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Novel Magnetically Levitated 2-Level Motor 
 

 
Abstract– Several processes in chemical, pharmaceutical, 
biotechnology and semiconductor industry require con-
tactless levitation and rotation through a hermetically 
closed chamber wall. This paper presents a novel concept 
that combines crucial advantages such as high acceleration 
capability, large air gap and a compact motor setup. The 
basic idea is to separate a homopolar bearing unit axially 
from a multipolar drive unit on two different height levels. 
Hence, the proposed concept is denominated as “Magneti-
cally Levitated 2-Level Motor”. In this paper, the bearing 
and drive functionalities are explained in detail and design 
guidelines are given based on analytic equations and elec-
tromagnetic 3D simulations. Furthermore, the influence of 
non-idealities such as saturation and coupling effects are 
evaluated and included in the design. Finally, extensive 
measurements on an experimental prototype exemplify the 
design considerations and prove the excellent performance 
of the new concept. 

I. INTRODUCTION 
In the past decades there have been a lot of research 

activities in the field of magnetically levitated motors 
[1] - [6]. The implementation of the magnetic bearing 
technology includes key features such as contactless 
operation, almost unlimited life contrary to [7], build in 
fault diagnostics [8], wearless and lubrication-free op-
eration and therefore a high level of purity [9] and the 
possibility of active vibration damping [10],[11]. In the 
pharmaceutical, chemical, biochemical and semicon-
ductor industry several processes (e.g. coating, cleaning 
and polishing) require the application of chemical sub-
stances on rotating objects under clean room conditions 
[12]. Here, magnetically levitated motors are of high 
interest for these applications. The advantage of the 
magnetically levitated motors in these sensitive proc-
esses is their ability to spin a rotor in an encapsulated 
chamber, where the demand for high purity is satisfied 
and locally limited clean room space can be provided 

while avoiding failure susceptible seals.  
Fig. 1 demonstrates schematically such a process, 

showing a levitated rotor carrying a process object. The 
process is enclosed by a chamber and the rotor is levi-
tated and accelerated through the process chamber walls 
by the aid of electromagnetic bearings and drives, re-
spectively. Basically, there are several requirements for 
these applications: 
• A big air gap is required in order to ensure a mini-

mum thickness and therefore mechanical robustness 
of the process chamber that is placed within the air 
gap. 

• A compact motor setup is desirable due to the con-
stantly increasing costs of clean room space. 

• A high acceleration capability is needed in order to 
minimize the times between the process rotation 
speeds. This is directly influencing the efficiency 
and therefore the operating costs of the equipment. 

• A maximum rotation speed required by the process 
has to be reached. 

• A high temperature resistance is needed, including 
thermal expansion issues.  

• A highly chemical resistant hardware setup avoids 
that the various strongly reactive chemicals degen-
erate the motor components. 

• A stable, vibration-free levitation and rotation has 
to be ensured within the whole operating range, i.e. 
potential axial, radial and tilting resonances must 
not effectuate significant axial and radial displace-
ments of the rotor.  

Obviously, not all requirements can be fulfilled simul-
taneously, since they are partially conflicting. However, 
in the past several concepts have been developed that 
showed good performance in one or more of the before-
mentioned aspects.  

 
Fig. 1: Schematic cut view of an industry spinning process (e.g. coating, cleaning and polishing) that is hermetically sealed within a 
process chamber, using magnetic bearing technology for the levitation of the rotor. 
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In [13], a setup for a magnetically levitated pump sys-
tem for use in semiconductor, chemical and pharmaceu-
tical industry has been introduced. It incorporates a 
combined iron path for the drive and the bearing wind-
ings. Here, a high number of stator claws levitates and 
drives a single permanent magnet impeller, where its 
radial position is controlled actively and the axial posi-
tion as well as the tilting around the radial axes is con-
trolled passively. Due to the nature of the concept a 
very high number of stator claws would be necessary to 
levitate rotors with large diameters (i.e. number of pole 
pairs). Therefore, this concept has been adapted in 
pump applications with a pole pair number of one and 
impeller diameters smaller than 100 mm. 

Another concept has been presented in [14] and [15]. 
The concept features the utilization of the permanent 
magnet field of the rotor on different height levels for 
the drive and the bearing. The rotor can be built in a 
very compact way; however, due to the operation prin-
ciple this concept uses only the stray flux components 
for the driving of the rotor, which results in a relatively 
low motor torque and a poor acceleration performance.  

The bearingless segment motor with a combined 
bearing and drive has been presented in [16] and shows 
very good acceleration behavior in combination with a 
compact setup. However, due to the coupled windings 
for bearing and drive the control of the motor gets very 
complicated. Additionally, the concept demands a 
higher number of sensors and for increased power elec-
tronics effort. 

Standard shaft motors with applied bearingless 
method as presented in [4] and [17] demand a high con-
structional effort for the bearing and drive windings and 
hardly allow the hermetical encapsulation of the process 
object. These motors are increasingly used for flywheel, 

pump and compressor applications.  
In this paper, a new “Magnetically Levitated 2-Level 

Motor (ML2M)” is proposed, combining the advantages 
of the before-mentioned concepts. The principle of the 
ML2M is explained in more detail in section II. In sec-
tion III, the functionality of the magnetic bearing is in-
troduced and analytical descriptions of stability are 
given. This is followed by a design procedure of the 
permanent magnet synchronous drive presented in sec-
tion IV. Finally, the outstanding performance of the 
ML2M is proven by measurements on a laboratory pro-
totype in section V. 

II. PRINCIPLE OF THE 2-LEVEL MOTOR CONCEPT 
The ML2M concept introduced in this paper is based 

on the principle that the bearing and drive forces are ap-
plied on two different height levels (cf. Fig. 2). This en-
ables a drive structure with significantly increased 
torque as compared to the concepts presented in [14] 
and [15]. In comparison to the motors with integrated 
drive/ bearing functionality [16] the proposed 2-level 
concept shows a greatly reduced control effort and the 
advantage of separately optimized drive and bearing 
system. Furthermore, the homopolar bearing of the 
ML2M allows very high rotational speeds, while for the 
concepts featuring a multipolar bearing [13], [16] the 
maximum rotational speed is limited by the current rise 
capabilities of the bearing and the time delays in the 
signal electronics. 

