (m27rz)J~ Pcrn cos -L- + Psrn sin -L- ,

(A.I)

(A.2)

where the Fourier coefficients can be calculated as

2jT/2 (n27rz) (A.3)K cn - F(z) cos ----;y- dz,
T -T/2

2jT/2 (n27rz) (A.4)K sn - F(z) sin ----;y- dz,
T -T/2

2jL/2 ( m27rz) (A.5)Pern - G(z) cos -L- dz,
L -L/2

2jL/2 (m27rz) (A.6)Psrn L G(z) sin -L- dz.
-L/2

In the case that F(z) should equal G(z), it is possible to write the fourier coefficients of
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F(z) as function of the coefficients of G(z) given by

Fourier

2 jT/2 (n2nz) (A.7)Ken T F(z) cos -- dz,
-T/2 T

~

2 jT/2 (n2nz) (A.8)Ken T G(z) cos -- dz,
-T/2 T

~

Ken 2jT/2 f [ (m2nz) (m2nz)] (n2nz) (A.9)T -T/2 m=l Pcm cos -L- + Psm sin -L- cos ----;y- dz,

~

00 [2 jT/2 (m2nz) (n2nz)Ken ~ T Pcm -T/2 cos -L- cos ----;y- dz (A.I0)

2 jT/2 (m2nz) (n2nz)] (A.ll)+T Psm -T/2 sin -L- cos ----;y- dz ,

.~

K cn ~ [Pcm17c(m, n) + Psm17s(m, n)], (A.12)

where 17c(m, n) and 17s(m, n) are defined as

17c(m, n) 2jT/2 (m2nz) (n2nz)d- cos -- cos -- z
T -T/2 L T'

2jT/2 . (m2nz) (n2nz) d- SIn -- cos -- z
T -T/2 L T'

(A.13)

(A.14)

and in the same way all K sn can be written in terms of Pcm and Psm given by
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K sn 2 jT/2 (n2~Z) (A.15)- F(z) sin -- dz,
T -T/2 T

-U-

K sn 2 jT/2 (n2~z) (A.16)T G(z) sin -- dz,
-T/2 T

-U-

K sn 2jT/2 f [ (m2~Z) . (m2~z)] . (n2~z)T -T/2
m

=1 Pcmcos -L- +Psmsm -L- sm y- dz, (A.17)

-U-

00 [2 jT/2 (m2~z) (n2~X)K sn ~ T Pcm -T/2 cos -L- sin y- dz (A.18)

2 jT/2 (m2~z) (n2~z)] (A.19)+T Psm -T/2 sin -L- sin y- dz ,

-U-

K sn f; [pcmcc(m, n) + Psmcs(m, n)], (A.20)

where cc(m, n) and cs(m, n) are defined as

cc(m, n) 2jT/2 (m2~X). (n2~x)d- cos--sm--x
T -T/2 L T'

2jT/2 . (m2~x) . (n2~x) d- sm -- sm -- x.
T -T/2 L T

(A.2I)

(A.22)
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Coefficients

Cln BIO(mnRr) , C2n Bx:o(mnRr),
C3n BI1 (mnRr), C4n BX:l(mnRr),
CSj BIO(qjRr) , C6j Bx:o(qjRr),
C7j BI1 (qjRr), CSj = BX:l (qjRr),
Cgn BIO(mnRm ), CIOn Bx:o(mnRm ) ,

CUn BI1 (mnRm ), C12n Bn(mnRm ),

C13j = BIO(qjRm ) , C14j Bx:o(qjRm ),

C1Sj = BI1 (qjRm ), C16j BX:1 (qjRm ),

C17n BIO(mnRs), ClSn Bx:o(mnRs).

bNl = [ blt bb ... bIN] ,

[ a"~ ]a22
aJ2 = . ,

a2J

(B.l)

(B.2)

(B.3)

(B.4)

(~~~~ C1lt + C121 ) 0

o (~~~~ CU2 + C122 )

o
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o

o
o

o
(~~~~ CUN + C12N )

(J3.5)
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( ~~~~ C g1 - ClO1 ) 0 0

0 (~~~~ C g2 - C102 ) 0
CNNb (B.6)

0

0 0 (~~~~ C 9N - CION)

[T
0

o ]C I2 0
CNNI = (B.7)o '

0 CI N

C 31 0

o ]0 C 32 0
CNN3 o '

(B.8)

0 0 C 3N

C 51 0

o ]0 C 52 0
CJJ5 = (B.9)o '

0 0 C 5J

[T
0

o ]C 62 0
CJJ6 o ' (B.IO)

0 C 6J

[T
0

o ]C 72 0
CJJ7 o '

(B.ll)

0 C7J

CS1 0

o ]0 C S2 0
C JJS o '

(B.12)

0 0 C SJ

[T
0

o ]C 132 0
CJJ13 o ' (B.13)

0 C I3J
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[T
0

o ]C142 0
CJJ14 = (B.14)o '

