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(57) ABSTRACT 

A machine drive includes a suspension force inverter, a 
torque inverter, and a capacitor. The suspension force 
inverter provides suspension force electrical signals to sus
pension force electrical terminals. Each suspension force 
electrical terminal connects to a suspension coil of a stator 
winding. Each suspension force electrical signal provides a 
phase to a single suspension force electrical terminal. A 
single stator winding is associated with each phase. The 
torque inverter provides torque electrical signals to torque 
electrical terminals. Each torque electrical signal provides 
the phase to a single torque electrical terminal. Each torque 
electrical terminal connects to both the suspension coil and 
a torque coil of the single stator winding of the associated 
phase. The capacitor connected in parallel across the sus
pension force inverter. The torque inverter is connected to a 
voltage source. The capacitor is connected to the voltage 
source through the torque invertor and the suspension force 
inverter. 
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BEARINGLESS ELECTRICAL MACHINE 
WITH FLOATING CAPACITOR 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

The present application claims the benefit of 35 U.S.C. 
§ 119(e) to U.S. Provisional Patent Application No. 62/673, 
881 filed May 19, 2018, the entire contents of which are 
hereby incorporated by reference. 

BACKGROUND 

Bearingless motors provide the functionality of a mag
netic bearing and a motor in a single electric machine. 
Compared to systems that utilize a motor with separate 
magnetic bearings, bearingless technology results in a more 
integrated system which requires less raw material and can 
be designed for higher speeds due to shorter shaft lengths. 
Applications range from low speed, hygienic mixing 
devices, pumps, and artificial hearts to high and ultra-high 
speed machines for flywheels, spindle tools, and turboma
chinery, etc. Bearingless motors have been widely devel
oped as both asynchronous and synchronous motors, such as 
permanent magnet, synchronous reluctance, induction, con
sequent pole, and ac homopolar motors. 

Legacy bearingless motor designs utilize two separate 
windings: one winding for producing torque, and a second 
winding for producing suspension force. These two wind
ings compete for the available stator slot space, which 
creates a design trade-off between the machine's motor 
performance and its magnetic suspension performance. 
Many implementations of bearingless motors require rela
tively small suspension forces during normal operation and 
large forces during certain events. However, the suspension 
winding must be sized for a worst-case force requirement, 
which in most bearingless machines is much larger than the 
force required during normal operation. During normal 
operation, such machines effectively waste slot space that 
could otherwise carry torque current. Furthermore, to create 
radial forces, the suspension winding carries current to 
cancel torque winding current in certain slots, causing 
increased copper loss. Finally, having separate windings 
requires each slot to carry a large number of coil sides ( 4 coil 
sides for double-layer windings), which reduces the packing 
factor and increases manufacturing cost and complexity. For 
these reasons, recent efforts have been directed to combining 
the suspension and torque winding into a single winding. 
Such a winding is referred to as a "dual purpose" or a 
combined winding herein. While combined winding designs 
have been successful in increasing the machine perfor
mance, they add substantial cost and complexity to the 
power electronics required for the bearingless drive system. 

SUMMARY 

In an example embodiment, a machine drive is provided 
that includes, but is not limited to, a suspension force 
inverter, a torque inverter, and a capacitor. The suspension 
force inverter is configured to provide a plurality of suspen
sion force electrical signals to a plurality of suspension force 
electrical terminals. Each suspension force electrical termi
nal is configured for connection to a suspension coil of a 
stator winding. Each suspension force electrical signal of the 
plurality of suspension force electrical signals is configured 
to provide a phase of a plurality of phases to a single 
suspension force electrical terminal of the plurality of sus-

2 
pension force electrical terminals. A single stator winding is 
associated with each phase the plurality of phases. The 
torque inverter is configured to provide a plurality of torque 
electrical signals to a plurality of torque electrical terminals. 

5 Each torque electrical signal of the plurality of torque 
electrical signals provides the phase of the plurality of 
phases to a single torque electrical terminal of the plurality 
of torque electrical terminals. Each torque electrical terminal 
is configured for connection to both the suspension coil and 

10 a torque coil of the single stator winding of the associated 
phase. The capacitor is connected in parallel across the 
suspension force inverter. The torque inverter is configured 
for connection to a voltage source. The capacitor is con
nected to the voltage source through the torque invertor and 

15 the suspension force inverter. 
In another example embodiment, a bearingless electrical 

machine is provided that includes, but is not limited to, a 
stator, a rotor, a stator winding for each phase of a plurality 
of phases, and the machine drive. The stator includes, but is 

20 not limited to, a plurality of teeth. A slot is positioned 
between a pair of the plurality of teeth. The stator is mounted 
on a first side of the rotor separated by an air gap between 
a surface of the rotor and a tooth of the plurality of teeth. 
Each stator winding is wound about the plurality of teeth to 

25 form a first number of pole pairs between a first pair of 
terminals for each phase of the plurality of phases and to 
form a second number of pole pairs between a second pair 
of terminals for each phase of the plurality of phases. p s = 1 
or Ps =p±l, where p is the first number of pole pairs and Ps 

30 is the second number of pole pairs. A torque coil of the stator 
winding for each phase of the plurality of phases is con
nected between the first pair of terminals for a respective 
phase of the plurality of phases. A suspension coil of the 
stator winding for each phase of the plurality of phases is 

35 connected between the second pair of terminals for the 
respective phase of the plurality of phases. The machine 
drive includes, but is not limited to, a suspension force 
inverter, a torque inverter, and a capacitor. The suspension 
force inverter is configured to provide a suspension force 

40 electrical signal for each phase of the plurality of phases to 
the suspension coil of the stator winding for the respective 
phase of the plurality of phases. The torque inverter con
figured to provide a torque electrical signal for each phase of 
the plurality of phases to the torque coil and to the suspen-

45 sion coil of the stator winding for the respective phase of the 
plurality of phases. The capacitor is connected in parallel 
across the suspension force inverter. The torque inverter is 
configured for connection to a voltage source. The capacitor 
is connected to the voltage source through the torque inver-

50 tor and the suspension force inverter. 
In another example embodiment, a bearingless electrical 

machine system is provided that includes, but is not limited 
to, a shaft configured to rotate, a rotor mounted to the shaft 
to rotate with the shaft, a stator, a stator winding for each 

55 phase of a plurality of phases, the machine drive, and a 
motor controller. The stator includes, but is not limited to, a 
plurality of teeth. A slot is positioned between a pair of the 
plurality of teeth. The stator is mounted on a first side of the 
rotor separated by an air gap between a surface of the rotor 

60 and a tooth of the plurality of teeth. Each stator winding is 
wound about the plurality of teeth to form a first number of 
pole pairs between a first pair of terminals for each phase of 
the plurality of phases and to form a second number of pole 
pairs between a second pair of terminals for each phase of 

65 the plurality of phases. p
5
=l or p

5
=p±l, where pis the first 

number of pole pairs and Ps is the second number of pole 
pairs. A torque coil of the stator winding for each phase of 
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the plurality of phases is connected between the first pair of 
terminals for a respective phase of the plurality of phases. A 
suspension coil of the stator winding for each phase of the 
plurality of phases is connected between the second pair of 
terminals for the respective phase of the plurality of phases. 5 

The machine drive includes, but is not limited to, a suspen
sion force inverter, a torque inverter, and a capacitor. The 
suspension force inverter is configured to provide a suspen
sion force electrical signal for each phase of the plurality of 
phases to the suspension coil of the stator winding for the 10 

respective phase of the plurality of phases. The torque 
inverter configured to provide a torque electrical signal for 
each phase of the plurality of phases to the torque coil and 
to the suspension coil of the stator winding for the respective 

15 
phase of the plurality of phases. The capacitor is connected 
in parallel across the suspension force inverter. The torque 
inverter is configured for connection to a voltage source. The 
capacitor is connected to the voltage source through the 
torque invertor and the suspension force inverter. The motor 20 

controller includes, but is not limited to, a processor con
figured to determine the suspension force electrical signal 
input to the suspension force inverter to regulate a voltage on 
the capacitor to provide a power flow into the suspension 
coil of the stator winding for each phase of the plurality of 25 

phases to maintain the air gap between the rotor and the 
stator. 

4 
FIG. 9 depicts an equivalent single-phase circuit for the 

drive of FIG. 6 in accordance with an illustrative embodi-
ment. 

FIG. 10 depicts a space vector and machine axes for a 
system model of drive 600 in accordance with an illustrative 
embodiment. 

FIG. 11 depicts a first space vector power flow for the 
drive of FIG. 6 based on a first machine configuration in 
accordance with an illustrative embodiment. 

FIG. 12 depicts a second space vector power flow for the 
drive of FIG. 6 based on a second machine configuration in 
accordance with an illustrative embodiment. 

FIG. 13 depicts a third space vector power flow for the 
drive of FIG. 6 based on a third machine configuration in 
accordance with an illustrative embodiment. 

FIG. 14 depicts a block diagram of a control system 
model for the drive of FIG. 6 to track a reference floating 
capacitor voltage in accordance with an illustrative embodi
ment. 

FIG. lSA depicts a reference suspension force and torque 
as a function of time with a constant rotor speed in accor
dance with an illustrative embodiment. 

FIGS. lSB-lSD depict a floating capacitor voltage as a 
function of time for the first machine configuration, the 
second machine configuration, and the third machine con
figuration, respectively, with the constant rotor speed and the 
suspension force and torque depicted in FIG. lSA in accor
dance with an illustrative embodiment. Other principal features of the disclosed subject matter 

will become apparent to those skilled in the art upon review 
of the drawings described below, the detailed description, 
and the appended claims. 