A schematic cut view is depicted in Fig. 2. At the up-
per level, the magnetic bearing is located, consisting of 
rotor and stator permanent magnets (in order to provide 
a magnetic biasing) and the bearing windings around the 
four stator claws. The permanent magnet synchronous 
motor drive is positioned at an axially lower level. The 
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Fig. 2: Schematic cut view of the “Magnetically Levitated 2-Level Motor (ML2M)” including bearing and drive units on stator and 
rotor side. The flux path (ΦZ,pasv) of the passively generated force stabilizing the axial position and the tilting is indicated. The radial 
position is controlled actively and causes a flux (ΦR,act) through the stator lamination stack, which consequently causes a controlled 
radial force. 
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rotor magnets are round-shaped and have an alternate 
diametrical magnetization. Additionally, the drive claws 
and windings are located between the bearing claws on 
the stator, wherefore a more compact setup can be 
achieved. Position and angular sensors as introduced in 
[18] are distributed around the stator for the detection of 
the radial position and the rotation speed. 

III. HOMOPOLAR MAGNETIC BEARING 
A. Design 

With the aid of the homopolar magnetic bearing the 
rotor of the ML2M is levitated in a contactless manner. 
The homopolar magnetic bearing consists of axially 
magnetized permanent magnets fixed on an iron ring on 
both the stator and the rotor side. The bearing magnets 
stabilize the axial position and the tilting through reluc-
tance forces (cf. Fig. 3 and flux path ΦZ,pasv in Fig. 2). 
However, this positive axial stabilization causes also a 
negative destabilization in radial direction [19]-[21] that 
has to be compensated actively. Therefore, the flux den-
sity in the air gap is altered with the aid of the bearing 
windings that are supplied with the bearing current ID 
(see flux path ΦR,act in Fig. 2). The rotor is then moved 
into the direction of the larger flux density.  

The passive stabilization properties of the axial posi-
tion and the tilting of the rotor through reluctance forces 
in the air gap are depicted in Fig. 3. An axial deflection 
of the rotor out of its force equilibrium position causes 
restoring forces, since the reluctance forces tend to 
minimize the magnetic resistance as depicted in Fig. 
3(a). As the cross sectional area of the magnetic bearing 
and the material properties do not change, the only way 
to reach this minimum is the shortening of the length of 
the flux lines. Through this mechanism the rotor is 
brought back again into its force equilibrium position, 
which depends on the specific rotor construction and 
the rotor mass as will be explained later. At the same 
time, tilting is stabilized passively as depicted in Fig. 
3(b). Here, the reluctance forces cause the stabilizing 
tilting torque Mtilt,st, which restores the rotor to be in line 
with the stator. 

Besides the passive stabilization of the rotor, the per-
manent magnets also increase the effective flux density 
in the air gap, which serves as a biasing flux density for 
the active radial forces. Due to the quadratic relation-
ship between the flux density and the radial force, this 
magnetic biasing effectively reduces the necessary bear-
ing winding number NB and the bearing current IB in 
order to generate large radial forces for the radial stabi-
lization of the rotor. Typically, the permanent magnet 
dimensions are designed in order to have the bias flux 
density in the range of half of the saturation flux density 
of the iron BSat,Fe. In this way, the bearing winding ef-
fort is greatly reduced for generating large forces and 
there is still a safety margin in order to avoid the satura-
tion of the iron. However, for a stable levitation some 
more design aspects have to be considered. Therefore, 
in the following some crucial parameters that character-
ize the levitation properties are introduced and simple 
guidelines that have to be fulfilled are given. 

Firstly, the axial stiffness kZ,B [N/mm] describes the 
axial force FZ [N] that is needed in order to move the  
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Fig. 3: Principle of the passive (a) axial and (b) tilting stabili-
zation through reluctance forces for the axially magnetized 
permanent magnetic bearing of the ML2M. 

 
rotor z = 1 mm out of its stable position [22]. Secondly, 
the non-linear radial stiffness kR,B [N/mm] specifies the 
required radial force FR [N] needed to return the rotor 
back to its stable position after being displaced by 
1 mm. As mentioned before the permanent magnets on 
both the stator and the rotor bearing iron ring are used 
for flux biasing and to define the flux path through the 
air gap. The flux density can be altered depending on 
the rotor position by supplying the bearing windings 
with bearing currents, thereby generating Maxwell-
forces towards the target position [23]. The current im-
posed flux path ΦR,act of two opposing bearing claws 
causes the actively controlled radial force, which is de-
picted in Fig. 2. And thirdly, the force-current factor 
kI,B [N/(A·turns)] describes the force that can be gener-
ated per ampere-turn in the bearing winding.  

Generally, a high axial stiffness kZ,B is desired in order 
to counteract the weight force 
 gmzk BZ ⋅=Δ⋅,  (1) 
resulting in a minimum axial stiffness 

 
max

, z
gmk BZ Δ
⋅

> , (2) 

where Δzmax is the maximum allowable displacement in 
the axial direction, m is the mass of the rotor and g is the 
gravitational constant.  

However, as mentioned before, a high axial stiffness 
comes along with a destabilizing radial stiffness that has 
to be overcome by the stabilizing active magnetic force 
imposed by the bearing currents. Therefore, for allowing 
a maximum radial deflection Δrmax from the stable posi-
tion, the force-current factor kI,B has to be larger than a 
minimum value given by 

 
BB

BR
BI IN

rk
k

⋅
Δ⋅

> max,
, , (3) 

where NB is the bearing coil winding number and IB the 
bearing controller current. Here, it has to be considered 
that the force-displacement dependency is non-linear; 
therefore, evaluating (3) with a linear radial stiffness kR,B 
is only valid within a limited operating range. 