0 C14 ,[

[T
0

o ]C152 0
CJJ15 o ' (B.15)

0 C15,[

[T
0

o ]C162 0
CJJ16 = (B.16)o '

0 C16 ,[

[ E(l,l) E(I,2) E(I, N)
E(2,1) E(2,2) E(2,N)

(B.17)eJN

E(J,I) E(J,2) E(J, N)

17(1,1) 17(1,2) ~(l, N) ]
17(2,1) 17(2,2) 17(2,N)

(BoI8)'l7JN o ,

17(J,I) 17(J, 2) 17(J, N)

(TN = [ 0-(1) 0-(2) .0. o-(N) ] , (BoI9)

MN = [ M 1 M 2 ... MN] , (B.20)

cos ( m1
2
Tm

fiN =
m{~;~)

(B.21)
ffi2

(~)cos 2

ffiN

qJ = [m{s") cos (n;m ) cos (q.r;m ] (B.22)...
ql q2 q,[
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Multi-physical Analysis and Design of a Slotless
Tubular PM Actuator for High Acceleration 2-DoF

Applications
KJ. Meessen,

Electromechanics and Power Electronics group,
e-mail: k.j.meessen@studenttue.nl

I. INTRODUCTION

Fig. 1. Proposed rotary and a linear actuator on a single translator for 2-DoF
applications.

In robotic applications there is an increasing demand for
high-speed actuation with high precision and high bandwidth
capability. One particular application is the pick and place
(P&P) robot to position surface mounted devices (SMD) on
printed circuit boards (PCB), where components are picked
from a feeder and placed on a PCB. The complete P&P action
requires a four degrees of freedom (4-DoF) robotic motion,
however this paper focusses on the 2-DoF (z, B) placement
module. More specifically, the combined rotary and linear
actuator of Fig. 1, which, for the P&P application, combines
a limited torque with a large linear force and acceleration
requirement, as summarized in Table I. This paper concerns
with the analysis needed to provide a system with a single
translator which ameliorates both rotation and translation.

In literature, numerous combinations of linear and rotary
actuators are presented. For example, in [I] and [2] multiple
rotary induction machines are stacked in the axial direction to
provide both motion in z- and B- directions. A more specific

I

--- -- :=' ,--

- - -

- - --

I

I I
I I
I I
I I

iNS Ni
I I
I I
I I

i:-~~~~ _:~. -~~~

e

LiST OF SYMBOLS

A Vector potential Wbm
B Magnetic flux density T
B g Magnetic loading in the airgap T
B rem Remanent flux density T
F Force N
H Magnetic field strength A m- I

Jm Moment of inertia kg m2

J Current density A m- 2

L Axial length m
M Magnetization A m- I

Q Electrical loading A
R Radius m
T Torque Nm
a Acceleration m s-2
ai Coefficient
bi Coefficient
h Heat transfer coefficient W m- 2 K-I

j Harmonic number
I Length m
m Mass kg
m n Spatial frequency m- I

n Harmonic number
qj Spatial frequency m- I

T Radial position m
z Axial position m
Q Angular acceleration rad S-2
Qp Magnet pitch to pole pitch ratio
BID Bessel function of first kind of oth order
B11 Bessel function of first kind of 1th order
B KO Bessel function of second kind of oth order
BKI Bessel function of second kind of 1th order
l:>.T Temperature gradient K
(J Rotation around z rad
/Lo Permeability of vacuum H m- I

/Lr Relative permeability
Tmr Axial length of radially magnetized magnet m
T mz Axial length of axially magnetized magnet m
Tp pole pitch m

Abstract-This paper presents the analysis of a linear actu
ator for a rotary-linear system. In the analysis, four different
topologies of a slotless tubular permanent magnet actuator
(TPMA) are investigated. A unified semi-analytical solution for
the magnetic field equations of the four topologies is derived
in a two-dimensional axisymmetric coordinate system. Using
these semi-analytical field equations, a time efficient analysis is
performed on the magnetic field in the actuator. Several magneto
static models are implemented and coupled to electrical and
thermal equations to design a TPMA for a high acceleration
motion profile. Two topologies showed to be favorable for high
acceleration applications and one of the prototypes is being built
to validate the model.
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(7)

(8)

(5)
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(3)

(9)
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(4)

Armature
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Permanent magnets
Core

Fig. 2. A slotless tubular permanent magnet actuator.

where the mass of the cylindrical translator, is

mtr ex R2
.

When only the translator mass is considered as load, and the
friction is neglected, the acceleration capability of the actuator
is

III. LINEAR ACTUATOR

For the linear motion, a tubular permanent magnet actu
ator (TPMA), as shown in Fig. 2, is proposed as they are
particularly attractive linear machines due to the high force
density and the absence of end-windings. A second obvious
advantage is the round shaped translator which can easily be
rotated without affecting the linear motion.