FIG. 16A depicts a rotor speed as a function of time with 
30 a constant suspension force and torque in accordance with 

an illustrative embodiment. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Illustrative embodiments of the disclosed subject matter 
will hereafter be described referring to the accompanying 
drawings, wherein like numerals denote like elements. 

FIG. 1 depicts a front perspective view of a radial flux 
machine in accordance with an illustrative embodiment. 

FIG. 2 depicts a top view of the radial flux machine of 
FIG. 1 in accordance with an illustrative embodiment. 

FIG. 3 depicts the top view of the radial flux machine of 
FIG. 2 showing force fields in accordance with an illustra
tive embodiment. 

FIG. 4 depicts drive connections for parallel dual purpose 
no voltage windings in accordance with an illustrative 
embodiment. 

FIG. SA depicts a top view of the machine of FIG. 1 with 
windings for a torque excitation in accordance with an 
illustrative embodiment. 

FIG. SB depicts a top view of the machine of FIG. 1 with 
windings for a suspension force excitation in accordance 
with an illustrative embodiment. 

FIGS. 16B-16D depict a floating capacitor voltage and a 
charge current as a function of time for the first machine 
configuration, the second machine configuration, and the 

35 third machine configuration, respectively, with the constant 
suspension force and torque and rotor speed depicted in FIG. 
16A in accordance with an illustrative embodiment. 

FIG.17Adepicts a block diagram of a second drive for the 
machine of FIG. 1 in accordance with an illustrative embodi-

40 ment. 
FIG. 17B depicts a circuit diagram of a second inverter of 

the second drive of FIG. 17 A in accordance with an illus
trative embodiment. 

FIG. 18 depicts a circuit diagram of a third drive for the 
45 machine of FIG. 1 in accordance with an illustrative embodi-

50 

ment. 
FIG. 19 depicts an equivalent single-phase circuit for the 

third drive of FIG. 18 in accordance with an illustrative 
embodiment. 

DETAILED DESCRIPTION 

FIG. SC depicts a winding schematic of the machine of 
FIGS. 4 and S with windings for a suspension force exci- 55 

tation in accordance with an illustrative embodiment. 

Referring to FIG. 1, a front perspective view of a radial 
flux machine 100 is shown in accordance with an illustrative 
embodiment. Referring to FIG. 2, a top view of radial flux 
machine 100 is shown in accordance with an illustrative 
embodiment. Referring to FIG. 3, the top view of radial flux 
machine 100 showing a radial force is shown in accordance 
with an illustrative embodiment. Radial flux machine 100 

FIG. 6 depicts a circuit diagram of a drive for the machine 
of FIG. 1 in accordance with an illustrative embodiment. 

FIG. 7A depicts a circuit diagram of a coil group model 
included in the drive of FIG. 6 in accordance with an 60 

illustrative embodiment. 
FIG. 7B depicts a circuit diagram of a switch included in 

the drive of FIG. 6 in accordance with an illustrative 
embodiment. 

can be implemented as any type of radial flux machine such 
as a permanent magnet (PM) machine, a synchronous reluc
tance machine, an induction machine, a consequent-pole 
machine, an alternating current (AC) homopolar machine, 
etc. In the illustrative embodiment of FIG. 1, radial flux 

FIGS. SA-SD depict design steps for determining a wind
ing arrangement for the machine of FIG. 1 in accordance 
with an illustrative embodiment. 

65 machine 100 is an AC homopolar bearingless motor. 
In an illustrative embodiment, radial flux machine 100 

forms an AC homopolar machine that may include a top 
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from top rotor core 106 toward the top plurality of teeth 114 
of top stator 104. As understood by a person of skill in the 
art, top rotor 102 may be formed of laminations mounted 
closely together and stacked in the z-direction. 

Bottom rotor 103 may be formed of a ferromagnetic 
material such as iron, cobalt, nickel, etc. Bottom rotor 103 
may include a bottom rotor core 107 and a plurality of 
bottom rotor pole pieces 110 mounted exterior of bottom 
rotor core 107. In the illustrative embodiment, the bottom 

rotor 102, a bottom rotor 103, a top stator 104, a bottom 
stator 105, a field winding 120, and a shaft 200. Top rotor 
102 is positioned radially interior of top stator 104 separated 
by a top air gap 202 that varies circumferentially around top 
rotor 102 based on a location of poles of top rotor 102. 5 

Similarly, bottom rotor 103 is positioned radially interior of 
bottom stator 105 separated by a bottom air gap 101. In the 
illustrative embodiment of FIG. 1, top rotor 102 and bottom 
rotor 103 are mounted interior of top stator 104 and bottom 
stator 105, respectively, though top stator 104 and bottom 
stator 105 could instead be mounted interior of top rotor 102 
and bottom rotor 103 in an alternative embodiment. Top 
stator 104, bottom stator 105, and shaft 200 have generally 
circular cross sections as shown with reference to FIG. 1. In 
alternative embodiments, radial flux machine 100 can 
include a fewer or a greater number of stators and rotors 
depending on the machine type. 

10 rotor pole pieces 110 extend outward from bottom rotor core 
107 toward the bottom plurality of teeth 118 of bottom stator 
105. As understood by a person of skill in the art, bottom 
rotor 103 may be formed of laminations mounted closely 

15 
together and stacked in the z-direction. 

In the illustrative embodiment, the plurality of top rotor 
pole pieces 108 and the plurality of bottom rotor pole pieces 
110 have a generally polygonal shape with a curved exterior 
surface adjacent top stator 104 and bottom stator 105, 

Top rotor 102 and bottom rotor 103 are mounted to shaft 
200 for rotation with shaft 200. When radial flux machine 
100 is operating as a motor, electrical energy provided to top 
stator 104 and to bottom stator 105 rotates top rotor 102 and 
bottom rotor 103 and thereby shaft 200. When radial flux 
machine 100 is operating as a generator, shaft 200 is rotated 
to generate electrical energy from stator windings of top 
stator 104 and from bottom stator 105. 

Top stator 104 and bottom stator 105 may be formed of a 
ferromagnetic material such as iron, cobalt, nickel, etc. Top 
stator 104 may include a top stator core 112 and a top 
plurality of teeth 114. In the illustrative embodiment, the top 
plurality of teeth 114 extend from top stator core 112 
towards a center 204 of an interior of shaft 200. Top stator 
slots are formed between successive pairs of the top plurality 
of teeth 114. In the illustrative embodiment, the top plurality 
of teeth 114 of top stator 104 includes 36 teeth that define 36 
stator slots. 

Bottom stator 105 may include a bottom stator core 116 
and a bottom plurality of teeth 118. In the illustrative 
embodiment, the bottom plurality of teeth 118 extend from 
bottom stator core 116 towards center 204 of the interior of 

20 respectively, though the plurality of top rotor pole pieces 108 
and the plurality of bottom rotor pole pieces 110 may have 
various shapes based on a type of electrical machine of 
radial flux machine as understood by a person of skill in the 
art. In the illustrative embodiment, the plurality of top rotor 

25 pole pieces 108 and the plurality of bottom rotor pole pieces 
110 each include four pole pieces though a fewer or a greater 
number of pole pieces may be formed to extend from top 
rotor core 106 and from bottom rotor core 107, respectively, 
in alternative embodiments. The plurality of top rotor pole 

30 pieces 108 and the plurality of bottom rotor pole pieces 110 
include at least two pole pieces. 

Field winding 120, or permanent magnets in alternative 
embodiments, creates a magnetization indicated by a north 
(N) and a south (S) pole indicator for top rotor 102 and for 

35 bottom rotor 103. Field winding 120, or the permanent 
magnets, create a magnetomotive force resulting in flux that 
flows along a flux path 124 shown at an instant in time as top 
rotor 102 and bottom rotor 103 rotate about the z-axis 
defined through center 200. 

shaft 200. Bottom stator slots are formed between succes- 40 

sive pairs of the bottom plurality of teeth 118. In the 
illustrative embodiment, the bottom plurality of teeth 118 of 
bottom stator 105 includes 36 teeth that define 36 stator 
slots. 

Stator windings (not shown in FIGS. 1-3) are wound 
around the top plurality of teeth 114 and the bottom plurality 
of teeth 118 and held within the top stator slots and the 
bottom stator slots, respectively. The stator windings carry a 
current between a plurality of connectors (not shown in 

As understood by a person of skill in the art, top stator 104 
and bottom stator 105 may be formed of laminations 
mounted closely together and stacked in a z-direction indi
cated by a z-axis and cut to define a shape and a size of top 
stator core 112 and the top plurality of teeth 114 and of 
bottom stator core 116 and the bottom plurality of teeth 118. 
An x-axis is perpendicular to a y-axis, and both the x-axis 
and the y-axis are perpendicular to the z-axis to form a 
right-handed coordinate reference frame denoted x-y-z 
frame 122. The x-y plane defines a cross section of radial 
flux machine 100 and the z-axis defines a height of radial 
flux machine 100. 

The top plurality of teeth 114 and the bottom plurality of 
teeth 118 extend from top stator core 112 and from bottom 
stator core 116 at equal angular intervals and have a common 
arc length dimension. Each tooth of the top plurality of teeth 
114 and of the bottom plurality of teeth 118 may generally 
form a "T" shape. 