In order to facilitate the fulfillment of (3), NB has to 
be chosen as high as possible. However, a high number 
of bearing turns decreases the current rise capability in 
the bearing inductance LB. The electrical time constant  



Page: 5 

τE of the bearing is given by  

 
DC

BB
E U

LI ⋅
= max,τ , (4) 

where IB,max is the maximum bearing current and UDC 
the dc link voltage of an inverter in full bridge configu-
ration driving the bearing coil. Since LB scales with NB

2, 
the electrical time constant τE increases quadratically 
with NB. For achieving a stable system control the con-
dition 
 ME ττ << , (5) 
with the mechanical time constant τM defined as 

 
BR

M k
m

,
=τ , (6) 

has to be satisfied, i.e. a small number of bearing wind-
ings is desirable from this point of view. Therefore, the 
selection of NB will always be a trade-off between high 
dynamics (cf. (4) and (5)) and the maximum force con-
dition (cf. (3)) as was also stated in [24]. 

B. Interference with the drive system 
Due to the axial and circumferential separation of the 

drive and bearing system the mutual coupling effects 
can be assumed to be low. However, in addition to the 
bearing’s radial stiffness kR,B, the diametrically magnet-
ized permanent magnets of the drive on the rotor cause 
a magnetic force towards the stator leading to an addi-
tional stabilizing axial stiffness kZ,D and a destabilizing 
radial stiffness kR,D. These stiffness parameters have to 
be considered and added into the bearing design formu-
las presented in (1) – (3). 

Additionally, interactions between the bearing and the 
drive unit may cause tilting problems, which have to be 
considered and are addressed here now shortly. The tilt-
ing mechanisms are schematically depicted in Fig. 4 for 
a rotor, which is tilted around the bearing axis. The de-
stabilizing radial force FR,D of the drive causes a tilting 
torque MR,D around the bearing axis center with the dis-
tance h between the bearing and the drive being the 
lever 
 hFM DRDR ⋅= ,, . (7) 

The radial destabilizing force caused by the drive can be 
described by 
 tiltDRDR hkF α⋅⋅= ,, , (8) 
where αtilt is the tilting angle. At the same time the rotor 
is stabilized through the stabilizing torque MZ,B defined 
as 
 rFM BZ ⋅= α,  (9) 
with the restoring passive tilting force Fα acting on the 
radius of the rotor r as the lever. The tilting force Fα can 
be calculated out of the axial bearing stiffness kZ,B with  
 rfkkF TiltBaBZTilt ⋅⋅⋅=⋅= αϕααα )(, . (10) 
with kα [N/rad] being the tilting stiffness and fα being a 
weighting factor depending on the bearing claw opening 
angle φB (cf. Fig. 6). This factor summarizes the differ-
ent contributions of the four bearing units at the stator 
in dependency on φB for a tilting situation around a cer-
tain radial axis. For practically reasonable bearing claw 
opening angles in the range of φB = 25…60°mech. this  
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Fig. 4: Schematic cut view of the tilted ML2M rotor with ra-
dial stabilizing torque MZ,B and destabilizing torque MR,D indi-
cated. 
 
factor is approximately fα ≈ 0.5 rad-1. This proportion 
factor can be interpreted such that in total two of the 
four bearing claws contribute to the restoring tilting 
force Fα. With this, a tilting tendency factor ξtilt of the 
ML2M can be described as the ratio of the two torque 
values by  

 2
,

2
,

,

, 2
rk

hk
M
M

BZ

DR

BZ

DR
tilt

⋅

⋅
⋅==ξ . (11) 

In order to guarantee a stable operation the condition 
ξtilt << 1 has to be ensured. Usually, this is the case for 
rotors with a large radius to height ratio, as this is the 
case for the setup at hand. 

An additional destabilizing torque on the drive level 
may be caused by the superimposed electromagnetic 
forces resulting from the drive winding currents. How-
ever, as will be shown in following section, for the pre-
sented ML2M drive the opening angle of the drive lami-
nation stack φD is selected equal to the angle of 180°el. 
With this, there will always be the same amount of at-
tracting and repellent radial forces caused by the drive 
ampere-turns for any rotor position. Therefore, no re-
sulting radial force acting on the rotor is caused by the 
drive current, which is why it is not considered in (11). 

IV. PERMANENT MAGNET SYNCHRONOUS DRIVE 

A. Basics 
The main components of the 2-phase permanent mag-

net synchronous drive [25] are depicted schematically in 
Fig. 5. The flux path is defined by the stator drive claws 
with the drive windings, the air gap and the drive mag-
nets located on the rotor drive magnet ring. The drive 
magnets are round-shaped and with alternate diametrical 
magnetization in order to generate a sinusoidal-like flux 
density distribution in the air gap. A motor torque MD is 
generated if the drive windings are supplied with an ap-
propriate drive current ID, resulting in a tangential force 
FT. Since permanent magnets always attract iron inde-
pendently of their magnetization direction, the drive has 
priority positions. These priority positions are defined 
by the constructive design (φD, wClaw, dClaw) of the stator 
drive claw with respect to the rotor magnet dimensions, 
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Fig. 6: Schematic top view of the ML2Ms 2-phase drive unit 
with 90°el. shifted drive axes in order to reduce the cogging 
torque MCogging and generate a constant drive torque MD. Ad-
ditionally, the discrete angular positions along the bearing 
claw are indicated as referenced in Fig. 12. 
 
the rotor magnet strength as well as the size of the air 
gap δMag. This behavior causes a cogging torque MCogg  
ing, which induces additional losses and can lead to vi-
brations and jerky rotation especially in the low rota-
tional speed range [26]. The cogging torque of the 2-
phase drive of the ML2M can be greatly reduced, if the 
two drive axes are shifted by additional 90°el. as de-
picted in Fig. 6. This avoids having two maximum field 
densities forcing the rotor into a preferred position. A 
further reduction of the cogging torque MCogging can be 
achieved by an optimization of the stator claw dimen-
sions (see section IV.B). Additionally, the phase shift of 
the drive phases by 90°el. results in a constant motor 
drive torque MD that is independent of the rotor angular 
position [27] as depicted in Fig. 7. Assuming sinusoidal 
waveforms, the absence of magnetic saturation and the 
employment of field oriented control, the torque is 
given by 

 
Fig. 7: Visualization of the constant motor torque MD genera-
tion through the deployment of two by 90°el. shifted drive 
phases MDA and MDB. 
 