The thrust force of a TPMA can be expressed in the same
form as the torque of a rotary actuator [14], by

Although this paper focusses on the design of the linear
actuator, in this research, the performance of a rotary actuator
for this application is investigated and presented in [12], [13].

and the actuator torque is

Tact ex R 2
.

where R is the radius of the translator, and m is the mass of
the translator

Therefore, a translator with a small radius is favorable as the
load torque is

The produced torque of the actuator can be expressed as

Tact = 21rR;LBg Q.

where Jm is the moment of inertia of the complete 2-DoF
translator and the load. As the load is only a tiny SMD, this
component is neglected. The translator can be described as a
cylinder, which has an inertia

(1)

150m/s2

35 mm
40N

Linear motion
3500 rad/s2

> 360 0

Rotary motionParameter
Peak acceleration
Stroke
Peak force

TABLE I
SPECIFICATIONS OF THE ROTARY AND LINEAR ACTUATOR

II. ROTARY ACTUATOR

To provide the rotation in the 2-DoF system, a slotless per
manent magnet actuator is proposed. This type of actuator is
particularly interesting for precision applications as it exhibits
almost zero torque ripple due to the absence of slots [11]. The
load of the rotary actuator is

example for a pick and place module is presented in [3], where
a 2-DoF system consisting of one translator and two stators
is proposed. A different example is discussed in [4] and [5],
where a switched reluctance machine (SRM) is proposed as a
candidate to provide the 2-DoF. However, for both induction
and switched reluctance machines, the power density is, in
general, lower than for actuator systems utilizing permanent
magnet materials.

Furthermore, for actuators using permanent magnets, nu
merous publications can be found, e.g. [6]-[9]. In general,
these actuators can be separated into two classes: (a) with
stacked z and e magnetization patterns and (b) with checker
board magnetization. Pattern (a) has the advantage of utilizing
the stator field completely to produce both force and torque,
however it increases the axial translator length and hence mass.
When pattern (b) is used the stator coils are wound in the
longitudinal direction to create torque, and in the circumfer
ential direction to create linear force. However, pattern (b)
covers only 50% of the translator surface with magnets, thus
theoretically the force/torque capability is only 50% compared
to a regular machine.

However, in [10] a third class of actuator topology is
presented by means of an irregular magnetization pattern
around the circumference. This actuator comprises two single
phase Lorentz force actuators, however, due to the large airgap,
exhibits a low power density. The irregular magnetization
pattern is achieved by a radially magnetized annular magnet
(e.g. 90% of the circumference) interrupted by a segment
magnetized in the opposite radial direction.

In this paper, a system as shown in Fig. I is proposed to
provide both rotary and linear motion, i.e. utilizing the stacked
magnetization pattern. Consequently, Section II and Section
III present the rudimental equations for both rotary and linear
actuators. To achieve a comprehensive design methodology,
semi-analytical models of different topologies of the linear
actuator are derived in Section IV, where Section VI im
plements these models to determine the achievable magnetic
loading. In order to be able to determine the actuator perfor
mance Section VII introduces the electrical loading, since both
magnetic and electrical loading are necessary to determine the
force and acceleration for the extensive analysis presented in
Section VIII.
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Fig. 3. Different regions in a slotless tubular actuator drawn in the T-Z plane.

and in the magnet region, the Poisson equation has to be solved

2 - ~
Y' AIl = -/loY' x M, (14)

where AI is the magnetization vector describing the magnet
array on the translator by a Fourier series.

In order to apply the semi-analytical field-equations, the
tubular actuator is divided in several regions as shown in Fig.
3. In the model, the following assumptions are made:

1) The soft-magnetic parts are infinitely permeable, which
is valid for flux density levels below 1.3 T [12].

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.

The semi-analytical description of the actuator is obtained
by solving the magneto-static field equations using the vector
potential, X, defined as

R,.

(13)

(10)

Region III

Region II

fLT = 1z

13 = Y' x X,

2 ~

Y' AI,III = 0,

core

air

Region I
1---------------n1.Rrn

translator

stator

where 13 is the magnetic flux density [20]. Due to the
symmetry in the circumferential direction in tubular actuators,
the magnetic flux density, 13, has only an r- and a z
component. Therefore, the magnetic vector potential has only
a circumferential, 8-component and the vector potential can
be treated like a scalar potential. The two components of the
magnetic field as function of Ao are

a
B T -az Ao , (11)

a
B z -a r A o· (12)

r r

As only the magnetic field due to the permanent magnets in
the actuator is calculated here, with no current in the windings,
the magnetic vector potential has to be solved in two different
regions. The regions are shown in Fig. 3, where the properties
of region II and region III depend on the topology of the
actuator. Region II has different magnet patterns, and region
III can either be soft-magnetic or non-magnetic. In the source
free regions, the Laplace equation has to be solved

IV. SEMI-ANALYTICAL DESCRIPTION

Several papers have been written on the subject of designing
tubular actuators using semi-analytical field equations. In
[16]-[ 18] semi-analytical solutions for the magnetic fields
in different tubular actuator topologies are presented, and
[19] compares the force density of three different topologies.
Although these papers are very extensive, the conclusions from
[19] 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. The semi-analytical
solutions presented in [16], and [17] show excellent agreement
with FEA, however the resulting equations presented in the
papers cannot be straightforwardly implemented. Therefore,
this paper completely reconsiders the analysis and presents
a novel unified semi-analytical description for four different
translator topologies.