Top rotor 102 may be formed of a ferromagnetic material 
such as iron, cobalt, nickel, etc. Top rotor 102 may include 
a top rotor core 106 and a plurality of top rotor pole pieces 
108 mounted exterior of top rotor core 106. In the illustrative 
embodiment, the top rotor pole pieces 108 extend outward 

45 FIGS. 1-3) also called terminals. A single winding may be 
used for each phase. The windings are wound around the top 
plurality of teeth 114 and the bottom plurality of teeth 118 
using various techniques to form a number of magnetic 
pole-pairs p between a set of connectors that carry one phase 

50 of a plurality of phases of electrical current depending on the 
winding technique as discussed further below. For example, 
radial flux machine may include three stator windings with 
one stator winding for each phase. For three phases desig
nated as u, v, w, a first stator winding is associated with a 

55 u-phase, a second stator winding is associated with a 
v-phase, and a third stator winding is associated with a 
w-phase. 

Top rotor 102 and bottom rotor 103 further may include 
rotor windings and or permanent magnets in alternative 

60 embodiments. When rotated, top rotor 102 and bottom rotor 
103 produce a rotating magnetic field. Through an interac
tion between the magnetic field and currents flowing in the 
windings a torque is generated to rotate shaft 200 such that 
radial flux machine 100 operates as a motor. Alternatively, 

65 shaft 200 is mechanically rotated, which generates currents 
flowing in the stator windings such that radial flux machine 
100 operates as a generator. 
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(-pa+<h)+Bs cos(-(p±l)a+<Ps), which includes a torque 
flux density portion and a suspension for flux density 
portion. 

When a bearingless motor is created by adding a suspen
sion winding to a stator that has a separate torque winding, 
the result is a "separate winding" approach to bearingless 
windings. Alternatively, dual purpose no voltage (DPNV) 
windings use the same stator winding for both torque and 
suspension forces-and are therefore a type of "combined 
winding". 

The suspension flux density portion is produced by bal-
5 anced sinusoidal suspension currents 

As described further below, the stator windings can be 
connected to create a suspension force in top air gap 202 and 
bottom air gap 101, respectively. For example, a radial 10 

suspension force 300 created by the stator windings is 
shown in accordance with an illustrative embodiment in 
FIG. 3. As referred to herein, a suspension coil (e.g. a 
u-phase suspension coil 618su shown referring to FIG. 6) is 

15 
a portion of a stator winding that is connected to a suspen
sion inverter 604 (shown referring to FIG. 6) and to a torque 
inverter 602 (shown referring to FIG. 6) for each phase of a 
plurality of phases, and a torque coil ( e.g. a u-phase torque 
coil 6l8tu shown referring to FIG. 6) is a portion of the same 20 

stator winding that is connected to torque inverter 602 and 

., ' ( 2n:) ,, = I 5 cos ¢s + 3 . 

These currents can be transformed into an equivalent 
two-phase system using the well-known direct-quadrature 
(DQ) transformation. If this is done with respect to the angle 
<Pn the following constant expressions for the radial force 
result 

FY~kjy 

where ix and iY are the two-phase DQ c~rrents, respectively, 
from the DQ transformation and kf=f (Br, geometry). Typi
cally, a suspension controller specifies required values of F x 

and FY that are used to determine phase currents via an 
inverse DQ transformation. Noting that <Pr increases at a 
speed of an armature winding frequency, to produce a 

to a neutral connector 620 (shown referring to FIG. 6) for 
each phase of a plurality of phases. A drive controller 630 
(shown referring to FIG. 6) controls a flow of current 
through each suspension coil and through each torque coil to 25 

rotate shaft 200 to generate a torque and to create a radial 
suspension force on shaft 200. As a result, each suspension 
coil and torque coil associated with a phase form a DPNV 
winding. Each suspension coil and each torque coil may be 
made up of one or more separate coils. 

Radial flux bearingless motors produce radial suspension 
forces by creating an unsymmetrical flux density in top air 
gap 202 and/or bottom air gap 101. Non-bearingless 
machines have symmetry that cancels the radial forces. The 
forces can be calculated using the Maxwell stress tensor, 35 

which for the idealized case of radial fields that do not vary 
with the axial length (along the z-axis), can be written as 

30 constant force, the suspension currents have the same fre
quency as the armature currents. 

Fx = - B,(a:)2cosa:da: Ir L"' 
2µo 0 

Ir L2rr 
Fy = -

2 
B,(a:)2sina:da: 

µo o 

where 1 is an active axial length, r is the air gap radius, and 
B, is a cumulative radial flux density in top air gap 202 
and/or bottom air gap 101 at angular location a shown 
referring to FIG. 2. To create a radial force, B,(a) contains 
components that differ in harmonic index by one. 

For conventional radial flux machine types, such as PM or 
induction motors, and assuming that harmonics are 
neglected, a radial air gap flux density can be defined using 
Br( a)=Br cos(-pa+cpr), where p represents the number of 
pole-pairs of radial flux machine 100, and <Pr indicates an 
angular location of a torque producing magnetic field at an 
instant of time. The magnetic field is composed of a mag
netizing field (for example, produced by the PM's or a rotor 
winding) and an armature reaction field. To transform this 
type of motor into a bearingless motor, a suspension coil 
with either p

5
=p+l or p

5
=p-1 pole-pairs can be added, for 

example, to top stator 104 and to bottom stator 105 in the 
illustrative embodiment, to produce a radial flux density that 
differs in harmonic index by one Bs(a)=Bs cos(-(p±l)a+ 
<Ps), where <Ps indicates an angular location of a suspension 
force producing magnetic field at an instant of time and Ps 
is a number of suspension pole-pairs. Thus, B,(a)=Br cos 

40 

An AC homopolar bearingless motor and a consequent-
pole bearingless motor can be viewed as having a constant 
radial air gap flux density component that does not vary with 
the angular position, Br(a)=Br· Radial forces are produced 
by adding a p

5
=] pole-pair suspension coil to the stator 

winding, which produces a flux density given by Bs(a)=Bs 
cos(-a+cps) with the suspension currents as defined previ
ously. 

A DQ transformation with <Pr=O can be used to transform 
the suspension currents of the AC homopolar bearingless 
motor and the consequent-pole bearingless motor into 
equivalent x-y currents to compute the force expressions as 
defined above. The same inverse DQ transformation is used 

45 to calculate the suspension phase currents again with <Pr=O. 
Since <Pr=O, to produce a constant force, the suspension 
currents are direct current (DC). Additionally, no informa
tion regarding the air gap flux density's location is needed 
for suspension force creation, which may be an advantage of 

50 the AC homopolar bearingless motor and the consequent
pole bearingless motor. For the consequent-pole and AC 
homopolar motors, this requires p2:4. 

The stator winding is responsible for generating two 
airgap magnetomotive forces (MMF): a p pole-pair MMF 

55 for torque and a Ps pole-pair MMF for suspension forces. 
While conventional bearingless motors use separate wind
ings for creating each MMF, the DPNV windings use a 
single winding for creating both MMFs. 

The defining features of a DPNV winding can be sum-
60 marized as: 1) using the same winding to construct a p 

polepair torque MMF and a Ps pole-pair suspension MMF; 
2) having suspension terminals which connect to the same 
winding as the torque terminals, but with half of the wind
ings direction reversed so that these terminals experience no 

65 motional-electromotive force (EMF). A parallel drive con
nection is shown in FIG. 4 that includes torque inverter 602 
and suspension force inverter 604. The parallel drive con-
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nection is shown in FIG. 4 that has suspension coil terminals 
of a first phase stator winding 400, of a second phase stator 
winding 402, and of a third phase stator winding 404 appear 
as a virtual "neutral" meaning that the suspension coil 
terminals carry half of the torque terminal current in addition 5 

to the required radial force-producing suspension current. 
The suspension coil(s) and torque coil(s) are connected in 

series. The current of each coil group is a superposition of 
the radial force producing suspension currents and half of 
the torque terminal currents. Based on the amount of sus- 10 

pension current required, the drive actively limits a maxi
mum allowable torque current to avoid exceeding a current 
rating in any coil group. For this reason, DPNV winding 
designs are highly advantageous in applications where the 
amount of required suspension current varies significantly 15 

during operation. A machine with a DPNV winding is able 
to carry a greater torque producing current ( and therefore 
create more torque) during operating times when a low
suspension current is required. 

An example machine with a DPNV winding is shown in 20 

FIGS. SA and SB. Every inductor symbol in FIG. 4 repre
sents a group of coils, denoted by a subscript a-d for each 
phase. For this example, each coil group consists of only a 
single coil, as shown in FIG. SC for phase u. A coil group 
can be modeled as shown in FIG. 7A where the voltage 25 

source represents a sum of the motional-EMF and coupling 
with other coil groups. The DPNV winding is designed so 
that the voltage source magnitude and phase are equivalent 
for groups a and b and groups c and d. The voltage sources 
cancel from the suspension coil ( connected between suspen- 30 

sion terminals) perspective, which results in the no voltage 
characteristic. 

Referring to FIG. SA, a top view of radial flux machine 
100 with windings for a torque excitation is shown in 
accordance with an illustrative embodiment with radial flux 35 

machine 100 implemented as a PM motor. Referring to FIG. 
SB, a view of radial flux machine 100 with windings for a 
suspension force excitation is shown in accordance with an 
illustrative embodiment. A stator 104a includes 12 slots. For 
the illustrative embodiment of FIGS. SA and SB, Q=12, p=2, 40 

p
5
=], m=3, where Q is a number of stator slots, p is the 

number of pole-pairs for the torque coil, Psis the number of 
pole-pairs for the suspension coil, and m is a number of 
winding phases with the three phases designated u, v, w. 

Referring to FIG. 6, a circuit diagram of a drive 600 for 45 

radial flux machine 100 is shown in accordance with an 

10 
604 to capacitor 612. When capacitor 612 is supplying 
electric power to suspension inverter 604 by discharging, a 
current flows on third wire 614 toward suspension inverter 
604 from capacitor 612, and when capacitor 612 is charging, 
a current flows on fourth wire 616 from suspension inverter 
604 to capacitor 612 under control of drive controller 630. 
Capacitor 612 acts as a DC link for suspension inverter 604. 