 ( ) ( )
R

Dind
D

tItUM
ω

ωω ⋅
=  (12) 

with the speed dependent induced voltage Uind, the drive 
current ID, which is controlled to be in phase with Uind, 
the angular mechanical rotation speed ωR and the angu-
lar electrical frequency ω. Due to the field-orientated 
control the drive current and the induced voltage are in 
phase and thus the drive torque MDA in phase A is a 
square sine and the drive torque MDB of the electrically 
90° phase shifted phase B is a square cosine. With  
 ( ) 1)(sincos 22 =+ tt ωω  (13) 
a constant motor torque MD results from the superposi-
tion of the two single phase torques that have the same 
absolute value. 

The main drive parameters introduced depend mainly 
on the flux density distribution in the air gap. Since this 
distribution is highly non-linear and it is inexpedient to 
describe them analytically the subsequent design con-
siderations are carried out based on 3D finite element 
simulations by using Maxwell® 3D [28].  
B. Design 

The major degrees of freedom for the permanent 
magnet synchronous drive design are the shape of the 
stator claws, especially the drive stator claw width wClaw, 
the number of turns ND of the drive coils and the thick-
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Fig. 5: Principle of the drive of the Novel Magnetically Levitated 2-Level Motor with side view (a) and top view (b). 
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ness dIR of the drive iron ring. By optimizing these pa-
rameters the design aim of minimum cogging torque 
MCogging, acceptable radial stiffness kR,D and maximum 
motor torque MD can be achieved. 

A first great reduction of the cogging torque can al-
ready be achieved, if the drive phase axes are circularly 
shifted by 90°el. as mentioned in the previous. For sim-
plifying the design simple U-shaped drive elements as 
depicted in Fig. 5(b) are considered here. As a detailed 
analysis shows, this shape is not optimal regarding the 
cogging torque, but has much smaller saturation affinity 
as has been shown in [29], which is important for high 
acceleration motors with large air gap as this is the case 
here. Since the cogging torque does not reach critical 
values due to the before-mentioned 90°el. shifting of the 
phase axes, this shape is considered here. Furthermore, 
the opening angle φD is set to φD = 180°el. This maxi-
mizes the achievable torque and leaves wClaw as the only 
dimensional optimization parameter. Fig. 8 shows the 
simulation results of MCogging, MD and kR,D for different 
stator claw widths wClaw. As can be seen there, a mini-
mum cogging torque is reached for wClaw = 20 mm at a 
high motor torque. Furthermore, Fig. 8 shows the linear 
dependency of the negative radial stiffness on the stator 
claw widths, which justifies the selection of wClaw = 
20 mm rather than any wider stator claw.  

Another design parameter is the thickness dIR of the 
drive iron ring, which constitutes the feedback path for 
the drive flux ΦD. If dIR is selected very small, satura-
tion effects in the drive iron ring will occur and will de-
grade the flux density in the air gap and consequently 
the induced voltage and the drive torque. The critical 
thickness for dIR is given at the connection point be-
tween two rotor magnets, since the maximum drive flux 
has to pass through there (cf. Fig. 5). The resulting flux 
density defining the saturation in the iron ring is com-
posed of two flux components, where the major compo-
nent is the permanent flux density by the drive perma-
nent magnets and the minor component is the flux im-
posed by the drive winding currents. The distance be-
tween two stator claws dClaw is typically much smaller 
than the magnetic air gap δMag plus the length of the per-
manent magnets lPM that add on to the flux path due 
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Fig. 8: Results of 3D finite element simulations for the cog-
ging torque MCogging, the radial stiffness kR,D and the motor 
drive torque MD for two different ampere-turn ratios (per drive 
claw) in dependency on the stator claw width wClaw. 

permanent magnets lPM that add on to the flux path due 
to there air like permeability (µMag ≈ 1, cf. Fig. 9). 
Therefore, the current generated flux will mainly pass 
through the space between the stator claws and hardly 
enter the rotor iron ring. Hence, the flux density in the 
iron ring will be clearly dominated by the permanent 
magnets. Thus, only this portion will be considered for 
the following design guidelines. 

An integration of the approximately sinusoidal flux 
density distribution along the back side of half a drive 
magnet (cf. Fig. 9) gives the total flux ΦD that passes 
from one magnet to the neighbored one through the iron 
ring and is defined by 

p
hrB

dbh
r

pbBdABΦ

IRIRPM
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IR
PM
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PMD

PM

⋅⋅
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⋅⋅⎟⎟
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⎛ ⋅
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2/
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π

 (14) 

with the arc length b (cf. Fig. 9), the permanent magnet 
flux density BPM passing perpendicularly through the 
back side area APM of the magnet (cf. Fig. 9), the inner 
drive iron ring radius rIR, the iron ring height hIR and the 
number of pole pairs p. 

In order not to saturate the iron material (BPM < 
BSat,Fe) for a worst case situation (ΦD = ΦD,max) at the po-
sition b = 0 rad the cross-section AΦ has to fulfill the 
condition 

 
FeSat

D
Φ B

A
,

max,Φ
≥ , (15) 

which gives with AΦ = hIR·dIR (cf. Fig. 9) the minimum 
thickness for the drive iron ring 

 
pB
rB

d
FeSat

IRPM
IR ⋅

⋅
≥

,

max, . (16) 

where BPM,max is the maximum appearing value of BPM. 
The exact value of the flux density BPM can be ascer-
tained only by electromagnetic simulations. However, 
analytical approximations can already give a rough 
guideline. The maximum value of the flux density 
BPM,max, which represents the worst-case condition for 
the saturation in the iron, occurs, when the air gap be-
tween rotor and stator becomes minimal, i.e. when the 
rotor magnets lie exactly in front of the drive claws as 
shown in Fig. 9. In this position, the flux density can be 
estimated (with µR → ∞) by  
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Fig. 9: Schematic view of a drive pole pair and the iron ring in 
front of a stator claw pair with flux cross section areas indi-
cated. 
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RPM l

lBB
δ+

⋅≤max, , (17) 

where BR is the remanence flux density of the perma-
nent magnet, lPM is the length of a permanent magnet, 
and δMag is the magnetic air gap (including the thickness 
of the fixing ring). Since in reality not all lines of the 
magnetic flux will follow the shortest way (and some 
not even enter the stator claw) and thus the average air 
gap will be larger than δMag, (17) represents a worst-case 
approximation. As a detailed analysis shows, at that 
considered maximum point the impressed force by the 
drive windings is zero, therefore the before-mentioned 
negligence of that influence has been correct. 