As can be seen, the force increases linearly with the radius,
while the mass increases with the radius squared. Therefore,
the acceleration decreases linearly with the radius, thus as
for the rotary actuator, a small radius is favorable for a high
acceleration level.

The tubular actuator consists of a stator and a translator,
where the moving magnet actuator is preferred since it does
not require connections to the moving components. Further,
the stator contains coils and is mostly either slotted or slotless,
where the highest force density can be achieved when a slotted
structure is used [15]. However, as mentioned for the rotary
actuator, the slotted structure has some major disadvantages.
e.g. the reluctance in the airgap is not uniform resulting in
an extra force component called cogging force. This can be
minimized by introducing typical pole-slot combination, albeit
that this reduces the winding factor, and hence, the force
capability. As the actuator is designed for a precision posi
tioning application, a smooth force characteristic is desired.
An additional disadvantage is the manufacturability of such a
structure especially in low volume actuators. On the contrary,
in a slotless structure, the stator consist solely of a soft
magnetic tube, hence, the actuator structure in this paper is
chosen to be slotless.

In order to have a design tool which facilitates both the
characteristic and the mean value of the force in a time
efficient way, semi-analytical descriptions of the magnetic
field distribution are derived. These semi-analytical equations
describe the magnetic field as a function of the geometric
parameters of the actuator. The main advantage over using
finite element analysis (FEA) to design an actuator is the time
efficient calculation of the field distribution, and the ease of
adding other physical behavior, e.g. thermal, to these models
to create a powerful and very fast multi-physical design tool.
Therefore, in this paper the design tools are based on these
semi-analytical equations. Although this method provides an
accurate and very fast prediction of the force waveform, the
solution of the field equations becomes very complicated
for more complex structures, i.e. slotted actuators and end
effects. As the actuator investigated in this paper has a slotless
structure, the method based on the semi-analytical equations
is very suitable.
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(A)

(B),(C)

Non-magnetic
material ------,,-------~

Radially
magnetized

PMs

z

-Tp I I 0 -- Trnr ------0 Tp
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Fig. 5. Radial magnetization vector of PMs.

Fig. 4. Magnetization of region II for the different topologies drawn in the
r-z plane.

(18)

(19)

(20)

(21)

(16)

0,

0,

BUr(r, z) Ir=Rm'

HuAr, z) Ir=Rm'

(2n - 1)7f
m n = .

Tp

BIz (r, z) Ir=R
s

HUz(r, z) Ir=Rr

BIr(r, z) Ir=Rm
HIz (r, z) Ir=Rm

which should hold for all z. Solving these equations results in
the solution given in appendix B.

where Q p is the magnet pitch Tmr to pole pitch, T p, ratio.
The boundary conditions for this problem can be formulated

as

00

L Mrn sin (mnz) r,
n=l

4Brem sin (mnTp) sin (mnTpQp) ,(17)
IJoTpmn 2 2

The coefficients aln to b3n are found by considering periodic
ity in the axial direction and by applying boundary conditions.
General boundary conditions can be found by evaluating the
integral form of the Maxwell equations over control volumes
at material interfaces. [20] This results in

I) The tangential component of ii is continuous if the
surface current density at the interface is zero.

2) The normal component of B is continuous across an
interface.

A. Radially magnetized topology

In Fig. 4A, the magnetization of region II (Fig. 3) of
the radially magnetized topology is shown. As the core of
this topology is soft-magnetic, region III has an infinite
permeability as mentioned in section V. Therefore, the vector
potential in region III, AlII, is not taken into account and a
Dirichlet boundary condition on r = Rr is added. This reduces
the number of coefficients to be solved as a3n and b3n are
not used. The magnetization vector, as shown in Fig. 5, is
expressed as a Fourier series with only a component in the
r-direction

from the boundary conditions and given in the appendices
together with the functions Kan and Kbn, m n is the spatial
frequency which contains only odd harmonicsSoft-magnetic---L J

pole-pieces

Axially
magnetized

PMs

(D)

V. TRANSLATOR TOPOLOGIES

In this paper, four different TPMA translator topologies are
investigated, comprising of, (A), radially magnetized perma
nent magnets on the translator, (B), quasi-Halbach magnet
array mounted on a soft-magnetic core, (C), quasi-Halbach
magnet array mounted on a non-magnetic core, and (D),
axially magnetized magnets with a non-magnetic core. These
four topologies have three different magnet patterns which are
shown in Fig. 4.