Since no path exists for circulating currents between 
torque inverter 602 and suspension inverter 604, there is no 
need for an additional current sensor, nor is there a need to 
restrict a modulation strategy used by drive controller 630 to 
control an operation of torque inverter 602 and suspension 
inverter 604. As a result, space vector pulse width modula-
tion (SVPWM) can be used by drive controller 630 to obtain 
a maximal DC bus voltage utilization. A suspension capaci
tor voltage on capacitor 612 can be controlled to have any 
desired value. 

Au-phase stator winding includes a u-phase torque coil 
6l8tu and au-phase suspension coil 618su. Av-phase stator 
winding includes av-phase torque coil 6l8tv and av-phase 
suspension coil 618sv. Aw-phase stator winding includes a 
w-phase torque coil 6l8tw and a w-phase suspension coil 
618sw. Though each of u-phase torque coil 6l8tu, u-phase 
suspension coil 618su, v-phase torque coil 618tv, v-phase 
suspension coil 618sv, w-phase torque coil 618tw, and 
w-phase suspension coil 618sw is shown as a single coil, 
each coil may include a plurality of coils. There is a stator 
winding for each phase output from torque inverter 602 and 
suspension inverter 604. 

Referring to FIG. 7A, a circuit diagram of a coil 618 
included in drive 600 is shown in accordance with an 
illustrative embodiment. Each coil 618 of each stator wind
ing can be modeled by a positive terminal 700, a negative 
terminal 702, a resistor 704, an inductor 706, and a voltage 
source 708. Resistor 704, inductor 706, and voltage source 
708 are connected in series between positive terminal 700 
and negative terminal 702. Voltage source 708 represents a 
sum of an EMF and coupling with other coils. Referring 
again to FIG. 6, each ofu-phase torque coil 6l8tu, v-phase 
torque coil 6l8tv, and w-phase torque coil 618tw are con-
nected to neutral connector 620 at a respective negative 
terminal 702. 

Referring again to FIG. 6, torque inverter 602 includes a 
u-phase top torque switch 622tul, a u-phase bottom torque 
switch 622tu2, av-phase top torque switch 622tv2, av-phase 
bottom torque switch 622tvl, a w-phase top torque switch 
622twl, and a w-phase bottom torque switch 622tw2. Sus
pension inverter 604 includes a u-phase top suspension 

illustrative embodiment. Drive 600 for radial flux machine 
100 reduces a number of hardware components to that which 
is needed in a traditional drive of a separate-winding bear
ingless motor. Reducing the number of hardware compo
nents reduces the cost of radial flux machine 100, while 
retaining performance gains associated with other combined 
winding designs. As a result, bearingless motor technology 
can be extended into new, cost-sensitive application areas 
where it has the potential to offer extreme performance 
benefits. 

50 switch 622sul, au-phase bottom suspension switch 622su2, 
a v-phase top suspension switch 622sv2, a v-phase bottom 
suspension switch 622svl, aw-phase top suspension switch 
622swl, and a w-phase bottom suspension switch 622sw2. 

Drive 600 may include torque inverter 602, suspension 
inverter 604, a voltage source 606, a capacitor 612, and a 
drive controller 630. Voltage source 606 is a DC voltage 
source such as a DC battery or the output of a rectifier 
connected to a power grid. When voltage source 606 is 
supplying electric power, its positive terminal is denoted as 
a cathode to which a first wire 608 is connected, and its 
negative terminal is denoted as an anode to which a second 
wire 610 is connected. First wire 608 and second wire 610 
connect torque inverter 602 to voltage source 606. Third 
wire 614 and fourth wire 616 connect suspension inverter 

Referring to FIG. 7B, each switch of torque inverter 602 
55 and of suspension inverter 604 may include a transistor 710 

and a diode 712 connected anti-parallel across transistor 
710. Transistor 710 may include a drain 714, a gate 716, and 
a source 718 like a metal-oxide-semiconductor field-effect 
transistor (MOSFET) or include a collector 714, a gate 716, 

60 and an emitter 718 like an insulated-gate bipolar transistor 
(IGBT), or include a collector 714, a base 716, and an 
emitter 718 like a bipolar junction transistor (BJT). Depend
ing on the switching logic and whether transistor switch 710 
is an n-type or a p-type, drain 714 and source 718 may be 

65 reversed. A voltage applied to gate 716 determines a switch
ing state of transistor switch 710. Diode 212 is connected 
between source 718 and drain 714 of transistor 710. 
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Referring again to FIG. 6, source 718 of u-phase top 
torque switch 622tul is connected to drain 714 of u-phase 
bottom torque switch 622tu2. Drain 714 of u-phase top 
torque switch 622tul is connected to first wire 608 that may 
be referred to as a positive bus. Source 718 of u-phase top 
torque switch 622tul is connected to second wire 610 that 
may be referred to as a negative bus. u-phase top torque 
switch 622tul and u-phase bottom torque switch 622tu2 
arranged in this manner form a half-bridge. A half-bridge is 
included for each phase output from torque inverter 602. 
Because three-phases are output from torque inverter 602 in 
the illustrative embodiment, there are three half-bridges and 
three stator windings. As a result, source 718 ofv-phase top 
torque switch 622tvl is connected to drain 714 of v-phase 
bottom torque switch 622tv2. Drain 714 of v-phase top 
torque switch 622tvl is connected to first wire 608, and 
source 718 ofv-phase top torque switch 622tvl is connected 
to second wire 610. Source 718 ofw-phase top torque switch 
622twl is connected to drain 714 ofw-phase bottom torque 
switch 622tw2. Drain 714 of w-phase top torque switch 
622twl is connected to first wire 608, and source 718 of 
w-phase top torque switch 622twl is connected to second 
wire 610. 

12 
from third wire 614 to u-phase line 624 through u-phase top 
suspension switch 622sul indicates the u-phase half-bridge 
of suspension inverter 604 is discharging capacitor 612. 

Similarly, av-phase line 626 is connected between source 
5 718 ofv-phase top suspension switch 622svl and drain 714 

of v-phase bottom suspension switch 622sv2. v-phase line 
626 is also connected between source 718 of v-phase top 
torque switch 622tvl and drain 714 of v-phase bottom 
torque switch 622tv2. v-phase line 626 connects the v-phase 

10 half-bridge of suspension inverter 604 to the v-phase half
bridge of torque inverter 602, and to a v-phase stator 
winding that includes v-phase torque coil 6l8tv and v-phase 
suspension coil 618sv. Torque coil 618tv is connected to 
v-phase line 626 between v-phase suspension coil 618sv and 

15 neutral connector 620. Positive terminal 700 of v-phase 
torque coil 6l8tv is connected adjacent to positive terminal 
700 of v-phase suspension coil 618sv. 

A direction of current flow from v-phase line 626 to fourth 
wire 616 through v-phase bottom suspension switch 622sv2 

20 indicates the v-phase half-bridge of suspension inverter 604 
is discharging capacitor 612, and a direction of current flow 
from third wire 614 to v-phase line 624 through v-phase top 
suspension switch 622svl indicates the v-phase half-bridge 
of suspension inverter 604 is discharging capacitor 612. 

Similarly, aw-phase line 628 is connected between source 
718 ofw-phase top suspension switch 622swl and drain 714 
ofw-phase bottom suspension switch 622sw2. w-phase line 
628 is also connected between source 718 of w-phase top 
torque switch 622twl and drain 714 of w-phase bottom 

Similarly, source 718 of u-phase top suspension switch 
622sul is connected to drain 714 of u-phase bottom sus- 25 

pension switch 622su2. Drain 714 ofu-phase top suspension 
switch 622sul is connected to third wire 614 that may be 
referred to as a capacitor positive bus. Source 718 ofu-phase 
top suspension switch 622sul is connected to fourth wire 
616 that may be referred to as a capacitor negative bus. 
Source 718 of v-phase top suspension switch 622svl is 
connected to drain 714 ofv-phase bottom suspension switch 
622sv2. Drain 714 ofv-phase top suspension switch 622svl 

30 torque switch 622tw2. w-phase line 628 connects the 
w-phase half-bridge of suspension inverter 604 to the 
w-phase half-bridge of torque inverter 602, and to aw-phase 
stator winding that includes w-phase torque coil 618tw and 
w-phase suspension coil 618sw. Torque coil 6l8tw is con-

35 nected tow-phase line 626 between w-phase suspension coil 
618sw and neutral connector 620. Positive terminal 700 of 

is connected to third wire 614, and source 718 ofv-phase top 
suspension switch 622svl is connected to fourth wire 616. 
Source 718 of w-phase top suspension switch 622swl is 
connected to drain 714 ofw-phase bottom suspension switch 
622sw2. Drain 714 of w-phase top suspension switch 
622swl is connected to third wire 614, and source 718 of 
w-phase top suspension switch 622swl is connected to 40 

fourth wire 616. 

w-phase torque coil 618tw is connected adjacent to positive 
terminal 700 of w-phase suspension coil 618sw. 

A direction of current flow from w-phase line 628 to 
fourth wire 616 through w-phase bottom suspension switch 
622sw2 indicates the w-phase half-bridge of suspension 
inverter 604 is discharging capacitor 612, and a direction of 
current flow from third wire 614 tow-phase line 624 through 
w-phase top suspension switch 622swl indicates the 

Gate 716 of each switch 622 is connected to drive 
controller 630 to receive gating signals to control a state of 
each top switch and each bottom switch of each phase of 
torque inverter 602 and of suspension inverter 604. At any 
point in time, only one of the top switch and the bottom 
switch of each half-bridge is effectively closed. As stated 
previously, the gating signals may be determined using 
SVPWM. 