Hence, (16) and (17) provide a guideline for the re-
quired iron thickness dIR in dependency of the pole pair 
number p and the radius r. However, selecting dIR 
smaller than given in (16) relates to a weight reduction 
and can probably lead to an increased acceleration per-
formance of the motor even though the air gap flux den-
sity is reduced. 

Besides the discussed constructional parameters the 
winding number of the drive coils greatly influences the 
acceleration behavior of the ML2M. According to [14] 
the maximum applicable drive current ÎD per phase is 
given by  

222

2222222 ˆ)(ˆ
ˆ

DD

indDDCDDDind
D LR

ULULRRU
I

⋅+
⋅⋅−⋅+±⋅−

=
ω

ωω ,(18) 

where Ûind is the rotation speed dependent induced volt-
age amplitude, RD is the winding resistance per phase, 
LD the drive winding inductance per phase and 
ω = 2π·nR·p/60 the electrical angular frequency with nR 
being the rotational speed in rotations per minute.  

As can be seen in Fig. 10(a), for low rotational speeds 
the drive current is limited by the maximum current 
IPE,max provided by  the power electronics, while for 
higher rotation speeds the current is decreasing due to 
the growing impedance ω·LD and due to the induced 
voltage which is increasing linearly with ω (cf. 
Fig. 10(a)). Both Uind ~ ND and LD ~ ND 

2 are depending 
on the number of coil turns ND, wherefore the available 
drive current is decreasing with increasing turns number 
(cf. Fig. 10(a)). On the other hand, the drive power per 

phase is given by the product of the induced voltage and 
the drive current 
 )()( DDDindD NINUP ⋅= . (19) 
Thus, an optimum number of turns can be identified for 
a certain rotation speed region. This is shown in 
Fig. 10(b), where the acceleration times for different ro-
tor speeds and winding numbers for a 2-phase drive are 
plotted. It shows that a target rotational speed of 2000 
rpm can be reached within 3.6 s for an optimum number 
of turns of ND = 600 per phase. It has to be mentioned 
that this calculation is only correct for non-saturated ma-
terial both in the stator claws and in the iron ring as dis-
cussed before and for sinusoidal current and induced 
voltage waveforms being perfectly in phase (due to field 
oriented control). 

V. EXPERIMENTAL PERFORMANCE 
Based on the design guidelines that have been pre-

sented in the previous sections, a prototype has been 
built in order to verify the design considerations. In Ta-
ble 1 the characteristic parameters of the chosen design 
are compiled. Fig. 11 shows the complete assembly in-
cluding the rotor and the stator-sided bearing and drive 
system. The axial bearing stiffness kZ,B and the rotor 
mass m result in a gravitational axial displacement 
zdefl,grav of approximately 2 mm. Compared to the con-
siderably larger active bearing height hB = 23 mm (cf. 
Fig. 4) this displacement has no significant influence on 
the magnetic levitation system. 
A 3D plot of the measured flux densities in the axial 
level of the bearing stator lamination stack within the air 
gap along the bearing claw is shown in Fig. 12, whereby 
the discrete angular positions along the bearing claw are 
corresponding with the indications in the schematic top 
view of Fig. 6. The 3D plot shows flux density values in 
the air gap in the range of about of BAir ≈ 200…250 mT 
in front of the bearing claw. In close proximity to the 
bearing magnets on rotor and stator side the flux density 
is increased due to self closing flux lines. Distinct flux 
density peaks can be observed on the edges of the stator 
magnets resulting from edge shortcut effects. Due to the 
large air gap, the flux density values are comparatively 
low, since bias flux densities in the range of half of the  
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Fig. 10: (a) Achievable drive current ÎD (for IPE, max = 18 A) and induced voltage Ûind in dependency of the rotation speed nR for dif-
ferent drive winding numbers ND and (b) estimated acceleration performance of the 2-phase ML2M. 
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Fig. 11: Photography of completely assembled laboratory pro-
totype with bearing and drive windings and geometry parame-
ters outside rotor diameter dA and mechanical air gap δMech 
indicated.  
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Fig. 12: 3D plot of the flux density in the air gap along the 
stator circumference in dependency of the distance from the 
stator. The bearing angle positions are indicated in Fig. 6. 
 
saturation flux density of the iron would be desirable as 
mentioned already in section III.A. However, for this air 
gap length, higher bias flux densities could only be 
achieved by significantly larger bearing unit dimensions 
(both permanent magnets and iron), which would result 
in a less compact setup. 

In order to prove the applicability of the 3D FEM 
simulations the measured values of the axial and radial 
stiffness and the force-current factor are compared in 
Fig. 13(a)-(c) with the simulated values and show gen-
erally a good agreement. For the axial stiffness (cf. Fig. 
13(a)) the assumption of a linear factor kZ,B is correct in 
a wide area. For the measurement of the axial stiffness a 
force meter was attached to the mechanically centered 
rotor. The axial deflection Δz resulting from the applied 
axial force FZ was then measured with the aid of laser 
distance sensors. Due to the square dependency of the 
radial force on the displacement, the radial stiffness (cf. 
Fig. 13(b)) has been approximated with a quadratic fit 
function. For the measurement the rotor was mechani-
cally deflected from the centre position along one  

TABLE 1: DESIGN DATA OF THE EXPERIMENTAL SETUP 
 

Outside rotor diameter dA 410 mm 

Mechanical air gap δMech 7 mm 

Maximum Radial Deflection Δrmax 2 mm 

Number of pole pairs p 12 

Axial stiffness kZ,B 25 N/mm 

Radial stiffness kR,B -20 N/mm 

Force-Current factor kI,B 1 N/(100 A·turns) 

Tilting stiffness kφ,B 57 N/rad 

Motor Torque MD for ID = 1Arms 0.7 Nm 

Cogging Torque MCogging 0.45 Nm 

Bearing phase winding number NB 2 x 300 turns 

Drive phase winding number ND 4 x 150 turns 

Rotor mass m 5 kg 

Drive Iron Ring Thickness dIR 6 mm 

Drive Iron Ring Height hIR 10 mm 

Stator Claw Width wClaw 20 mm 

Drive Opening Angle φD 180°el. 