Solving the Laplace equation, (13), and the Poisson equa
tion, (14), results in a vector potential with a Bessel distri
bution in the r-direction and a sinusoidal distribution in the
i-direction. Using the relations (II) and (12), the magnetic
flux density, B, in the different regions is

BIr = ; (a1nB:n(mnr) + blnBKl(mnr)) sin(mnz),

BIz = ; (alnBIo(mnr) - blnBKo(mnr)) cos(mnz),

BUr = ; [(Kan(mnr) + a2n )BIl(mnr)

- ( Kbn(mnr) - b2n) BK1 (mnr)] sin(mnz),

BUz = ; [(Kan(mnr) + a2n )BIo(mnr)

+ (Kbn(mnr) - b2n )BKo(mnr)] cos(mnz),

BIIIr = ; (a3nBIl(mnr) + b3nBKl(mnr)) sin(mnz),

BIIIz = ; (a3nBIo(mnr) - b3nBKo(mnr)) cos(mnz),

(IS)
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B. Quasi-Halbach magnetized topology with soft-magnetic
core lb:.em ......_--1__-,

Jlo

The solution for these equations can be found in appendix D.

Fig. 7. Axial magnetization vector.

boundary conditions for this problem are

(24)

(25)

(26)

(27)

(28)

(29)

z
TpI

0,

0,

BUr(r, z) Ir=R""

BIIIr(r, z) Ir=Rr '

HUz(r, z) Ir=R""

HIIIz(r, z) Ir=R
r

'

o
I+--- Tmz -------0

I
I

BIAr, z) Ir=R
s

AIIIe (r, z) Ir=O

Blr(r, z)lr=R",

BUr(r, z) Ir=R
r

Hlz(r, z) Ir=R",

HUz (r, z) Ir=R
r

-Tp

(23)

(22)

00

M MrT + Mzz = 2:= Mrn sin (mnz) T
n=1

00

The second investigated topology has a quasi-Halbach mag
netization and a soft-magnetic core, as shown in Fig. 4B. The
advantage of a Halbach magnet array is the flux concentration
at one side of the magnets and a more sinusoidal flux density
in the airgap [21], [22]. In an ideal Halbach magnet array the
magnets are sinusoidally magnetized. However, in practice it
is relatively difficult to manufacture magnets with an ideal
Halbach magnetization. Therefore, a simplified form, referred
to as quasi-Halbach is used here. As can be seen in Fig. 6, the
resulting magnetization vector has both a radial and an axial
component and can be expressed as

where O:p is defined as TmrlTp • The regions and boundary
conditions for this problem are the same as for the radially
magnetized topology as shown in (18-21). The difference
between the radially and quasi-Halbach topology is the magne
tization vector as can be seen in Fig. 4. Solving the equations
results in the solution given in appendix C.

C. Quasi-Halbach magnetized topology with non-magnetic
core

The third topology is very similar to the second topology.
However, due to the self-shielding properties of a Halbach
magnet array, region III can be non-magnetic. This results in
a translator with a lower mass and therefore probably higher
acceleration levels. As region III is non-magnetic, the vector
potential has to be solved in this region as well, resulting
in two extra coefficients and other boundary conditions. The

D. Axially magnetized topology with non-magnetic core

In the fourth topology the axially magnetized permanent
magnets at the translator are separated by soft-magnetic pole
pieces. This increases the complexity of this problem as the
soft-magnetic pole pieces introduce axial boundary conditions
in region II which consist of only the magnets. Therefore,
the vector potential and the flux density in region II require
another definition

BUr = f (a1nB:n (qjr) + b1nBK1(qjr)) sin(qjz),
J=1

BUz = f (alnBro(qjr) - b1nBKo(qjr)) cos(qjz),
J=1

(30)

where qj is the spatial frequency in this region defined as

lb:.em
MT

Jlo
Z

-Tpi I o I+---TmT -------0
Tp

lb:.em
Mz

Jlo

n=1,2,3, ..

(32)

(31)
2j7r

qj=-'
Tmz

The magnetization vector as shown in Fig. 7 for this
topology is

z
Tpo

Tmz

I

-Tp

Fig. 6. Quasi-Halbach magnetization vector.
Note that O:p is redefined as TmzITp • The boundary conditions
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VI. MAGNETIC LOADING

Appendix E includes the solution for the coefficients.
However, to design a permanent magnet actuator the force

has to be calculated, defined by (7), and hence the magnetic
and the electrical loading need to be determined as discussed
in the next Sections.

TABLE II
DIMENSIONS OF THE TPMA IN THE PARAMETRIC ANALYSIS

Rout (mm) 9.00
R s (mm) 8.00
Rm (mm) 6.25
R r (mm) 2.25
Rin (mm) 1.25

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
a

p

length (i.e. lm = 4.3mm). The two parameters are varied in
the range

5.0mm < Tp < 15.0mm,

0.1 < O:p < 0.9,

in 40 steps. The magnetic flux density is calculated in the
middle of the coil at r = Rs - ~ and in the armature, core
and the pole pieces for topology (D). Topology (B) shows an
optimum for the flux density in the coil at O:p = 0.8 for a pole
pitch of Tp = 15mm. However, the flux density in the armature
and the core are again very high. Topologies (C) and (D) show
an optimum for the flux density in the coil at Tp ~ 8mm,
O:p ~ 0.4 and Tp ~ 8.5mm, O:p ~ 0.9, respectively. As shown
in Fig. 8 and Fig. 9, the maximum values are approximately the
same. For topology (D) an increasing O:p results in a smaller
width of the pole piece, resulting in a higher flux density in the
pole piece which can cause saturation. Note that the highest
value of the fundamental of the flux density in the coil results
in the highest peak force.