Au-phase line 624 is connected between source 718 of 
u-phase top suspension switch 622sul and drain 714 of 
u-phase bottom suspension switch 622su2. u-phase line 624 
is also connected between source 718 ofu-phase top torque 
switch 622tul and drain 714 of u-phase bottom torque 
switch 622tu2. u-phase line 624 connects the u-phase half
bridge of suspension inverter 604 to the u-phase half-bridge 
of torque inverter 602, and to au-phase stator winding that 
includes u-phase torque coil 6l8tu and u-phase suspension 
coil 618su. Torque coil 6l8tu is connected to u-phase line 
624 between u-phase suspension coil 618su and neutral 
connector 620. Positive terminal 700 ofu-phase torque coil 
6l8tu is connected adjacent to positive terminal 700 of 
u-phase suspension coil 618su. 

A direction of current flow from u-phase line 624 to fourth 
wire 616 through u-phase bottom suspension switch 622su2 
indicates the u-phase half-bridge of suspension inverter 604 
is discharging capacitor 612, and a direction of current flow 

45 w-phase half-bridge of suspension inverter 604 is discharg
ing capacitor 612. 

As shown in FIG. 6, each stator winding includes at least 
two pairs of terminal connections (a pair of terminal con
nections is positive terminal 700 and negative terminal 702), 

50 one for a torque coil and one for a suspension coil. Current 
flowing from a terminal connection associated with suspen
sion inverter 604 to winding neutral connector 620 creates a 
one pole pair p

5
=] or a p

5
=p±l pole pair MMF for the 

creation of suspension forces and current flowing from a 
55 terminal connection associated with torque inverter 602 to 

either winding neutral connector 620 or a terminal associ
ated with suspension inverter 604 creates a p pole pair MMF 
to rotate top rotor 102 and/or bottom rotor 103. The termi
nals associated with suspension inverter 604 connect to the 

60 same stator winding as those associated with torque inverter 
602, but have a direction reversed as discussed previously. 

Drive controller 630 may include a non-transitory com
puter-readable medium 634, a processor 632, and a control 
application 636. Fewer, different, and/or additional compo-

65 nents may be incorporated into drive controller 630. 
Computer-readable medium 634 is an electronic holding 

place or storage for information so the information can be 
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accessed by processor 632 as understood by those skilled in 
the art. Computer-readable medium 634 can include, but is 
not limited to, any type of random access memory (RAM), 
any type of read only memory (ROM), any type of flash 
memory, etc. such as magnetic storage devices (e.g., hard 5 

disk, floppy disk, magnetic strips, ... ), optical disks (e.g., 
compact disc (CD), digital versatile disc (DVD), ... ), smart 
cards, flash memory devices, etc. drive controller 630 may 
have one or more computer-readable media that use the 
same or a different memory media technology. For example, 10 

computer-readable medium 634 may include different types 
of computer-readable media that may be organized hierar
chically to provide efficient access to the data stored therein 
as understood by a person of skill in the art. 

Processor 632 executes instructions as understood by 15 

those skilled in the art. The instructions may be carried out 
by a special purpose computer, logic circuits, or hardware 
circuits. Processor 632 may be implemented in hardware 
and/or firmware. Processor 632 executes an instruction, 
meaning it performs/controls the operations called for by 20 

that instruction. The term "execution" is the process of 
rumiing an application or the carrying out of the operation 
called for by an instruction. The instructions may be written 
using one or more progranmiing language, scripting lan
guage, assembly language, etc. Processor 632 operably 25 

couples with computer-readable medium 634 to receive, to 
send, and to process information. Processor 632 may 
retrieve a set of instructions from a permanent memory 
device and copy the instructions in an executable form to a 
temporary memory device that is generally some form of 30 

RAM. Drive controller 630 may include a plurality of 
processors that use the same or a different processing 
technology. 

Control application 636 performs operations associated 
with receiving sensor signals such as current sensor data and 35 

computing the gate signals input to torque inverter 602 and 
to suspension inverter 604. The operations may be imple
mented using hardware, firmware, software, or any combi
nation of these methods. For illustration, drive 600 includes 
four current sensors, a single isolated voltage bus, and 40 

twelve switches to support the three-phases. 
Referring to the example embodiment of FIG. 6, control 

application 636 is implemented in software (comprised of 
computer-readable and/or computer-executable instructions) 
stored in computer-readable medium 634 and accessible by 45 

processor 632 for execution of the instructions that embody 
the operations of control application 636. Control applica
tion 636 may be written using one or more progranmiing 
languages, assembly languages, scripting languages, etc. 
Control application 636 may be integrated with other ana- 50 

lytic tools. 
Referring to FIGS. SA-SD, design steps for determining a 

winding arrangement for radial flux machine 100 are shown 

14 
bottom rotor 103 are centered, which means that suspension 
inverter 604 can have a low voltage rating and that rotor 
vibrations can be passively damped by short-circuiting the 
suspension terminals. A usable fraction of the suspension 
DC bus and of the torque DC bus is 1/Y1. A current rating 
of suspension inverter 604 is a current rating of u-phase 
suspension coil 618su, ofv-phase suspension coil 618sv, and 
of w-phase suspension coil 618sw. A voltage rating of 
suspension inverter 604 is less than or equal to that of torque 
inverter 602. 

To design the winding arrangement as described in Sev
erson, an acceptable combination of Q, p, p,, m is selected. 
For illustration FIGS. SA-SD show Q=18,p=5, p

5
=4, m=3.A 

coil pitch is determined using 

where h is a harmonic index or electric frequency and aY is 
a pitch of each coil, where y is a coil span defined as a 
number of slots. The torque coil layout is determined. An 
illustration of a torque phasor star representing a torque coil 
layout is shown in FIG. SA. Which suspension coils to 
reverse is determined. An illustration of a torque phase u 
connection star with h=ps representing the determined sus
pension coils to reverse is shown in FIG. 8B. The torque coil 
and suspension coil are assigned to a coil group as illustrated 
in FIG. SC. A resulting winding layout is shown in FIG. SD 
for illustration with the terminal connections shown for 
phase u. 

Referring to FIG. 9, an equivalent single-phase circuit for 
drive 600 is shown in accordance with an illustrative 
embodiment. In this circuit, torque inverter 602 is repre-

sented as a dependent voltage source --;,; , 606, with an output 

current 902 of T ,, and suspension inverter 604 as a voltage 

'1
5 

903 from capacitor 612, with an output current 906 - T cc 

The electric circuit ofu-phase suspension coil 618su and of 
u-phase torque coil 6l8tu includes resistor 704 having a 
resistive value represented by R, inductor 706 having an 
inductive value represented by L, and voltage source 708 

having a back-EMF value represented by---;_ Inductor 706 is 

a self-inductance and back-EMF---; combined with a mutual 
inductance 900 M linking the two coils. The dotted inductors 
represent a polarity of mutual inductance 900 M, that 
corresponds to the dotted terminals of FIG. 6. A current 906 

la and a current 908 l 6 are also indicated. 
Referring to FIG. 10, shows a space vector and machine 

axes for a system model of drive 600 in accordance with an 
illustrative embodiment. A first vector 1000 is a u-phase 
axis. A second vector 1002 is a rotor direct axis. A third in accordance with an illustrative embodiment. A winding 

design approach as described in E. L. Severson, R. Nilssen, 55 vector 1004 is a force F axis. A fourth vector 1006 is an 7s 

axis. A fifth vector 1008 is an '1
5 

axis. A sixth vector 1010 T. Undeland, and N. Mohan, Design of dual purpose no
voltage combined windings for bearingless motors, IEEE 
Transactions on Industry Applications, vol. 53, no. 5, pp. 
4368-4379, September 2017 (Severson) is shown for illus
tration. The described winding design technique creates a 60 

single stator winding for each phase that produces both 
suspension (radial) force and torque. As discussed previ
ously, each stator winding has at least two pairs of terminal 
connections: 1) a torque coil(s) connected using torque 
terminals, and 2) a suspension coil(s) connected using 65 

suspension terminals. The suspension terminals experience 
no motional-EMF when, for example, top rotor 102 and/or 

is a rotor quadrature axis. A seventh vector 1012 is an T, 
axis. A first angle 1014 is 8du an angle of second vector 1002. 
A second angle 1016 is <PF an angle of third vector 1004. A 
third angle 1018 is <Ps, an angle of fourth vector 1006 where 
<Ps,=<PF-<Pk· A fourth angle 1020 is <Ps, an angle of fifth vector 
1008. A fifth angle 1022 is cp,an angle of seventh vector 1012 
measured from second vector 1002. 

Torque current T, of torque inverter 602 is the traditional 
motor current space vector, which can be decomposed into 
direct id and quadrature iq components. A non-salient rotor 
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structure is assumed so that torque is determined by T=k)q. 
Controlled radial suspension forces are produced by super-

imposing a suspension current Ts of suspension inverter 604 

onto torque current T,, for example, in u-phase suspension 5 

coil 618su and u-phase torque coil 6l8tu. This is done by 

using current regulators to control T, and Ta to achieve the 
following currents: 

(1) 

16 

P = Real{v,,:} = Prs - Pss (7) 

1 ~ 
= 2v,i,cos(¢, -¢, -0du)- teas¢, 

(8) 

(9) 

A first term of equation (7) represents a first power P Ts 

flowing from torque inverter 602 to suspension inverter 604, 
which can be expressed in terms of id and iq as shown in 

15 equation (8). A second term of equation (7) represents a 
second power P ss flowing from suspension inverter 604 into 

the coil resistances. For a horizontal shaft machine, --;/sand 

Ts have the steady state values required to generate a 
The suspension current Ts is related to the force vector 

that is produced on shaft 200, where l<,=k,L<h contains 
information on both the magnitude and angular difference 20 constant force to support a weight of shaft 200. The steady 

state suspension voltage vector can be calculated using 
equation (9) by solving equations (2) and (6). The necessary 

between Ts and F. The value of <Pk is specified in equation 
(3) based on the number of pole pairs, for example, of 
u-phase torque coil 6l8tu, where 8du is the angle of the 
rotor's direct axis and <Po is a constant offset between u-phase 
suspension coil 618su and u-phase torque coil 6l8tu, which 25 

can be assumed to be cp 0=0. The sign of 8du depends on 
whether a suspension phase sequence is transposed with 
respect to a motor phase sequence or not. A sign in equation 
(3) is indicated for a non-transposed case. 