Bearing Opening Angle φB 360°el. 

Drive Height hD 10 mm 

Bearing Height hB 23 mm 

 
bearing axis by distance pieces, while the rotor was me-
chanically centered in the other bearing axis. The force 
needed to bring the rotor back into the center position 
was then measured using a force meter. The small de-
viations between the measured radial stiffness and the 
values predicted by the simulations can be related to the 
impreciseness of the measurement method. The match 
of simulation and measurement data is still acceptable. 
For the force-current factor, a perfect agreement be-
tween measurement and simulations can be seen in Fig. 
13(c). For the measurement, the rotor was levitated and 
a force was applied with a force meter in one bearing 
axis. The appearing current was measured and used for 
the calculation of the force-current factor. 

Besides the static properties of the magnetic bearing, 
in the following also the dynamics are investigated in 
order to describe the suspension characteristics com-
pletely. The deflection of the rotor is controlled by a 
cascaded controller, with the position controller in the 
outer loop and the bearing current controller in the inner 
loop. The control structure is not explained here for the 
sake of brevity, but can be found e.g. in [30]. For the 
characterization of the bearing current controller a step 
response of the bearing current IB for a 10 A step of the 
bearing current reference IB,ref is shown in Fig. 14. The 
evaluated electrical time constant τE = 1.56 ms clearly 
fulfils the condition formulated in (5), since it is much 
smaller than the mechanical time constant τM = 15.8 ms, 
which can be calculated from (6) and the design data 
given in Table 1. 
The step response of the deflection in y-axis ydefl for a 
650 μm step of the position controller reference signal 
POSref is shown in Fig. 15. The maximum radial deflec-
tion is limited mechanically to Δrmax = 2 mm by  
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Fig. 13: (a) Measured and simulated axial stiffness; (b) meas-
ured and simulated radial stiffness; and (c) measured and 
simulated force-current factor. 
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Fig. 14: Step response of the bearing current IB for a 10 A step 
of the bearing current reference IB,ref with the electrical time 
constant τE indicated and compared to the mechanical time 
constant τM (scale: 2 A/div, 1 ms/div.). 
 
distances pieces as indicated in Fig. 11. Therefore, the 
650 μm step corresponds to a 32% change within the 
operating range, leading to an overshoot of 27% and a 
settle time of 160 ms. The radial deflection of the rotor 
ydefl during acceleration from 0 to 2000 rpm is shown  

IB

Posref

27 %
ydefl

 
Fig. 15: Step response of the radial deflection in y-axis ydefl for 
a 650 μm step of the position controller reference signal POSref 
with a 27% overshoot indicated and the corresponding bearing 
current IB (scales: 10 A/div., 170 μm/div., 40 ms/div.). 
 

 
Fig. 16: Radial deflection of the rotor in y-axis during accel-
eration from 0 to 2000 rpm measured with laser distance sen-
sors (scales: 800 rpm/div., 500 μm/div., 1 s/ div.). 
 

 
Fig. 17: Influence of rotor rotation on the radial positioning at 
0 rpm ydefl,0rpm compared to 100 rpm ydefl,100rpm (scales: 
50 μm/div., 100 ms/div.). 
 
in Fig. 16. Here, the maximum occurring radial deflec-
tion is in the range of ydefl = ± 180 μm. This deflection is 
acceptable and is mainly caused by asymmetries of the 
rotor prototype that cause rotational unbalances, which 
could be eliminated by more advanced control schemes. 
The impact of rotation on the radial deflection of the ro-
tor is demonstrated in Fig. 17 exemplarily for 100 rpm. 
Here, the rotor has virtually no radial deflection if in 
standstill ydefl,0rpm ≈ 0. If the motor rotates at 100 rpm, 
the radial deflection increases up to ydefl,100rpm = ± 57 μm. 
Although the radial deflection values are small and in an  
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Fig. 18: Acceleration performance of ML2M from 0 to 2000 
rpm for IPE,max = 18A in 3.5s and deceleration in 2.8s (scales: 
800 rpm/div., 10 A/div., 1 s/div.). 
 
acceptable range already, they can be reduced by using 
more precise fabrication methods for the rotor for future 
prototypes and/or by control schemes with an unbalance 
compensation circuit. 

Finally, Fig. 18 shows the acceleration performance 
of the ML2M drive from 0 rpm to 2000 rpm for 
ÎPE,max = 18 A. For the run-up sequence, the final speed 
of 2000 rpm can be reached within 3.8 s, which is close 
to the value predicted by the simulations (cf. section 
IV.B), while the deceleration is accomplished within 
2.8 s. This performance is very satisfactory considering 
the motor dimensions and the large air gap. With this, 
on the one hand the design procedure and correctness of 
the simulations could be verified, and on the other hand 
the excellent performance of the ML2M concept could 
be proved. 

VI. CONCLUSIONS 
The paper describes a new concept called “Novel 

Magnetically Levitated 2-Level Motor” (ML2M) that is 
of high interest for several industry branches, where 
contactless levitation and rotation in clean room envi-
ronments is required. The new concept features high 
acceleration capability, a compact setup, low power 
electronics effort and a separate design and simple con-
trol of the bearing and drive units even for large air 
gaps. In this paper, the functionality of the ML2M con-
cept has been explained and guidelines for the design of 
the drive and bearing unit have been presented, also tak-
ing saturation and coupling effects between the drive 
and bearing system into account. Finally, the theoretical 
considerations have been verified on a prototype setup 
by extensive measurements of design parameters, per-
formance values, and achievable acceleration times. 

