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Abstract. This paper presents several feasible slot/pole combinations for a bearingless motor 

in exterior rotor construction. Due to the limited available stator space, the slot number of 

the stator has to be chosen small in order to provide sufficient winding space. The 

characteristics of each possible topology are discussed in great detail and for each setup the 

optimal design parameters are derived using 3D-FEM analysis. In the end, a fair comparison 

between the presented topologies is undertaken and the optimal motor topology is 

implemented in a real-size prototype setup.   

Introduction  

For the chemical, pharmaceutical and biotechnological industry sector, the qualitative 

refinement of high-purity mixing is a mandatory prerequisite to improve both research and 

production processes. State-of-the art mixing systems either use magnetic couplings or a 

long shaft passing through a seal to transmit the rotation energy from an outer motor into the 

process tank. With a bearingless motor [1-8], the common drawbacks of additional bearings 

inside the process tank and of pinch-off areas due to mechanical contact can be eliminated. 

Moreover, due to the large possible air gap, clean-in-place and sterilization-in-place 

processes [9] are facilitated. The bearingless motor is completely free of wear as well as free 

of lubrication and thus promises low maintenance cost and long life time. 

 The bearingless motor in exterior rotor construction can be advantageously employed for 

high-purity mixing when only the rotor is placed inside the process tank, whereas the stator 

and all control and power electronics are located outside, separated by the tank wall (cf. Fig. 

1). The impeller can then be mounted directly onto the rotor, which levitates and rotates 

inside the tank in a contactless manner. With this construction type, flow-low zones are 

avoided and complete tank drainage through the bottom outlet is not disturbed. Moreover, 

high mixing torque can be produced with a compact setup. 
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Fig. 1: Open view of the tank bottom. The stator is placed inside an indentation reaching into the tank bottom, 

but still outside of the tank wall. Only the rotor with the impeller blades is then mounted inside the process 

liquid and is levitated around the stator. 



 This paper will focus on different exterior rotor bearingless motor topology possibilities. 

In a first step, three feasible topologies are discussed and compared analytically. In a second 

step, their torque and bearing performances are compared based on a 3D-FEM analysis. The 

goal is to come up with high-torque motors that show stable bearing behavior under working 

conditions. In the end, the simulation results of the most promising topology are verified 

with the performance of prototype setup. 

Exterior rotor bearingless motor topologies 

The most characteristic topology differences for bearingless motors result from the choice of 

the rotor pole pair number p and the stator slot number q. Once this choice is made, mainly 

geometrical variations influence the final design of each motor.  

 For the exterior rotor construction type, the outer rotor diameter (which usually results 

from the required tank volume and the specific application) limits the motor size in the radial 

directions. Therefore, the stator space will be very limited since the whole stator iron and the 

windings need to be placed inside the hollow rotor ring. For this reason, only stator 

configurations with small slot numbers can be considered because the ratio of iron material 

to winding material would become unfavorably large otherwise. The proposed topologies are 

assembled with combined concentrated windings [10], so that there is one separate coil per 

stator tooth and it contributes to the generation of both torque and bearing forces. The 

required drive and bearing currents can be digitally controlled independent of each other and 

will then be superimposed mathematically prior to applying them to the stator coils. The 

rotor of the bearingless motor consists of a back iron ring and of permanent magnets which 

are magnetized in radial direction in alternating order. 

 With a very small slot number of three, a permanent magnet motor could be built. 

However, it is not possible to come up with a bearingless motor with this design, because 

drive and bearing would influence each other so that they cannot be controlled 

independently. 