{
-0du + !po, 

'Pk= !/Jo, if p, = 1 and p 2 4 

if p, = p ± 1 

30 

(2) 

(3) 35 

torque current T, to maintain the voltage on capacitor 612 
can be found by solving equation (7) for P=O. While there 
appear to be two degrees of freedom in this expression (id 
and iq), this ambiguity is resolved by noting that the q-axis 
current iq is specified by a torque requirement T of radial flux 
machine 100 (iq=T/k,). 

In systems where a constant force is present (for example, 
gravitational force on a horizontal shaft machine), an addi
tional current can be provided by torque inverter 602 to 
interact with the steady state suspension voltage space 
vector to charge capacitor 612. In systems where a constant 
force is not present, a steady state suspension voltage space 
vector is also added potentially creating a problematic 
suspension force ripple. Three approaches to transferring 
power to suspension inverter 604 are discussed below. 
Applicability of each approach for a given bearingless radial A suspension inverter voltage of suspension inverter 604 

can be calculated using equation ( 4), where the motor's 

back-EMF -; cancels out thereby satisfying a "no voltage" 
property of DPNV stator windings. When the coil group 

40 flux machine 100 is determined based on whether a constant 
shaft force is present and the angle of <Pk· 

Referring to FIG. 11, a first space vector power flow for 
drive 600 based on a first machine configuration is shown in 
accordance with an illustrative embodiment. A constant currents are given by (1), --;/s simplifies to (5), which corre

sponds to the steady state impedance of (6). This reveals that 
the suspension voltage is determined by the suspension 

current Ts (or, equivalently, F), independent of T,. 

45 
radial force F (third vector 1004) is present and cpk=-8du 
(first angle 1014), which corresponds to Ps =p±l pole pairs of 
the suspension coils of each phase. Using this value for <Pk, 
equation (9) can be solved for <Ps =cjlp+8du+<P2 , where <PF is 

(4) 50 

dls dls 
=2(L-M)-+2R-

dt dt 

(5) 

v, 
z= ::;- =2R+jw,2(L-M) 

(6) 55 

,, 

Suspension inverter 604 supplies current to maintain a 
60 

levitation of shaft 200, which requires real power to flow 
from suspension inverter 604 and into the suspension coil 
winding resistance, which will discharge capacitor 612. To 
maintain a capacitor voltage on capacitor 612, power is 
transferred from torque inverter 602 to suspension inverter 65 

604. A steady state power into capacitor 612 can be calcu
lated using equation (7), where cp

2 
is an angle of z. 

indicated by second angle 1016 and cp
2 

is indicated by sixth 
angle 1108, which simplifies equations (7) to (10). This 
indicates a constant power P Ts in steady state conditions 

where the magnitude of --;/s (fifth vector 1008) is given by 
equation (11) for a shaft of mass m. Note that power flow 
between torque inverter 602 and suspension inverter 604 
depends on torque generated by radial flux machine 100 
since iq =T/k,. This is highly undesirable, as it will require an 
additional current id to compensate for changes in load 
torque. 

z 
Vs= IZ;mg 

(10) 

(11) 



US 10,879,829 B2 
17 

To eliminate the dependence on the machine's load, radial 

flux machine 100 having constant radial force F and 
<h=-8du can be oriented to set the force vector angle as 
second angle 1016 cpF=-cp

2
, in which case equation (10) 

reduces to equation (12). This can be accomplished by 5 

orienting a stator housing at a proper angle with respect to 
a horizon indicated by a horizontal axis 1100. A vertical axis 

1102 and a gravity force vector G 1104 are also shown, 

where G=mg, where is a speed of gravity. Ad-axis current 10 

id 110 is calculated from equation (13) by equating equation 
(12) to P ss· Since id is split evenly between the suspension 
coil and the torque coil of each phase, the amount of coil 
group current allocated to the suspension coil becomes 

15 

18 
contribute to the average power. A space vector diagram of 
this power flow approach is shown in FIG. 12. 

(14) 

(15) 

(16) 

(17) 

(18) 

The required magnitude of TO is calculated in equation 
(16), which indicates that the fraction of the suspension coil 
current allocated for suspension forces is doubled using this 

control technique. Since TO is stationary, it appears in both 

where is is indicated by fourth vector 1006. In a typical 
design, the suspension coil current is required to support the 
weight of shaft 200 that is nearly two orders of magnitude 
smaller than a rated q-axis current. As a result, this addi
tional current requirement doesn't have any meaningful 
impact on a performance of radial flux machine 100 in the 
first configuration. 

20 
the direct and quadrature components of !', as seen in 
equations (17) and (18). This will produce torque ripple. 
However, as previously mentioned, in a well-designed bear
ingless motor, the required value ofis to support the shaft's 

25 
weight is nearly two orders of magnitude smaller than the 
rated torque current meaning that i0 will not have a signifi
cant impact on the motor's performance. There is no restric
tion on the orientation of the rotor. 

1 
Prs = 2vsid 

. 2vs 
ld = -cos¢z 

z 
= 2iscos¢z 

(12) 
30 

(13) 

35 

One potential area of concern for this type of power flow 
control is the performance at low or zero rotational speeds. 
For example, if a stationary holding torque is produced by 
the stator, 8 du will have a constant value and the actual 
power transferred will be the sum of equations (7) and (8). 
This may cause a problematic power flow from torque 
inverter 602 to suspension inverter 604 that is dependent 
upon the motor torque, similar to the problem described at 
variable speed for the control approach described by FIG. 
11. This is not viewed as a problem for high speed motor 
designs that do not require static holding torques and pass 

In practice, maintaining cjlp=-cp
2 

may prove to be a prob
lematic solution for a few reasons. First, it may not be 
practical for system integrators to guarantee the motor's 
orientation at install time satisfies cp F=-cp

2
• Second, it pre

vents the use of field weakening techniques since id is used 40 
quickly through the low speed operating region. 

Referring to FIG. 13, a third space vector power flow for 
drive 600 based on a third machine configuration is shown 
in accordance with an illustrative embodiment. With or 
without a constant radial force and with any value of <Pk, 

to regulate the power flow to floating capacitor. Third, cp
2 

is 
the angle of equation (6) that depends on a rotational 
frequency of the rotor of radial flux machine 100 (wx=dcpj 
dt=d8d)dt). If the machine's speed varies significantly dur
ing operation, the motor orientation chosen at install time 45 

will not continue to satisfy cpF=-cp
2 

for all operating condi
tions, meaning that the actual power flow will depend on iq 
as specified in equation (10). This analysis of power flow 
applies to standard parallel drive implementations, which 
means that horizontal shaft parallel winding motors in 50 

general are prone to a potentially problematic power flow 
between suspension inverter 604 and torque inverter 602. 

Referring to FIG. 12, a second space vector power flow 
for drive 600 based on a second machine configuration is 
shown in accordance with an illustrative embodiment. Con- 55 

stant radial force is present and cpk=0, which corresponds to 
Ps=l pole pair of the suspension coils of each phase. For the 

case of a constant direction force, --;/ s is stationary and 
equation (6) reduces to z=3R (since ws=0), which means that 

60 
<Ps=cjlp- Using this angle in equation (8) reveals that constant 
values of id and iq produce no average power flow to 
suspension inverter 604. To overcome this, the torque cur
rent space vector is modified by adding an additional sta-

tionary vector TO 1200 aligned with--;/ s as shown in equation 65 

(14). Using this new space vector, the average value of Prs 
is calculated in equation (15) by neglecting terms that don't 

power can be transferred to capacitor 612 by adding new 

rotating components to both T, Cir indicated by an eighth 

vector 1302) and --;/s (vfindicated by a ninth vector 1300) at 
a different frequency wf indicated by a seventh angle 1304 
as shown by equation (19). These new rotating components 
modify the average power transfer equations to become 
equations (20) and (21). 

(19) 

-' -vs= Vs+ v1Lw1t 

ZJ = 2R + jw12(L- M) 

(20) 

v; 2v}R 
(Pss) = -2 cos¢, + 2 

4R2 +4w}(L-M) 

(21) 

(22) 
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The second term of ( P ss) corresponds to the additional 
power drawn from capacitor 612 due to the new frequency 

20 

(23) 

component of --;/•s· These added rotating components will 
also add torque and force ripple equation (22). The effect of 

5 
this ripple and the amount of loss can be minimized by 
proper selection of the frequency for the power transfer and 
a magnitude of the vi' Higher values of wf lead to lower 
losses and force and torque ripple (and less momentum 
change since the ripple is applied over a shorter time 10 
duration). However, increasing the frequency also increases 
the voltage needed by torque inverter 602 to realize ~ One 
option to increase the frequency of the torque and force 
ripple without increasing the value of wfis to have ~and vf 
rotate backward relative to the rotor's direct axis (second 15 

vector 1002). 