The main conclusion of the parametric search on the mag
netic loading of the actuator is that all investigated topologies
show similar maximum values of the magnetic field in the
coil. However, the topologies with soft-magnetic core result in
a very high flux density in the core, resulting in a decreased
performance of the actuator. In addition, this soft-magnetic
core increases the mass of the translator resulting in a lower
acceleration at the same force level. Therefore, the quasi
Halbach topology with non-magnetic core, (C), and the axially
magnetized topology, (D), are favorable over topologies (A)
and (B).

Fig. 8. Simulation results for topology (C). The amplitude of the fundamental
of the flux density (B1) in the middle of the coil, r = Rs - ¥, versus
pole pitch, Tp, and up.

VII. ELECTRICAL LOADING

The electrical loading of an actuator is defined by the geo
metric parameters of the windings and the electrical properties
of these windings.

(33)

(34)

(35)

(36)

(37)

< 15.0mm,

< 4.3mm,

0,

0,

0,

BIIrlr=R""lzl<~'

HIIzlr=R=,lzl<~'
2-

r2 27rRmBIr Ir=R", dz
Je:.m....

2

2-- r2 27rRrBIIIrl r=Rrdz, (38)
Je:.m....

2

BIIIrlr=Rr,lzl<~' (39)

= HIIIzlr=Rr,lzl<~' (40)

5.0mm < Tp

2.0mm < lm

BIIrlr=Rr,lzl<~

HIIzlr=Rr,lzl<~

BIzlr=Rs

BIIIrlr=o

BIIrllzl=~

BIrlr=R""lzl<~

HIz Ir=R""lzl<~

l
R

'"
27rrBIIz I _e:.m.... dr

z- 2
R r

in 40 steps. The magnetic flux density is calculated in the
middle of the coil at r = R s - le:;'l and in the armature
and the core. The four topologies show similar maximum
values. However, topologies (A) and (B) show very high flux
densities in the soft-magnetic core. This will cause saturation
and reduction of the flux density in a real machine.

The second analysis is performed only on topologies (B),
(C), and (D). The pole pitch, Tp , and the magnet pitch to pole
pitch ratio, O:p, are varied considering the maximum magnet

for this problem are

The solutions of the field equations in the previous sec
tion are implemented to perform a parametric research on
geometric parameters. The analysis is started from a TPMA
with dimensions as stated in Table II. The properties of
the permanent magnets are shown in Table IV. Indirectly,
saturation has been taken into account by applying a constraint
to the flux density in both the core and the armature for
topologies (A) and (B). The same constraint is applied to the
flux density in the pole pieces in topology (D).

In the first analysis, the pole pitch, Tp , and the magnet
length, lm, are varied while R m is kept constant and Rr varies
with lm. The two parameters are varied in the range
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Fig. 11. number of slices in the coil area versus normalized force used for
the force calculation.
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Fig. 9. Simulation results for topology (D). The amplitude of the fundamental
of the flux density (Bd in the middle of the coil, r = Rs - ¥, versus
pole pitch, Tp, and ap.
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Fig. 10. TPMA BLAC winding topology for a slotless actuator.
Fig. 12. Normalized acceleration versus the active length to stroke ratio.

(41)

A. Winding configuration

Slotless actuators exhibit no cogging force due to stator
slotting, and the flux density in the coil in topologies (C)
and (D) contains a negligible amount of higher harmonics.
Therefore, there is no need for fractional coil pitch to pole
pitch ratio to reduce EMF harmonics. To obtain a high winding
factor, full pitch BLAC windings, as shown in Fig. 10, are
implemented. While using this winding arrangement, the force
is only produced by the fundamental of the flux density and
the current.

B. Electrical configuration

While the magnetic loading is primarily limited by material
properties, 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 temperature difference between
the armature and the ambient rises to

2 ( leoil) 1b.T = J leoilPcu R s - -2- k R h'
pout

where kp is the packing factor of the coil region. In this
expression, the coil and armature are assumed to be perfect
heat conductors which is a good approximation [23]. The
heat transfer coefficient can have values of approximately 20
Wm- 2K- 1 for natural cooling, up to 70 Wm- 2 K- 1 when
forced air cooling is used [24].

VIII. FORCE AND ACCELERATION

The thrust force in a slotless TPMA can be calculated by
applying the Lorentz force equation (42) in the coil region

(42)

However, in topology (D) a second force component exists due
to the soft-magnetic pole pieces which results in a position
dependent reluctance of the airgap. This reluctance force
component is calculated with a FEA. The results show that
this component is very small compared to the Lorentz force
and therefore neglected.