 The four-slot/twelve-pole motor from Fig. 2(a) consists of a two-phase bearing combined 

with a single-phase drive. It can be controlled with an inverter consisting of four full-bridges,  
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Fig. 2: CAD drawing of a four-slot/twelve-pole motor topology in (a) and its torque characteristic in 

dependence on the rotor angle (when neglecting the cogging torque) in (b). 



where each separated coil is controlled individually. The currents for both drive and bearing 

are superimposed and then applied independently to each coil. The reluctance force in the 

geometrical center position of the rotor is zero, thus only small bearing currents are required 

to stabilize the levitation. However, the drive produces a torque that varies over the rotation 

angle with the square of a sinusoidal function and thus even reaches zero for certain rotor 

angles. Moreover, a rather large cogging torque arises due to the non-fractional slot-pole-

ratio. In Fig. 2(b), the (normalized) producible torque is shown in dependence on the rotor 

angle without consideration of the cogging torque. The bearing has to be fed with non-

sinusoidal currents in order to create independent forces in x- and y-direction. It is possible to 

generate a constant force independent of the rotor angle, which would lead to a circle in the 

angular plot of Fig. 2(b). 

 The motor in Fig. 3(a) consists of a rotor with 16 permanent magnets and a five-slot 

stator. It is controlled by a five-phase bearing and a five-phase drive, which guarantees 

smooth drive torque. However, the control of this motor is challenging, because it cannot run 

with sinusoidal currents but rather with a complex function in order to decouple bearing and 

drive. Fig. 3(b) shows three of the five bearing currents for the generation of a force in x-

direction.  The calculation of these currents in the control is time consuming, which might 

lower the control performance. Moreover, high bearing currents have to be applied in order 

to stabilize the rotor in its center position due to non-zero reluctance forces appearing in 

dependence on the stator tooth width. This limits the available magnetomotive force for 

torque generation, when a certain maximum overall current density is maintained. When the 

currents are calculated correctly, is should be possible to generate drive and bearing forces 

that are independent of each other. This would lead to a circle in the angular plane, similar to 

Fig. 4(b) of the topology presented next. The cogging torque of this five-slot motor is very 

low due to the fractional slot-pole-ratio.  

Fig. 4(a) shows a six-slot motor with a pole pair number of 8, which combines a three-

phase bearing with a three-phase drive. It shows very low cogging torque and smooth drive 

torque. Moreover, the bearing requires low current because of a working point with zero 

reluctance force. For the control, two three-phase inverter stages are required, when one of 

the winding ends of three non-adjacent stator coils is connected to the three half-bridges, 

whereas the other winding ends are connected in star. In Fig. 4(b), the force generation in 
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Fig. 3: CAD drawing of a five-slot/twelve-pole motor topology in (a) and three of the five bearing currents in 

dependence on the electrical angle in (b). It can be seen that the currents are not purely sinusoidal if drive and 

bearing forces have to be decoupled. 



 

 

x-direction is shown for an excitation with a magnetomotive force of 1000 Ampere-turns 

(At), which is the product of the coil current and the winding number. When sinusoidal 

currents are applied, a constant force will result over the whole angular range. In Fig. 4(b), 

this is represented with a circle and confirmed with a 3D-FEM simulation.   
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Fig. 4: Bearingless six-slot motor with a rotor consisting of 16 permanent magnets and a back iron ring. In (b), 

the force generation in x-direction is shown. Ideally, the force generation is constant and independent of the 

rotor angle when excited with sinusoidal currents, leading to a circle (dotted line) in this angular plot. This is 

confirmed with a 3D-FEM simulation (solid line), when a magnetomotive force of 1000 At is applied. 

 

 It would also be possible to come up with bearingless motor topologies that consist of 

stators with slot numbers of 8, 9, 10, 12 or even higher. These topologies will not be 

considered in this paper because of the aforementioned problem of the limited available 

stator space. Due to the large tooth number, these motors would fill up a large percentage of  

the area inside the hollow rotor with iron material, which would only allow the installation of 

small coils that could not produce sufficient magnetomotive force to generate a competitive 

torque output.  
 

Comparison based on 3D-FEM analysis 

The motor topologies described before have been analyzed using 3D-FEM simulations. In 

order to make a fair comparison, similar geometrical values have been chosen whenever 

possible. The outer rotor diameter (150 mm), the air gap length (5 mm) and the motor height 

(45 mm) are constant for all topologies. The rest of the geometrical values (in particular the 

stator diameter, the stator tooth width and the ratio of the radial length of back iron to 

permanent magnet) have been varied in a way to come up with high torque and stable 

bearing behavior. For the stator, only bar-shaped stator teeth without tooth tips were 

considered, because earlier simulations  revealed saturation problems that lower the torque 

for more complex stator tooth shapes [11]-[12]. 