(24) 

Next, the differential equation is re-written as a transfer 
function in equation (25). In these expressions, m, i,, and cp

2 

are taken as the values at a nominal operating point (i.e., 
based on an expected constant force). Trade-offs between each of the power flow approaches 

described relative to FIGS. 11 to 13 are outlined in Table I 
below. 

TABLE I 

Configuration First Second Third 

Req. constant force Yes Yes No 
Req. <j>k - -0du 0 Any value 
Adds torque ripple No Yes Yes 
Adds sus. ripple No No Yes 
Potential challenges Required Voltage Additional 

alignment regulation for losses, ripple, 
changes with low speed and voltage 
speed operation requirement 

20 (25) 

V,(s) !Jr RL ---- -m---
1,h(s) - 2 2 sCRL + 1 

25 

A PI controller can be used to track a reference voltage of 
capacitor 612. A schematic of the control diagram is shown 
in FIG. 14. If kP and k, are selected as defined in equations 

30 (26) and (27), the resulting closed loop transfer function is 
a first order low pass filter with a bandwidth of we. 

k _ 2w,C (26) 

35 P - {3fim 

ki = 2wc (27) 

{3fimRL 

The first and second machine configurations offer the 
potential for the lowest losses but impose restrictions that 
may make them infeasible depending on the design appli
cation. The third machine configuration offers the most 
design flexibility but has additional losses and force and 
torque ripple. The first and second machine configurations 
require regulating current at two different frequencies. There 

40 
are well-known approaches to doing this, including resonant MATLAB Simulink was used to simulate each of the 

three power flow approaches with the voltage regulation 
controller designed based on control system model 1400. In 
all simulations, suspension inverter 604 and torque inverter 

controllers and additional integrators in reference frames 
that rotate at each of the frequency components. 

Referring to FIG. 14, a block diagram of a control system 
model 1400 for drive 600 to track voltage v c on capacitor 45 

612 is shown in accordance with an illustrative embodiment. 

602 use SVPWM with a 20 kHz switching frequency and 
their currents are controlled via closed loop regulators. The 
reference current values are set based on a specified torque 
(iq =T/k,), specified radial forces, and the charging current 
reference i* ch generated by capacitor 612 voltage regulator 

Control system model 1400 provides a simple control strat
egy for regulating voltage v c on capacitor 612 that can be 
applied to any of the three power flow approaches described 
relative to FIGS. 11 to 13. The power into capacitor 612 is 
expressed in equation (23), where from FIG. 6, vc is the 
capacitor voltage, 

is a modulation index for the power invariant space vectors 
used, ich is a charging current component from torque 
inverter 602 Cich =id for the first configuration, ich =i0 for the 
second configuration, and ich =~ for the third configuration), 
and R'L is an equivalent load resistance defined in equation 
(24) for a constant force F. The third power flow approach 
has an additional term in P ss which is neglected in the 
following derivation but can easily be added. 

50 shown in FIG. 14. The motor is modeled as having L=5.6 
millihenries (mH), M=4.9 mH, R=0.2 Ohms (Q), and k,=23 
Newtons per ampere (N/amp ). The angle ofk, is as described 
in equation (3), based on whether a p

5
=] type bearingless 

motor or a p
5
=p±l type bearingless motor is used for radial 

55 flux machine 100. The simulation results were normalized 
by the motors' rated conditions for comparison purposes and 
the motors are considered as horizontal shaft machines that 
experience the effects of gravity as a constant radial force. 
For the simulations of using the first power flow configu-

60 ration, the stator housing orientation was chosen at install 
time to satisfy cpF=-cp

2 
to avoid power being transmitted 

from torque producing current iq. 
Two scenarios were simulated: constant speed and con

stant torque/force. Results from the constant speed simula-
65 tions are shown in FIGS. 15A to 15D where the rotor speed 

is held constant but the torque and suspension current 
references change according to the values depicted in FIG. 
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15A. FIG. 15B shows the results using the first power flow 
configuration. FIG. 15C shows the results using the second 
power flow configuration. FIG. 15D shows the results using 
the third power flow configuration. A suspension force of 1 
pu corresponds to the gravitational force from shaft 200. 
Since the machine is at constant speed, the first power flow 
configuration exhibited the best voltage regulation because 
no additional frequency current components needed to be 
injected into radial flux machine 100. 

22 
interior or exterior portion of the element referenced. These 
phrases also encompass direct mounting (in which the 
referenced elements are in direct contact) and indirect 
mounting (in which the referenced elements are not in direct 

5 contact, but are connected through an intermediate element) 
unless specified otherwise. Elements referenced as mounted 
to each other herein may further be integrally formed 
together, for example, using a molding or thermoforming 
process as understood by a person of skill in the art. As a 

10 result, elements described herein as being mounted to each 
other need not be discrete structural elements unless speci
fied otherwise. The elements may be mounted permanently, 
removably, or releasably unless specified otherwise. 

Results from the constant force and torque simulation are 
shown in FIGS. 16A to 16D. Here, the suspension current 
reference is held constant at the value required to support the 
shaft's weight while the speed is varied as shown in FIG. 
16A. FIG. 16B shows the results using the first power flow 
configuration. FIG. 16C shows the results using the second 
power flow configuration. FIG. 16D shows the results using 
the third power flow configuration. This test clearly depicts 
the expected undesirable speed response of both the first and 
the second power flow approaches, while the third power 
flow approach is not impacted by changes in speed. Also, as 20 

expected, the second power flow approach performs better at 
higher speeds. Note that this simulation was intentionally 
conducted at a problematically low speed and it is antici
pated that for the right high-speed machine configuration, 
the second power flow approach will exhibit reasonable 25 

performance. 

Use of directional terms, such as top, bottom, right, left, 
15 front, back, upper, lower, horizontal, vertical, behind, etc. 

are merely intended to facilitate reference to the various 
surfaces of the described structures relative to the orienta
tions introduced in the drawings and are not intended to be 
limiting in any manner unless otherwise indicated. 

As used in this disclosure, the term "connect" includes 
join, unite, mount, couple, associate, insert, hang, hold, affix, 
attach, fasten, bind, paste, secure, bolt, screw, rivet, pin, nail, 
clasp, clamp, cement, fuse, solder, weld, glue, form over, 
slide together, layer, and other like terms. The phrases 
"connected on" and "connected to" include any interior or 
exterior portion of the element referenced. Elements refer-

Referring to FIG. 17A, a block diagram of a second drive 
1700 of radial flux machine 100 is shown in accordance with 
an illustrative embodiment. Drive 600 can be replaced with 
second drive 1700 where suspension inverter 602 and torque 
inverter 604 have been replaced with suspension multi-level, 
multi-phase inverter 1702 and with torque multi-level, 
multi-phase inverter 1704, respectively. Suspension multi
level, multi-phase inverter 1702 and torque multi-level, 
multi-phase inverter 1704 can provide greater than or equal 
to two phases and/or greater than or equal to two voltage 
levels. A winding that includes one or more torque coil(s) 
and one or more suspension coil(s) is included for each 
phase. 

Referring to FIG. 17B, a circuit diagram of an existing, 
three-level, three-phase inverter 1706 of second drive 1700 
is shown in accordance with an illustrative embodiment. 
Suspension multi-level, multi-phase inverter 1702 and 
torque multi-level, multi-phase inverter 1704 can be 
replaced with three-level, three-phase inverter 1706 in sec
ond drive 1700. 

Referring to FIG. 18, a circuit diagram of a third drive 
1800 for radial flux machine 100 is shown in accordance 
with an illustrative embodiment. A first suspension inverter 
1702a and a second suspension inverter 1702b are shown 
connected in parallel across capacitor 612. 

Referring to FIG. 19, an equivalent single-phase circuit 
for third drive 1800 is shown in accordance with an illus
trative embodiment that includes a voltage V52 from second 
suspension inverter 1702b. 

enced as connected to each other herein may further be 
integrally formed together. As a result, elements described 
herein as being connected to each other need not be discrete 

30 structural elements. The elements may be connected perma
nently, removably, or releasably. 

The word "illustrative" is used herein to mean serving as 
an example, instance, or illustration. Any aspect or design 
described herein as "illustrative" is not necessarily to be 

35 construed as preferred or advantageous over other aspects or 
designs. Further, for the purposes of this disclosure and 
unless otherwise specified, "a" or "an" means "one or 
more". Still further, using "and" or "or" in the detailed 
description is intended to include "and/or" unless specifi-

40 cally indicated otherwise. 
The foregoing description of illustrative embodiments of 

the disclosed subject matter has been presented for purposes 
of illustration and of description. It is not intended to be 
exhaustive or to limit the disclosed subject matter to the 

45 precise form disclosed, and modifications and variations are 
possible in light of the above teachings or may be acquired 
from practice of the disclosed subject matter. The embodi
ments were chosen and described in order to explain the 
principles of the disclosed subject matter and as practical 

50 applications of the disclosed subject matter to enable one 
skilled in the art to utilize the disclosed subject matter in 
various embodiments and with various modifications as 
suited to the particular use contemplated. It is intended that 
the scope of the disclosed subject matter be defined by the 

55 claims appended hereto and their equivalents. 
A floating capacitor connected across one or more sus

pension inverter 604, 1702, 1702a, 1702b to implement a 
parallel DPNV motor drive reduces the amount of required 
power electronic hardware and also allows flexibility in a 
suspension voltage bus value, which is advantageous in 60 

terms of losses and force/torque ripple. 

