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Abstract— Advanced energy storage systems for future military 
vehicles may include the use of high speed rotating machines in 
which magnetic bearing systems are used for rotor support. High 
speed machines commonly require rotors to operate in evacuated 
enclosures, complicating efforts to cool rotor components, since 
convective heat transfer is not possible in vacuum environments. 
As a result, it is important to minimize magnetic bearing losses to 
avoid excessive temperatures in high strength rotor components. 
This paper discusses two design strategies intended to minimize 
losses in active magnetic bearing actuators. 
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I.  INTRODUCTION 
High performance rotating machines commonly use 

composite rotor materials to maximize energy density. Since 
the mechanical strength of composite materials typically 
degrades significantly with increasing temperature, it is 
essential to limit anticipated rotor temperature excursions. This 
has led to the use of evacuated enclosures to reduce rotor 
surface heating due to air friction. Accordingly, magnetic 
bearings are finding increased use in high speed machines 
because of lower losses and the ability to operate in vacuum 
environments. However, losses in magnetic bearing systems 
can vary widely, depending on factors such as bearing actuator 
design and bearing system control implementation [1]. 

This paper discusses two design strategies that can be 
employed in active magnetic bearing actuators to reduce 
bearing losses. The first strategy involves selection of optimum 
geometries for the actuator stator slots that contain bearing 
control coils. Results show that small changes in slot geometry 
can have dramatic effects on bearing losses due to motion-
induced electrodynamic effects. The second strategy makes use 
of actuator bias fields to passively support rotor weight in 
vertical-axis machines, often the preferred orientation for 
vehicle-mounted rotating machines. This concept reduces 
required control system effort and therefore further reduces 
bearing system losses. Passive support functionality can often 
be implemented for an existing bearing actuator by exchanging 
a single rotor component. 

 

II. BEARING ACTUATOR CONFIGURATION AND TOPOLOGY 
CONSIDERATIONS 

The bearing system actuators discussed in this paper are 
permanent magnet bias homopolar (PMHB) type; this actuator 
type uses permanent magnets to establish bearing bias fields, 
and control coils to regulate output force. This configuration 
aids in minimizing bearing system losses, since studies have 
shown that homopolar bearings demonstrate lower losses than 
heteropolar bearings [2]. Both radial and combination bearing 
actuators are examined, the latter type capable of supporting 
loads in both radial and axial directions [3].  

This work was conducted as part of the Defense Advanced 
Research Project Agency (DARPA) Combat Hybrid Power 
Systems (CHPS) program at The University of Texas Center 
for Electromechanics (UT-CEM). UT-CEM designed a 5 MW 
flywheel alternator with a 317 kg, 20,000 rpm rotor to serve as 
an onboard power supply for a proposed hybrid-electric 
military vehicle [4,5,6]. This alternator employs “inside-out” 
topology to maximize energy density; that is, machine rotor 
components are located radially outboard of stationary stator 
structures, as shown in Fig. 1. Accordingly, compatible 
magnetic bearing actuators with inside-out topology are 
incorporated (Figs. 2 and 3). This unconventional topology is 
highly efficient in terms of maximizing energy density, but 
leads to challenging bearing characteristics including: (i) 
bearing rotor components located at relatively large radii, 
resulting in higher spin stresses than in conventional magnetic 
bearings, and (ii) magnetic air gaps which increase with speed, 
leading to decreased bearing load capacity at higher speeds. 