 Both torque and bearing forces are produced when magnetomotive force is applied by 

means of energized stator coils. The magnetomotive force   can be stated as 

 



    maxcoil coil coilN I J A     ,                   (1) 

 

where Ncoil is the winding number and Icoil the applied current in that coil. It can be seen from 

(1) that the magnetomotive force in the stator coils is limited because a maximum current 

density Jmax has to be respected due to thermal limits. For conventional air convection,         

6 A/mm
2
 shall not be exceeded whereas up to 25 A/mm

2
 might be possible with additional 

water cooling. Obviously, the available winding area Acoil influences the maximum 

magnetomotive force as well. A trade-off has to be found between sufficient winding space 

(high magnetomotive force) and sufficient stator iron space (avoid heavy magnetic 

saturation). 

 In Fig. 5(a), the average torque output of the four-slot motor and the six-slot motor are 

compared for different combinations of magnet thickness and inner rotor diameter. This also 

determines the back iron length and the rotor diameter when respecting all the given 

constraints. A magnetomotive force with a peak value of 5000 At has been applied to the 

coils. For the four-slot motor, the peak value of the output torque would actually be twice the 

torque shown in Fig. 5(a), but the average torque is lower than for the six-slot motor. If there 

are similar torque values for different inner rotor diameter, it is recommendable to choose 

the largest diameter. This way, the stator can be built large as well, which will give the most 

possible space for windings. For the further analysis, the two options which are marked in 

Fig. 5(a) have been chosen.  

 In Fig. 5(b), the radial forces are shown for the four-slot and the six-slot topologies. In the 

center position (no radial deflection and no excitation currents), the resulting radial 

reluctance force is zero. When the rotor is moved away from its center position, a negative 

radial force is generated that would move the rotor even further away from its center position 

until it touches the stator. It can be seen that this negative force is stronger for the six-slot 

motor, so slightly higher control currents are required. With an excitation of 1000 At, a 

positive force can be generated that counteracts the negative reluctance force and brings the 

rotor back to its working point in the center. 
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Fig. 5: In (a), the average torque output of the four-slot and the six-slot motor is compared. For an excitation 

with 5000 At, the inner rotor diameter and the magnet thickness are varied in order to come up with the highest 

torque. An analysis of the radial forces was undertaken in (b). It can be seen that both topologies have zero 

reluctance force in the center position. When the motors are displaced for 1 mm, the six-slot motor shows 

higher negative reluctance force. With an excitation of 1000 At, a similar positive restoring force can be 

generated for both topologies. 

 

 



 The cogging torque of the three different topologies has been analyzed in Fig. 6(a). For 

the five-slot and the six-slot motor, the cogging torque is very low and needs no further 

optimization. The cogging torque of the four-slot topology cannot be eliminated completely, 

so that there will always be an influence on the drive. Especially if low torque or low speed 

is required during a certain operation step, a jerky rotation might result. As a countermeasure 

to the cogging torque, the machine symmetry could be slightly disturbed, but this would also 

affect the drive output and the bearing. 

 Contrary to the other two topologies, the reluctance force of the five-slot motor in its 

center positions is not zero [cf. Fig. 6(b)]. There are resulting forces in x- and y-direction 

which show a sinusoidal dependence on the electrical rotation angle φelec, which is defined as 

the product of the mechanical rotation angle φmech and the rotor pole pair number p. With an 

optimal stator tooth width of 15 mm, the reluctance forces can be reduced to an acceptable 

minimum. 