What is claimed is: 
1. A machine drive comprising: 
a suspension force inverter configured to provide a plu

rality of suspension force electrical signals to a plural
ity of suspension force electrical terminals, wherein 
each suspension force electrical terminal is configured 
for connection to a suspension coil of a stator winding, 
wherein each suspension force electrical signal of the 
plurality of suspension force electrical signals is con
figured to provide a phase of a plurality of phases to a 
single suspension force electrical terminal of the plu-

As used herein, the term "mount" includes join, unite, 
connect, couple, associate, insert, hang, hold, affix, attach, 
fasten, bind, paste, secure, hinge, bolt, screw, rivet, solder, 
weld, glue, form over, form in, layer, mold, rest on, rest 65 

against, abut, and other like terms. The phrases "mounted 
on", "mounted to", and equivalent phrases indicate any 
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rality of suspension force electrical terminals, wherein 
a single stator winding is associated with each phase 
the plurality of phases; 

a torque inverter configured to provide a plurality of 
torque electrical signals to a plurality of torque elec- 5 

trical terminals, wherein each torque electrical signal of 
the plurality of torque electrical signals provides the 
phase of the plurality of phases to a single torque 
electrical terminal of the plurality of torque electrical 
terminals, wherein each torque electrical terminal is 10 

configured for connection to both the suspension coil 
and a torque coil of the single stator winding of the 
associated phase; and 

24 
a torque inverter configured to provide a torque electrical 

signal for each phase of the plurality of phases to the 
torque coil and to the suspension coil of the stator 
winding for the respective phase of the plurality of 
phases; and 

a capacitor connected in parallel across an input of the 
suspension force inverter opposite the plurality of sus
pension force electrical terminals, wherein the torque 
inverter is configured for connection to a voltage 
source, wherein neither the capacitor nor the suspen
sion force inverter is configured for a direct connection 
to any voltage source, wherein the capacitor is con
nected to the voltage source through the torque invertor 
and the suspension force inverter. 

6. The bearingless electrical machine of claim 5, wherein 
the suspension force inverter is configured to provide a 
plurality of voltage levels for each phase of the plurality of 
phases. 

a capacitor connected in parallel across an input of the 
suspension force inverter opposite the plurality of sus- 15 

pension force electrical terminals, wherein the torque 
inverter is configured for connection to a voltage 
source, wherein neither the capacitor nor the suspen
sion force inverter is configured for a direct connection 7. The bearingless electrical machine of claim 6, wherein 

20 the torque inverter is configured to provide a second plu
rality of voltage levels for each phase of the plurality of 
phases. 

to any voltage source, wherein the capacitor is con
nected to the voltage source through the torque invertor 
and the suspension force inverter. 

2. The machine drive of claim 1, wherein the suspension 
force inverter is connected between a first wire and a second 
wire, wherein the capacitor is connected in parallel across 
the suspension force inverter between the first wire and the 
second wire. 

8. The bearingless electrical machine of claim 5, wherein 
the suspension force electrical signal for each phase of the 

25 plurality of phases is provided to the first terminal of the 
second pair of terminals that is a negative terminal. 

3. The machine drive of claim 2, wherein the torque 
inverter is connected between a third wire and a fourth wire, 
wherein the voltage source is connected in parallel across 
the torque inverter between the third wire and the fourth 
Wife. 

9. The bearingless electrical machine of claim 5, wherein 
each torque electrical terminal is configured for connection 
to a positive side of the suspension coil of the stator winding 

30 and to a positive side of the torque coil of the stator winding. 

4. The machine drive of claim 3, wherein the third wire 
and the fourth wire are not directly connected to the first 
wire and the second wire. 

5. A bearingless electrical machine comprising: 
a rotor; 
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10. The bearingless electrical machine of claim 9, wherein 
a negative side of the torque coil of the stator winding for 
each phase of the plurality of phases is connected to a 
common neutral connector. 

11. The bearingless electrical machine of claim 5, wherein 
the suspension coil includes a plurality of coils connected in 
senes. 

a stator comprising a plurality of teeth, wherein a slot is 
positioned between a pair of the plurality of teeth, and 
further wherein the stator is mounted on a first side of 
the rotor separated by an air gap between a surface of 
the rotor and a tooth of the plurality of teeth; 

12. The bearingless electrical machine of claim 11, 
wherein the torque coil includes a second plurality of coils 

40 connected in series. 

a stator winding for each phase of a plurality of phases, 
wherein each stator winding is wound about the plu
rality of teeth to form a first number of pole pairs 45 

between a first pair of terminals for each phase of the 
plurality of phases and to form a second number of pole 
pairs between a second pair of terminals for each phase 
of the plurality of phases, wherein p

5
=] or p

5
=p±l, 

where p is the first number of pole pairs and Ps is the 50 

second number of pole pairs, wherein a torque coil of 
the stator winding for each phase of the plurality of 
phases is connected between the first pair of terminals 
for a respective phase of the plurality of phases, 
wherein a suspension coil of the stator winding for each 55 

phase of the plurality of phases is connected between 
the second pair of terminals for the respective phase of 
the plurality of phases; and 

a machine drive comprising 
a suspension force inverter configured to provide a sus- 60 

pension force electrical signal for each phase of the 
plurality of phases to the suspension coil of the stator 
winding for the respective phase of the plurality of 
phases, wherein a plurality of suspension force electri-
cal terminals comprise a first terminal of the second 65 

pair of terminals for each phase of the plurality of 
phases; 

13. The bearingless electrical machine of claim 5, further 
comprising: 

a second suspension force inverter configured to provide 
a second suspension force electrical signal for each 
phase of the plurality of phases to the suspension coil 
of the stator winding for the respective phase of the 
plurality of phases; 

wherein the capacitor is connected in parallel across the 
second suspension force inverter. 

14. A bearingless electrical machine system comprising: 
a shaft configured to rotate; 
a rotor mounted to the shaft to rotate with the shaft; 
a stator comprising a plurality of teeth, wherein a slot is 

positioned between a pair of the plurality of teeth, and 
further wherein the stator is mounted on a first side of 
the rotor separated by an air gap between a surface of 
the rotor and a tooth of the plurality of teeth; 

a stator winding for each phase of a plurality of phases, 
wherein each stator winding is wound about the plu
rality of teeth to form a first number of pole pairs 
between a first pair of terminals for each phase of the 
plurality of phases and to form a second number of pole 
pairs between a second pair of terminals for each phase 
of the plurality of phases, wherein p

5
=] or p

5
=p±l, 

where p is the first number of pole pairs and Ps is the 
second number of pole pairs, wherein a torque coil of 
the stator winding for each phase of the plurality of 
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phases is connected between the first pair of terminals 
for a respective phase of the plurality of phases, 
wherein a suspension coil of the stator winding for each 
phase of the plurality of phases is connected between 
the second pair of terminals for the respective phase of 5 

the plurality of phases; 
a machine drive comprising 
a suspension force inverter configured to provide a sus

pension force electrical signal for each phase of the 
plurality of phases to the suspension coil of the stator 10 

winding for the respective phase of the plurality of 
phases, wherein a plurality of suspension force electri-

26 
the suspension coil of the stator winding for each phase of 
the plurality of phases to both maintain the air gap between 
the rotor and the stator and generate a torque on the shaft. 

16. The bearingless electrical machine system of claim 
14, wherei1;1 the power flo~ is computed using ( P rs)=½ vjfi 
where P rs 1s a power flowmg from the torque inverter to the 
suspension inverter, vf is a voltage defined at a different 
rotating frequency than an operational frequency generated 
by the torque inverter on each stator winding, and ir is a 
current defined at the different rotating frequency. 

17. The bearingless electrical machine system of 
claim 14, wherein the power flow is computed using 
( P rs) =½v)0 , where P rs is a power flowing from the torque 
inverter to the suspension inverter, vs is a suspension coil 

cal terminals comprise a first terminal of the second 
pair of terminals for each phase of the plurality of 
phases; 

a torque inverter configured to provide a torque electrical 
signal for each phase of the plurality of phases to the 
torque coil and to the suspension coil of the stator 
winding for the respective phase of the plurality of 
phases; and 

15 voltage on each stator winding, i0=2is, where is is a suspen
sion coil current on each stator winding. 

18. The bearingless electrical machine system of 
claim 14, wherein the power flow is computed using 
( P rs) =½v)d, where P rs is a power flowing from the torque 

20 inverter to the suspension inverter, vs is a suspension coil 
voltage on each stator winding, id=2is cos cp

2
, where is is a 

suspension coil current on each stator winding, and cp
2 

is an 
angle of z, where 

a capacitor connected in parallel across an input of the 
suspension force inverter opposite the plurality of sus
pension force electrical terminals, wherein the torque 
inverter is configured for connection to a voltage 
source, wherein neither the capacitor nor the suspen- 25 

sion force inverter is configured for a direct connection 
to any voltage source, wherein the capacitor is con
nected to the voltage source through the torque invertor 
and the suspension force inverter; and 

a motor controller comprising 
a processor configured to determine the suspension force 

electrical signal input to the suspension force inverter 

30 

to regulate a voltage on the capacitor to provide a 
power flow into the suspension coil of the stator 
winding for each phase of the plurality of phases to 35 

maintain the air gap between the rotor and the stator. 
15. The bearingless electrical machine system of claim 

14, wherein the processor is further configured to determine 
the torque electrical signal input to the torque inverter that 
provides a second power flow into the torque coil and into 

19. The bearingless electrical machine system of claim 
14, wherein the suspension force electrical signal for each 
phase of the plurality of phases is provided to the first 
terminal of the second pair of terminals that is a negative 
terminal. 

20. The bearingless electrical machine system of claim 
14, wherein each torque electrical terminal is configured for 
connection to a positive side of the suspension coil of the 
stator winding and to a positive side of the torque coil of the 
stator winding. 

* * * * * 