This research employed two companion methodologies for 
bearing actuator design: magnetic circuit analysis for initial 
bearing design studies, and finite element analysis (FEA) for 
verification of magnetic circuit analysis and investigation into 
bearing electrodynamic characteristics such as losses. A 
magnetic circuit analysis code was developed at UT-CEM 
which includes modeling of non-linear property effects, has 
geometry plotting capabilities, facilities for actuator coil 
design, and predicts output force versus input coil current as a 
function of speed [7]. Critical bearing parameters are easily 
reviewed in a spreadsheet format and immediate insight into 
actuator operation is gained. FEA work was conducted with 
OPERA-3d by Vector Fields, Inc., a commercially available 
software package. 
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Figure 1.  Inside-out configuration flywheel alternator 

 

 

Figure 2.  Radial bearing actuator 

 

 

Figure 3.  Combination (radial and thrust) bearing actuator 

 

 

III. ACTUATOR GEOMETRY OPTIMIZATION 
Fig. 4 shows a CHPS radial bearing actuator stator used for 

testing (testing of this bearing is discussed in [4,5,7]). Visible 
in the figure are dovetail-shaped stator slots used to wind the 
actuator coils. Each slot introduces a significant disturbance in 
the air gap bias flux distribution that is experienced by the 
bearing rotor as its surface sweeps past the slots. This induces 
voltage in the rotor in accordance with Faraday’s Law, 
producing eddy currents within rotor components and resulting 
in I2R losses. These losses ultimately contribute to the total 
bearing loss and create rotor heating. Furthermore, since it is 
difficult to remove heat from the rotor, these losses can have a 
profound effect on machine performance. 

Consider the rectangular slot geometry shown in Fig. 5 and 
the corresponding flux density plot obtained via 3-D 
magnetostatic FEA. The slots shown have equivalent area as 
the slots used in the test bearing (Fig. 4), as well as equal slot 
radial depth. Magnetic flux density is plotted as a function of 
circumferential angle in the field disturbance region adjacent to 
a single stator slot. In addition to the field at the center of the 
air gap, flux densities at six radial locations within the rotor 
laminations are plotted. For this slot design, air gap field levels 
drop precipitously in the vicinity the stator slot. Within the 
rotor material, the field disturbance varies with rotor position; 
at the rotor inner surface, the disturbance is quite pronounced 
but becomes less so the greater the distance from the air gap. 

 

 



 

Figure 4.   Radial test bearing stator 

 

 

 

Figure 5.   Rectangular slot geometry results 

 

Fig. 6 shows the slot geometry and field distribution for the 
dovetail slot geometry used in the test bearing. This 
configuration leads to a more narrow “disturbance trough” and 
reduced flux density variations for any given rotor radial 
position. Consequently, hysteresis and eddy current losses can 
be expected to be lower than for the rectangular slot geometry.  

Since the dovetail geometry produces a marked 
improvement in the expected slot field disturbance, an 
alternative configuration is explored in which the dovetail slot 
opening has been closed, as shown in Fig. 7. This configuration 
shows a dramatic improvement in field disturbance patterns 
over the other two geometries, and would be expected to 
demonstrate reduced rotor losses as a result. On the other hand, 
the closed-slot geometry results in increased manufacturing 
difficulty, since coil wire must be threaded through the slots 
during the coil winding process. 

 

 

 

 

 

 

 

Figure 6.  Dovetail slot geometry results 

 



 

 

Figure 7.  Closed dovetail slot geometry results 

 

Rotor losses for the three geometries were estimated based 
on the field disturbance plots discussed earlier, and are shown 
in Table I. Calculations were done based on experimentally 
determined loss data for Hiperco 50HS with sinusoidal field 
variations about a 0.7 T bias value. Since actual field variations 
in the rotor are not sinusoidal, the results cannot be literally 
interpreted, but are useful for comparison of the three candidate 
slot geometries. Calculations are based on an assumed 
rotational speed of 20,000 rpm (333 Hz). The equivalent 
frequency used for the calculations is 1333 Hz since there are 
four stator slots and the rotor experiences four slot-induced 
field disturbances per revolution. Further calculation details are 
available in [7]. 

TABLE I.  SLOT GEOMETRY LOSS COMPARISON 

Slot Type Predicted Loss (W) 
Rectangular 53 
Dovetail 23 
Modified Dovetail 3.2 

 

As shown in Table I, there is a dramatic difference in the 
losses between the three slot configurations. Using the dovetail 
slot geometry results in approximately a factor of two decrease 

in rotating losses over the rectangular slot design, and the 
closed slot dovetail geometry provides a further improvement 
of about an order of magnitude. 