Although both J and jj can be described analytically, the
integral is difficult, if not impossible, to solve analytically.
Therefore, the integral is approximated by modeling multiple
current sheets in the coil region. The coil is split into several
slices where in each slice the magnetic flux density, jj is
calculated and multiplied by the current in the current sheet,
which is put in the middle of the slice. As shown in Fig. 11,
a small number of slices gives a very good approximation of
the force. Therefore, calculation time can be saved by using a
small number of slices without a reduced accuracy.

A. Acceleration

As presented before, the acceleration is dependent on force
and the translator mass, hence active length and stroke of the
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translator. Therefore, the acceleration is a function of the active
length to stroke ratio and the force, which is linear to the active
length of the translator, as depicted in Fig. 12.

The field equations derived in Section V, the results from the
parametric search on the magnetic loading in Section VI, the
winding configuration given in Fig. 10 and equation (41), are
combined in two models. The first one of the quasi-Halbach
topology with non-magnetic core, and the second one of the
axially magnetized topology. In the simulation the force and
acceleration are calculated for several values of coil length,
lcoil, and magnet length, lm. The other parameters of both
models are listed in Table Ill. The material properties are
shown in Table IV.

As the temperature of the actuator is an important constraint,
the current in the coils is varied to have a constant b..T. As a
result of the changing outer area due to a changing lm + lcoil,

the power dissipated in the coil varies while b..T is constant
(see (41». In Fig. 13 and Fig. 14, the results of the simulations
are shown for topologies (C) and (D), respectively. The dashed
lines show values of constant force, the solid lines values of
constant acceleration. The thick line marks the flux density in
the armature, and for topology (D) the flux density in the pole
pieces. To avoid saturation, a working point above this line
is required. The cross-marks show the best combinations of
values for lcoil and lm.

As can be seen, increasing the magnet length results in a
higher force capability. However, the increased magnet length
causes a rise of the translator mass resulting in a lower
acceleration. Therefore, a trade-off has to be made as both
high acceleration and high peak force are required. Note that
increasing the active length results in a higher force as well,
without affecting the acceleration negatively.

A second important aspect in actuator design is efficiency.
Therefore, a second model is created, where the current density

Description

TABLE III
PARAMETERS MODELS

1.5 2 2.5 3 3.5 4 4.5 5
Magnet length Im(mm)

is varied to maintain a constant power dissipation in the
coils. Fig. 15 and Fig. 16 show the results of the simulation
for topologies (C) and (D), respectively. The main difference
between these results and the results for a constant b..T are
the shifted optima. Although the quasi-Halbach topology in
Fig. 13 shows better results for a magnet length of 1 mm,
the acceleration of the axial topology in Fig. 13 drops slightly
less when the magnet length increases. Therefore, the quasi
Halbach topology is favorable when a small translator radius is
used, for larger radii the axially magnetized topology becomes
more preferable. Albeit that from manufacturing point of view,
the axially magnetized topology is preferable. This topology
contains less permanent magnet material, and all magnets
are magnetized in the axial direction, which is easier than
magnetizing in the radial direction.

Fig. 14. Force (dashed line) and acceleration (solid line) of topology D, axial
magnetization, versus coil length, lcoil' and magnet length, lm. The current
in the coils changes to have a constant boT = 40°C in all cases.

Fig. 13. Force (dashed line) and acceleration (solid line) of topology C,
quasi-Halbach magnetization, versus coil length, lcoil, and magnet length,
lm. The current in the coils changes to have a constant boT = 400 C in all
cases.

1.00
0.25
2.00
1.25
8.33
0.75
10.00
40.00
100.00
143.69
0.60
0.34

Topology D

Remanent flux density PM
Relative permeability of PM
Permeability of vacuum
Resistivity of copper
Mass density of soft-magnetic material
Mass density of PM
Mass density of core (aluminium)

Topology C
1.00
0.25
2.00
1.25
8.33
OAO
10.00
40.00
100.00
144.94
0.60
0.34

TABLE IV
MATERIAL PROPERTIES

1.2
1.05
471' . 10-7

1.71 . 10-8

7.68. 103

7.60. 103

2.70.103

Value

Parameter
lstator (mm)
19 (mm)
Rr (mm)
Rin (mm)
Tp (mm)
Q p
h (Wm- 2K- I )

boT (K)
lactive (mm)
ltrans (mm)
k p
Duty cycle

Property
B rem (T)

/Lr
/Lo (Hm- I )

PCu (Om)
Psm (kgm- 3 )

Ppm (kgm- 3 )

Peore (kgm- 3 )
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1.5 2 2.5 3 3.5 4 4.5 5
Magnet length Im(mm)

fields in the actuator.
The unified electro-magnetic models are implemented and

are coupled with multi-physical models describing electrical
and thermal behavior resulting in a time-efficient analysis tool.
Using these models, an extensive analysis is performed to
synthesize the best structure according to the requested motion
profiles and highest acceleration.