REFERENCES 
[1] R. Schoeb, N. Barletta, “Principle and Application of a Bearingless 

Slice Motor,” JSME Int. Journal Series C, pp.593-598, 1997. 
[2] A. Chiba, D.T. Power, M.A Rahman, “Chracteristics of a Bearingless 

Induction Motor,” IEEE Trans. Magnetics, vol. 27, no. 6, Nov. 1991. 
[3] S. Silber, W. Amrhein, P. Boesch, R. Schoeb, N. Barletta, “Design 

aspects of bearingless slice motors,” IEEE/ASME Trans. Mechatron-
ics, vol. 10, no.6, pp.611-617, Dec. 2005. 

[4] A.O. Salazar, R.M. Stephan, “A bearingless method for induction 
machines,” IEEE Trans. on Magnetics, vol.29, no.6, pp.2965-2967, 
Nov. 1993. 

[5] H. Kusayanagi, M. Takemoto, Y. Tanaka, A. Chiba, T. Fukao, “Basic 
characteristics of a permanent-magnet type bearingless motor with 
positive salient pole,” ICEMS. International Conference on Electrical 
Machines and Systems, pp.1698-1703, 8-11 Oct. 2007. 

[6] N. Watanabe, H. Sugimoto, A. Chiba, T. Fukao, M. Takemoto, “Basic 
Characteristic of the Multi-Consequent-Pole Bearingless Motor,” 
Power Conversion Conference - Nagoya, 2007. PCC '07, pp.1565-
1570, 2-5 Apr. 2007. 

[7] I.Y. Oenel, M.E.H. Benbouzid, “Induction Motor Bearing Failure 
Detection and Diagnosis: Park and Concordia Transform Approaches 
Comparative Study,” IEEE/ASME Transactions on Mechatronics, 
vol.13, no.2, pp.257-262, Apr. 2008. 

[8] M.N. Sahinkaya, A.-H.G. Abulrub, P.S. Keogh; C.R. Burrows, “Mul-
tiple Sliding and Rolling Contact Dynamics for a Flexible Ro-
tor/Magnetic Bearing System,” IEEE/ASME Transactions on Mecha-
tronics, vol.12, no.2, pp.179-189, Apr. 2007. 

[9] J. Boehm, R. Gerber, J.R. Hartley, S. Whitley, “Development of active 
magnetic bearings for high speed rotors,” IEEE Trans. on Magnetics, 
vol.26, no.5, pp.2544-2546, Sep. 1990. 

[10] A. Chiba, T. Fukao, M.A. Rahman, “Vibration Suppression of a 
Flexible Shaft with a Simplified Bearingless Induction Motor Drive,” 
Conference Record of the 2006 IEEE Industry Applications Confer-
ence, 41st IAS Annual Meeting, vol.2, pp.836-842, 8-12 Oct. 2006. 

[11] A. Wu, Z. Cai, M.S. de Queiroz, “Model-Based Control of Active 
Tilting-Pad Bearings,” IEEE/ASME Transactions on Mechatronics, 
vol.12, no.6, pp.689-695, Dec. 2007. 

[12] Y. Chisti, M. Moo-Young, “Clean-in-place systems for industrial bio-
reactors: Design, validation and operation,” Journal of Industrial Mi-
crobiology and Biotechnology, 1994.  

[13] N. Barletta, R. Schöb, “Design of a Bearingless Blood Pump,” 3rd Int. 
Symp. on Magnetic Suspension Technology, Tallahassee, 1995. 

[14] R. Schoeb, N. Barletta, M. Weber and R. von Rohr, “Design of a 
Bearingless Bubble Bed Reactor”, Proc. 6th Int. Symp. on Magnetic 
Bearings, pp.507–516., 1998. 

[15] T. Schneeberger, J. W. Kolar, “Novel Integrated Bearingless Hollow-
Shaft Drive,” Proc. of the IEEE Ind. Applic. Conf. IAS, Tampa (USA), 
8 – 12 Oct. 2006. 

[16] W. Gruber, W. Amrhein, “Design of a Bearingless Segment Motor,” 
Proc. of the 10th Int. Symp. on Magnetic Bearings, Martigny, 2006. 

[17] K. Asami, A. Chiba, M.A. Rahman, T. Hoshino, A. Nakajima, “Stiff-
ness analysis of a magnetically suspended bearingless motor with 
permanent magnet passive positioning,” IEEE Trans. on Magnetics, 
vol.41, no.10, pp.3820-3822, Oct. 2005. 

[18] J. Boehm; R. Gerber, N.R.C. Kiley, “Sensors for magnetic bearings,” 
IEEE Trans. on Magnetics, vol.29, no.6, pp.2962-2964, Nov. 1993. 

[19] J. Delamare, E. Rulliere, J.P. Yonnet, “Classification and synthesis of 
permanent magnet bearing configurations,” IEEE Trans. on Magnet-
ics, vol.31, no.6, pp.4190-4192, Nov. 1995. 

[20] J.-P. Yonnet, “Permanent magnet bearings and couplings,” IEEE 
Trans. Magnetics, vol.17, no.1, pp.1169- 1173, Jan. 1981. 

[21] S. Earnshaw, “On the nature of the molecular forces which regulate 
the constitution of the luminiferous ether,” Trans. Camb. Phil. SOC., 
vol. 7, no. 1, pp.97-112, 1839. 

[22] G. Stumberger, D. Dolinar, U. Palmer, K. Hameyer, “Optimization of 
radial active magnetic bearings using the finite element technique and 
the differential evolution algorithm,” IEEE Trans. on Magnetics, 
vol.36, no.4, pp.1009-1013, Jul. 2000. 

[23] W. Amrhein, S. Silber, K. Nenninger, “Levitation forces in bearingless 
permanent magnet motors,” IEEE Trans. on Magnetics, vol.35, no. 5, 
pp.4052-4054, Sep. 1999. 

[24] M. Amada, A. Mizuguchi, Y. Asano, J. Asama, A. Chiba, M. Take-
moto, T. Fukao, “Winding Design and Characteristic of a Consequent-
Pole Type Bearingless Motor with 4-Axis Active Magnetic Suspen-
sion,” Conference Record of the 2007 IEEE Industry Applications 
Conference 42nd IAS Annual Meeting, pp.552-557, 23-27 Sept. 2007. 