In addition to affecting rotor loss characteristics, the 
different slot configurations can be expected to alter force 
versus current bearing characteristics. In particular, the closed 
slot geometry would be expected to exhibit increased leakage 
flux behavior over the other two designs. To address concerns 
that force characteristics would be adversely affected by slot 
geometry changes, FEA was used to evaluate force versus 
current properties for each of the three cases and is summarized 
in Fig. 8. As expected, there is a decrease in force per unit 
current for the dovetail shapes, but the performance penalty is 
relatively minor. 

 

 

Figure 8.  Slot geometry force vs. current comparison 

 

These results indicate that minor changes in stator winding 
slot geometry can dramatically affect rotating losses in PMHB 
actuators. Furthermore, optimizing slot geometries to minimize 
losses does not necessary imply significant compromises in 
actuator force versus current characteristics. 

IV. PASSIVE THRUST SUPPORT CONCEPT 
In addition to the rotating losses discussed above, vertical-

axis machines have another major source of magnetic bearing 
system losses: control effort required to support static rotor 
weight. For a conventional combination bearing, a continuous 
thrust coil current is required to support the rotor. If passive 
thrust support is incorporated, bias magnetic fields in a 
combination bearing actuator can support static rotor weight 
with minimal required control effort. This is done by 
manipulating the bias circuit so that the flux density in one 
thrust air gap is made greater than in the opposite gap. This 
produces a net axial force, allowing the bearing to support a 
static thrust load with minimal required thrust coil current. That 
is, instead of requiring a continuous thrust coil current to 



support rotor weight, the weight is carried primarily by bias 
fields in the thrust gaps. 

One method of achieving bias support of steady thrust loads 
is to make the bias reluctance greater on one end of the bearing 
actuator. The approach taken here was to extend the length of 
rotor laminations on one end of the bearing. Since the rotor 
laminations have relatively high reluctance per unit axial length 
(because the bias flux must jump across the insulation between 
laminations), increased lamination stack length produces a 
significant increase in bias reluctance for that end of the 
bearing. FEA results indicate that by extending the CHPS rotor 
lamination length by 1.27 cm on one end of the bearing 
lamination assembly, sufficient axial force is developed by bias 
fields to support the entire rotor weight. Note that for the CHPS 
combination bearing, the only change required to incorporate 
the bias thrust support functionality is to exchange the 
conventional rotor lamination assembly with one that includes 
the increased lamination length. The FEA rotor mesh for this 
geometry is shown in Fig. 9, and the resulting flux plot 
distributions for the thrust air gaps are shown in Fig. 10. This 
plot shows bias fields in both upper and lower thrust gaps at 
full speed conditions; the difference in flux density between the 
two thrust gaps is the source of the ability to support static 
thrust loads with minimal thrust coil current. 

As would be expected, geometrical changes to the rotor 
lamination assembly have some effect on radial and thrust 
force versus bearing characteristics. Fig. 11 shows effects on 
radial force performance at full speed conditions; as shown, 
there is a minimal decrease in the force per unit current values 
over the baseline actuator in which no bias thrust support is 
provided. Accordingly, Fig. 12 displays thrust performance 
characteristics for the baseline and bias support actuators. 
Again, there is little performance reduction as a result of 
incorporating the bias support concept. 

 

 

 

Figure 9.  Bias thrust support geometry 

 

Figure 10.  Bias thrust support field distrubution 

 

 

Figure 11.  Bias thrust support force vs. current characteristics 

 

Figure 12.  Bias thrust support force vs. current characteristics 



These results indicate that the bias thrust support concept 
can dramatically reduce control effort required to support static 
rotor weight in a vertical-axis machine. Conversion of a 
conventional actuator without this capability to one in which 
passive support is provided can be accomplished simply by 
exchanging a single rotor lamination stack assembly. 
Furthermore, addition of this functionality does not 
significantly compromise load carrying characteristics for the 
bearings analyzed in this research. 
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