If the motor with a five-slot stator was implemented with a ball bearing, a constant torque 

of around 13 Nm over the whole angular range could result when a magnetomotive force of 

5000 At is applied. However, the forces used for the torque generation also create unwanted 

resulting forces in the radial directions (in the range of 200 N). While these radial forces 

might be accepted with a ball bearing, it is impossible to run the motor with a magnetic 

bearing. For the bearingless motor, it is mandatory to decouple bearing forces and drive 

forces so a complex control is required that calculates the currents. The simulations revealed 

that the output torque is heavily lowered if the constraint of decoupled forces is respected. It 

was not possible to excite the coils (with an upper limit of 5000 At) in a way as to annihilate 

all radial forces and being able to generate torque that exceeds 5 Nm. Compared to the two 

other topologies, the five-slot bearingless motor is not compatible in terms of its torque 

output. Moreover, the aforementioned reluctance forces add another level of complexity to 

the control when a stable levitation shall be achieved.     
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Fig. 6: The cogging torque can be neglected for the motor with five and six stator slots (b). For the four-slot 

motor, the cogging torque can be minimized but it will always be disturbing in the case of certain application 

steps with low torque or low speed, where it can lead to a jerky rotation. The reluctance force of the five-slot 

topology in its center position is depicted in (b) for different rotation angles and different tooth widths. It can be 

seen that the reluctance force can be minimized for a tooth width of 15 mm. 

 

 In Fig. 7(a), the two best options are compared in terms of their torque output when the 

excitation is varied. It can be seen that the six-slot topology can produce higher torque for 

the same maximum magnetomotive force (but with six coils instead of four). Another 

comparison can be undertaken when the torque in dependence on the maximum current 

density in the coils is compared. The four-slot topology has more winding space per coil 



(around 1.5 times compared to the six-slot topology) since it only consists of four coils, so 

that a higher excitation is possible for the same maximum current density. It can be seen in 

Fig. 7(b) that the two topologies show similar torque output with a slight advantage for the 

four-slot topology. 
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Fig. 7: Torque in dependence on the applied magnetomotive force (a) and in dependence on the maximum 

current density (b). It can be seen that the six-slot topology can produce higher torque for the same excitation 

(but with six coils instead of four). However, the space for windings is more limited than for the four-slot 

motor. Therefore, the comparison based on the maximum allowed current density is undertaken. It reveals that 

both motors show similar torque performance with a slight advantage for the four-slot topology. 

                   

Verification with prototype 

The most promising topology with six stator teeth has been implemented in a real-size 

prototype setup and tested in a mixer environment. The outer rotor diameter was set to 150 

mm and the optimal design parameters from Fig. 5(a) were considered. A prototype mixer 

head with four mixer blades was mounted onto the rotor and it was run in a water tank [cf. 

Fig. 8(a)]. The magnetic air gap is 5 mm, but the mechanical air gap is reduced to 1 mm due 

to thick rotor and stator encapsulation. The position measurement during mixing with 400 

rpm in Fig. 8(b) reveals that the bearing is stable, since the rotor is not displaced for more 

than 200 μm from its center position.  
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Fig. 8: A prototype was built of the six-slot motor and implemented into a water tank mixing setup (a). A test 

mixing head was mounted directly onto the rotor. During rotation with 400 rpm, the position was measured (b). 

The black square represents the mechanical air gap, which was only 1 mm for this setup due to thick rotor and 

stator encapsulations. It can be seen that the rotor movement is always below 20% of the air gap, which means 

that the rotor is never displaced for more than 200 μm despite the harsh working conditions. 



 

Conclusions 

The comparison of different bearingless motor topologies has been undertaken. It was shown, 

that a 4-slot/12-pole topology can provide very high peak torque but only offers an 

unfavorable single-phase drive characteristic with a moderate average torque. The 5-slot/16-

pole topology cannot provide high torque when it is employed as a bearingless motor, since 

the drive should not create bearing forces. Moreover, the control effort is significantly higher 

and this motor would suffer from disturbing reluctance forces. A 6-slot/16-pole topology was 

found to be the most promising motor choice, due to stable bearing and drive over the whole 

angular range. Moreover, the control can be implemented with sinusoidal currents and it can 

be derived from field-oriented control. From the three compared topologies, the best average 

torque performance can be achieved. Therefore, the six-slot motor was implemented in a 

prototype and successfully run in a water tank setup. 
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