The axially magnetized topology and the quasi-Halbach
topology with non-magnetic core show the best performance
in terms of acceleration. The highest acceleration is achieved
when the translator has a very small radius. The quasi
Halbach topology shows the highest acceleration capability.
However, the axially magnetized topology is favorable from
manufacturing point of view.

To validate the models used in this analysis, a prototype of
the axially magnetized topology is being built and tested.

Fig. 15. Force (dashed line) and acceleration (solid line) of topology C,
quasi-Halbach magnetization, versus coil length, lcoil, and magnet length,
1m . The current in the coils is changed to maintain a constant copper loss. ApPENDIX A

The coefficients aln, bin, a2n and b2n can be calculated as

ApPENDIX B
RADIALLY MAGNETIZED TOPOLOGY

G2n = B/Co(mnRr ),

G4n = B/Cl(mnR r ),

G6j = B/Co(qjRr ),

G8j = B/Cl(qjR r ),

GlOn = B/Co(mnRm ),

G12n = B/Cl(mnR m ),

G14j = B/Co(qjRm ),

G16j = B/Cl(qjR m ),

G18n = B/Co(mnRs )'

Gin = BIO(mnRr),
G3n = BI1 (mnR r ),

G5j = BIo(qjRr ),

G7j = BI1 (qj Rr ),

G9n = BIO(mnRm ),

GUn = BI1 (mnR m ),

GI3j = BIo(qjRm ),

G15J = BI1 (qjR m ),

G17n = BIO(mnRs ),

1.5

.s::
C,
c

.£1
'0
()

Fig. 16. Force (dashed line) and acceleration (solid line) of topology D, axial
magnetization, versus coil length, lcoil, and magnet length, 1m . The current
in the coils is changed to maintain a constant copper loss.

x = E-1
. y, (43)

IX. CONCLUSIONS where

where Ci
N

is a NxN diagonal matrix with coefficients Gin,
aiN and biN are N x I matrices with coefficients ain and
bin, respectively, and JCaN and JCaN are Nx I matrices with
coefficients Kan(mnRm ) and Kbn(mnRm ), respectively.

-C18N

o
C 12N

-J..lrClON

In this paper, slotless tubular permanent magnet actuators
for 2-DoF applications have been researched. The main focus
of this paper is on the linear actuator, while the rotary actuator
for this application is extensively researched in [12], [13].
A novel unified mathematical description of the magnetic
field in the form of semi-analytical equations is proposed
for the different researched topologies. The semi-analytical
mathematical field description is obtained by applying sets
of axisymmetric boundary conditions to the general field
equations in the different regions of the actuator. The boundary
conditions depend on the permanent magnet structure, the ma
terial of the different regions, and the magnetization pattern of
the actuator. The advantage of this semi-analytical description
is the time-efficient and accurate prediction of the magnetic
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C I7N -CISN 0 0 0 0
-cJNCllN -cJNCI2N C ISJ C I6J 0 0

C 9N -CION - ,.L 17NJC I3J ~r 17JNC I4J 0 -..l.UN
E=

-RmDNCIIN -RmDNCllN W J (RmCISJ - R rC 7J ) W J (RmC I6J - RrCsJ ) R rD NC 3N
R.f"-R2
::.::m........:

2

0 0 C 7J C SJ -cJN C 3N 0
0 0 - ~r 17NJ C SJ ~r 17NJ C SJ C IN -..l.UN

J.Lr
(44)

where

The coefficients aIn , bin, a2n and b2n can be calculated as

(45)

(46)

alN 0

bIN 0

a2J -HQ.M
x= ,y=

J..1.r ZN

b 2J 0
a3N 0
Bo -HQ.M

J.Lr ZN

where in (44) D N is an lxN matrix with coefficients

where E is defined in (44) and

1 (mnTmz )-cos --- ,
m n 2

W J is an 1xl matrix with coefficients

1 (qjTmz )-cos --- ,
qj 2

CJN is an I xN matrix with coefficients

-CI8N
o

C I2N

-JLrCION

x=E-I.y,

ApPENDIX C
QUASI-HALBACH WITH SOFT-MAGNETIC CORE

where

v u

and 17JN is an N xl matrix with coefficients

(
sin(v) sin(u))

o --+--
p v u'

where M ZN is a Nx 1 matrix with coefficients M zn .

ApPENDIX D
QUASI-HALBACH WITH NON-MAGNETIC CORE

The coefficient b3n is zero. The coefficients
aln , bIn, a2n, b2n , and a3n can be calculated as

sin(v) sin(u)
(47)

(48)

x=E-I.y,

where

. (2n - 1)1fOp . (2n - 1)1fOp (49)
v = J1f - 2 ' u = J1f + 2 '

and UN is an 1xN matrix with coefficients

x=E-I.y,

ApPENDIX E
AXIALLY MAGNETIZED WITH NON-MAGNETIC CORE

(50)
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