[25] D.P.M. Cahill, B. Adkins, “The permanent magnet synchronous mo-
tor,” Proc. Inst. El. Eng., vol. 109, no. 48, pp.483-491, Dec. 1962. 

[26] A. Hamler, B. Hribernik, “Impact of shape of stator pole of one phase 
brushless motor on cogging torque,” IEEE Trans. on Magnetics, 
vol.32, no.3, pp.1545-1548, May 1996. 

[27] C. Breton, J. Bartolome, J.A. Benito, G. Tassinario, I. Flotats, C.W. 
Lu, B.J. Chalmers, “Influence of machine symmetry on reduction of 
cogging torque in permanent-magnet brushless motors,” IEEE Trans. 
on Magnetics, vol.36, no.5, pp.3819-3823, Sep. 2000. 

[28] Maxwell® 3D by Ansoft Corporation, http://www.ansoft.com. 
[29] P. Karutz, T. Nussbaumer, W. Gruber, J.W.Kolar, “Saturation Effects 

in High Acceleration Bearingless Slice Motors, “ To be published in 
Proc. of the 2008 IEEE International Symposium on Industrial Elec-
tronics, Cambridge (UK), 2008. 

[30] R. Schoeb and J. Bichsel, “Vector control of the bearingless motor,” 
Proc. 4th Int. Symp. Magnetic Bearings, Zurich, Switzerland, pp.327-
332, 1994. 

 



Page: 12 

BIOGRAPHY 
Philipp Karutz was born in 1981 in 
Magdeburg, Germany. He studied 
electrical engineering at Otto-von-
Guericke University Magdeburg and 
received his M.Sc. degree in 2005. 
Since 2005 he was been with ABB 
Corporate Research Centre Baden, 
Switzerland working on EMC-
simulations/measurements and the 
packaging of power modules for 
motor drives. He has been a Ph.D. 
student at the Power Electronic Sys-
tems Laboratory, ETH Zurich, Swit-
zerland since 2006. His research 

interests include Power Factor Correction, ultra compact AC-DC 
converters and magnetically levitated motors. He is a student mem-
ber of IEEE. 
 

Thomas Nussbaumer was born in 
Vienna, Austria, in 1975 and studied 
electrical engineering at the Univer-
sity of Technology Vienna, Austria, 
where he received his M.Sc. degree 
with honors in 2001. During his 
Ph.D. studies at the Power Elec-
tronic Systems Laboratory (PES) in 
the Swiss Federal Institute of Tech-
nology (ETH) Zurich, Switzerland, 
he performed research on the de-
sign, control and modulation of 
three-phase rectifiers with low ef-

fects on the mains. After receiving his Ph.D. degree in 2004 he has 
been continuing research on power factor correction techniques, 
modeling and dynamic control of three-phase rectifiers and elec-
tromagnetic compatibility. Since Feb, 2006 he has been with Levi-
tronix GmbH, where he is currently working on magnetically levi-
tated rotors and pumps for the semiconductor process industry. Dr. 
Nussbaumer is a member of the Austrian Society of Electrical En-
gineering (OVE) and a member of the IEEE. 
 

Wolfgang Gruber was born in Am-
stetten, Austria, in 1977. He studied 
mechatronics at Johannes Kepler 
University Linz, Austria, and re-
ceived his M.Sc. degree in 2004. 
Since 2004, he has been a Scientific 
Assistant and Ph.D. student at the 
Institute of Electrical Drives and 
Power Electronics, Johannes Kepler 
University Linz, where he has been 
involved in various research pro-
jects. His research interests include 
magnetic bearings, bearingless mo-

tors and brushless motors. He is member of the Association for 
Electrical, Electronic & Information Technologies (VDE) and a 
student member of IEEE. 
 

Johann W. Kolar (M’89–SM’04) 
received his Ph.D. degree (summa 
cum laude / promotio sub auspiciis 
praesidentis rei publicae) from the 
University of Technology Vienna, 
Austria.  Since 1984 he has been 
working as an independent interna-
tional consultant in close collabora-
tion with the University of Technol-
ogy Vienna, in the fields of power 
electronics, industrial electronics 
and high performance drives. He has 
proposed numerous novel PWM 

converter topologies, and modulation and control concepts, e.g., the 
VIENNA Rectifier and the Three-Phase AC-AC Sparse Matrix 
Converter. Dr. Kolar has published over 250 scientific papers in 
international journals and conference proceedings and has filed 
more than 70 patents. He was appointed Professor and Head of the 

Power Electronic Systems Laboratory at the Swiss Federal Institute 
of Technology (ETH) Zurich on Feb. 1, 2001.  
The focus of his current research is on AC-AC and AC-DC con-
verter topologies with low effects on the mains, e.g. for power sup-
ply of telecommunication systems, More-Electric-Aircraft  and 
distributed power systems in connection with fuel cells. Further 
main areas are the realization of ultra-compact intelligent converter 
modules employing latest power semiconductor technology (SiC), 
novel concepts for cooling and EMI  filtering, multi-domain/multi-
scale modelling and simulation, pulsed power, bearingless motors, 
and Power MEMS. He received the Best Transactions Paper Award 
of the IEEE Industrial Electronics Society in 2005. He also re-
ceived an Erskine Fellowship from the University of Canterbury, 
New Zealand, in 2003. In 2006, the European Power Supplies 
Manufacturers Association (EPSMA) awarded the Power Electron-
ics Systems Laboratory of ETH Zurich as the leading academic 
research institution in Europe. 
Dr. Kolar is a Member of the IEEE and a Member of the IEEJ and 
of Technical Program Committees of numerous international con-
ferences in the field (e.g. Director of the Power Quality Branch of 
the International Conference on Power Conversion and Intelligent 
Motion). From 1997 through 2000 he has been serving as an Asso-
ciate Editor of the IEEE Transactions on Industrial Electronics and 
since 2001 as an Associate Editor of the IEEE Transactions on 
Power Electronics. Since 2002 he also is an Associate Editor of the 
Journal of Power Electronics of the Korean Institute of Power Elec-
tronics and a member of the Editorial Advisory Board of the IEEJ 
Transactions on Electrical and Electronic Engineering. 

 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice




