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SENSING ROTOR DISPLACEMENT USING
STATOR POWER WINDING

CROSS REFERENCE TO RELATED
APPLICATION

[0001] This application claims the benefit of U.S. provi-
sional application 63/365,098 filed May 20, 2022, and
hereby incorporated by reference.

BACKGROUND OF THE INVENTION

[0002] The present invention relates to electrical machines
such as motors and generators and, in particular, to a system
for detecting off-axis rotor displacement.

[0003] Electrical motors and generators employ a rotor
that may rotate about an axis with respect to a stator. A shaft
attached to the rotor and aligned with the axis may transmit
power from the rotor, when the electrical machine is a motor,
or, when the electrical machine is a generator, the shaft may
be rotated by an external source of power such as a turbine
or the like.

[0004] The shaft of the rotor is typically supported by
bearings, such as ball or roller bearings, minimizing fric-
tional losses during machine operation. As an alternative to
mechanical bearings, magnetic bearings may be employed
which levitate the shaft magnetically, further reducing fric-
tional losses as well as the need to replace mechanical
bearings subject to wear over time.

[0005] “Bearingless” motors extend the idea of magnetic
levitation to the rotor itself, using a so-called “combined
winding” to both apply torque to the rotor and a levitating
normal force to the rotor, the levitating normal force being
perpendicular to the rotational axis. Such bearingless motors
may also have lightweight ancillary mechanical bearings for
startup or to resist axial forces, but primarily to support the
rotor using magnetic levitation. Such bearingless motors
may either provide a separate set of coils for levitation force
and torque or may use so-called “combined” winding which
provides both levitation force and torque.

[0006] The levitation used in bearingless motors requires
a real-time sensing of rotor displacement, such displacement
being a translational shifting of the rotor’s rotational axis
perpendicular to that axis. Such sensing can be done opti-
cally or through the use of a special sensing coil and
associated sensing electronics, for example, a sensing stator
coil inductance as a proxy for rotor displacement. The
detection of rotor displacement may also be useful for
monitoring motor health, for example, bearing wear in a
motor with conventional mechanical bearings.

[0007] Deducing rotor offset can be done in a bearingless
motor by control and monitoring of the different currents in
the levitating force coils and torque coils as they interact
with the stator, and in this way avoiding the need for
separate rotor position sensors. Such an approach is gener-
ally not known in combined winding motors, outside of the
special case of a five-phase motor.

SUMMARY OF THE INVENTION

[0008] The present inventors have determined that rotor
displacement can be determined by monitoring voltage and
current flow in one or more windings of a combined winding
motor by means of a model that accommodates the coupling
of levitation and torsional currents in combined windings. In
particular, the inventors have determined that through a
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generalized Clark transformation, the effective R and L
matrices describing the electrical property of the motor
become equivalent for combined windings and separated
winding motors allowing the techniques used for separated
winding motors to be readily extended toward a wider
variety of motor types.

[0009] In one embodiment, the invention provides a rotat-
ing electrical machine having a rotor having a shaft for
rotation along a shaft axis and a stator operating with the
rotor to provide a three- or six-phase rotating electrical
machine and providing a set of combined windings, the set
of combined windings capable of creating a first rotational
magnetic field harmonic associated with torque production
for rotation of the rotor when the electrical machine is
operating as a motor, and capable of generating electrical
current from rotation of the rotor when the electrical
machine is operating as a generator, and capable of mea-
suring a second rotational magnetic field harmonic associ-
ated with displacement of the rotor perpendicular to the shaft
axis. A controller measuring at least one of electrical voltage
and current in at least one phase of at least one combined
winding deduces rotor offset position with respect to the
stator perpendicular to this shaft axis by applying the
measured voltage and current to a motor model to obtain two
perpendicular components of rotor offset position.

[0010] Itis thus a feature of at least one embodiment of the
invention to provide for rotor displacement measurements
without the need for a single-purpose separate winding or
sensor that can work with common three- or six-phase
motors.

[0011] The controller may further control the electrical
voltage and current in the combined windings to apply a
levitating force to the rotor based on the obtained two
perpendicular components of rotor offset position.

[0012] Itis thus a feature of at least one embodiment of the
invention to provide a simplified bearingless motor design
for motors with combined windings.

[0013] The model may provide a relationship between at
least one of effective resistance, inductance, and back EMF
between the rotor and the at least one combined winding as
a function of the two perpendicular components of rotor
offset position.

[0014] Itis thus a feature of at least one embodiment of the
invention to provide multiple proxies for rotor translation
having advantages at different rotor speeds.

[0015] The controller may apply the measured voltage and
current to multiple models providing different relationships
between effective resistance, inductance, and back EMF
between the rotor and the at least one combined winding as
a function of the two perpendicular components of rotor
offset position and may combine those measurements to
provide the two perpendicular components of rotor offset
position.

[0016] It thus a feature of at least one embodiment of the
invention to provide a more robust rotor offset determination
through the combination of different proxy measurements.
[0017] These particular objects and advantages may apply
to only some embodiments falling within the claims and thus
do not define the scope of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0018] FIG. 1 is an exploded perspective view of a
machine constructed according to one embodiment of the
present invention;
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[0019] FIG. 2 is a simplified depiction of a single winding
showing its association with multiple poles and a tap to
produce a combined winding allowing for levitation and for
sensing displacement perpendicular to the axis of rotation
according to one embodiment of the invention;

[0020] FIG. 3 is a schematic diagram showing a connec-
tion to the combined winding to measure back EMF and
inductance and signal injection for that purpose;

[0021] FIG. 4 is a block diagram of operation of the
controller to combine back EMF and inductance measure-
ments to provide a rotor displacement value;

[0022] FIGS. 5a-5¢ are figures similar to that of FIG. 3 for
alternative combined winding designs;

[0023] FIG. 6 is a simplified cross-sectional representation
of a stator and rotor showing the air gap therebetween; and
[0024] FIG. 7 is a table summarizing the models devel-
oped by the present inventors.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT

[0025] Referring now to FIG. 1, an electric machine 10
may include a rotor 12, for example, being a permanent
magnet or squirrel cage rotor or the like. The rotor 12 is
attached to a shaft 14, for example, to transmit or receive
rotational power, the shaft 14 supported on bearings 16 for
rotation about an axis 18. The rotor 12 fits concentrically
within a stator 20 providing a set of internal windings
producing and defining stator teeth 22 spaced angularly
about the axis 18. Multiple or non-integer numbers of teeth
22 can define magnetic poles of the motor depending on the
winding configuration. For clarity of description, the electric
machine 10 will be discussed only in the context of opera-
tion as a motor; however, it will be understood that the
present invention is generally applicable to both motors and
electrical generators.

[0026] Referring now also to FIG. 2, the windings 40 of
the stator 20 may be connected to a controller 24, for
example, providing an inverter having a first and second
bridge system 26a, 265 (for example, three half-bridges for
three-phase power) communicating with a DC bus 27 to
synthesize AC waveforms, for example, 3-phase power, on
connecting lines 28 using pulse width modulation. The
bridge systems 26 may be controlled by an electronic
computer 30, for example, including one or more processors
29 executing a stored program 32 held in computer memory
34 to synthesize arbitrary waveforms. The controller 24 may
generally communicate with a human interface device 36
such as a computer terminal having a graphic display screen,
and a keyboard, mouse, and the like, to output values and
receive commands, respectively, from a human operator.
[0027] In one embodiment, a given combination stator
winding 40 (only one shown in FIG. 2) may provide a pair
of'end terminals 42, one to receive power from the controller
24 (42a, 42b, and 42¢) and one connected to a junction
joining all of the windings 40. Each stator winding 40 may
be wound on an armature 44, for example, of mild steel or
the like, to define multiple stator teeth 22 generally distrib-
uted evenly about the axis 18 and alternating in magnetic
polarity, together defining a set of three or six stator phases.
In the present invention, when used either as a motor or a
generator, each stator winding 40 will contribute to applying
torque to the rotor 12 (for a motor) or generating current in
response to rotor torque (for a generator), a property that will
be termed “torque coupling” herein and which distinguishes
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the windings 40 from separate coils used for rotor sensing
which do not contribute to power transfer between the rotor
12 and stator 20. Each of the windings 40 will also allow for
the generation of a levitating force (thus being a combina-
tion winding), although the invention contemplates that in
some cases only a single winding 40 may be a combination
winding, a configuration which is insufficient for levitation
but suitable for the present invention’s tracking of rotor
displacement. In one example, which will be discussed in
detail, the combination winding provides a tap 50 allowing
separate control of current in different poles of different
numbers and, in this case, creates series-connected winding
portions 40a and 405 joined at the tap 50.

[0028] Referring now to FIG. 3, the tap 50 may optionally
be reproduced for each winding 40 when magnetic levitation
is desired and may be driven by a different waveform using
the separate bridge system 26a with bridge system 265
connecting to terminal 42. In this case, bridge system 26a
provides differential torque currents through winding por-
tions 40a and 405 while the bridge system 265 applies
current through the entire winding 40. A combination of
these currents produces the necessary torque and magnetic
levitation.

[0029] By providing separate access to winding portion
405, via terminal 42a and tap 50, changes in back EMF
associated with displacement of the rotor 12 can be detected,
for example, by monitoring the voltage across winding
portion 405 as will be discussed below. This voltage can be
acquired by the controller 24, for example, by using an A/D
converter 52 connected across the winding portion 405.
Alternatively, it will be appreciated that a separate instru-
mentation of this winding portion 405 may not be necessary,
but rather this voltage can be derived by monitoring the
control loop of the bridge systems 26a and 265 which will
naturally compensate for back EMF changes. In either case,
a back EMF signal 54 is obtained and provided to the
controller processor 29.

[0030] The same winding portion 405 may also be used to
derive a measure of inductance (mutual inductance being an
inductance with other portions of the stator) caused by the
displaced rotor 12, for example, by injecting a high-fre-
quency test signal 56 into the winding 405 (typically much
higher in frequency than the operating frequency of the
winding 40 in producing torque so as not to interfere with
motor operation). The attenuation of the-high frequency test
signal 56 by inductive coupling and eddy current losses may
then be measured to produce an indication of winding
inductance, for example, again detected by A/D converter
52, for example, by time multiplexing the measurement of
the signal 56 in between measurements of back EMF signal
54. Although the high-frequency test signal 56 is shown as
a separate structure from the bridge systems 26, in practice
it will be synthesized simply by superimposing the neces-
sary signal on the control signals used for the bridge systems
26a and 26b.

[0031] This high-frequency test signal 56 may also be
used to make a measure of resistance (mutual resistance
being effective resistance through the winding).

[0032] Referring again momentarily to FIG. 1, the shaft 14
may also connect to a tachometer/encoder providing posi-
tion and velocity information to the controller 24.

[0033] Referring now to FIG. 4, the program 32 executed
by the controller 24 may receive the back EMF measure-
ment 54, the inductance measurements 57, and the resistance
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measurement 59, to produce for each measurement inde-
pendent displacement estimates per displacement estimators
60a, 60b, and 60c. These displacement estimators 60a, 600,
and 60c, for example, may operate by modeling the motor or
by using stored values obtained from empirical measure-
ment as will be discussed below.

[0034] These independent measurements of the displace-
ment estimator 60a and 605 may then be blended by a mixer
62, for example, to produce a displacement measurement 64
using a fixed weighting system or preferably a weighting
that is dynamically adjusted according to motor speed to
provide greater weighting for the back EMF value as motor
speed increases. The rotor displacement measurement 64
may then be used for control of the H bridge 26, for
example, for magnetic levitation feedback or may be pro-
vided to a logging system 66 that tracks drift in the dis-
placement of the rotor 12 over time, for example, to detect
changes associated with imminent failure of a bearing or the
like as that displacement moves outside of predetermined
replacement thresholds.

The Motor Displacement Model

[0035] By definition, bearingless motor windings create
fields in the air gap of the machine which interact to create
both torque and force. The fields have two dominate har-
monics: p pole-pairs which create torque and p pole-pairs
which create suspension forces. The fields’ harmonic num-
bers differ by one pole-pair, i.e., p=p+1. There are several
different popular realizations of these windings, each with its
own properties.

Multi-Phase Combined Winding

[0036] To solve the significant power density disadvan-
tage of the separated winding, the popular multi-phase (MP)
combined winding can be used as described in reference
[12] and depicted in FIG. 5a. This is an example of a
combined winding without a tap. During run-time, the slot
current can be dynamically allocated to either force and/or
torque, thus solving the key disadvantage of the separated
winding. However, this causes the actuation of torque and
force to become tightly coupled, requiring a more compli-
cated control methodology. Furthermore, each phase must
carry both the torque and suspension current which typically
results in more expensive power electronics compared to the
separated winding.

Dual-Purpose No-Voltage Winding

[0037] The dual-purpose no-voltage (DPNV) winding
offers a circuit-based solution to the drawbacks of the MP
combined winding discussed in references [13]-[15]. The
DPNV winding is also a combined winding, i.e., the force
and torque capability is dynamically adjustable at run-time.
The key advantage of the DPNV winding is that the sus-
pension terminals of the machine are not exposed to the
motor’s back-EMF. Because of this, the suspension power
electronics can be rated for much lower blocking voltages

Nov. 23, 2023

which becomes most attractive for high-speed applications.
The DPNV winding can be implemented as either a bridge
or parallel winding.

[0038] The bridge DPNV winding offers decoupled opera-
tion of force and torque but requires more power electronics
and isolated dc links than the MP combined winding and is
shown in FIG. 5b. This approach is best suited for high-
power and high-speed applications where the main torque
inverter can be a standard 3-phase motor drive [13], [14].
The suspension power electronics are three isolated single-
phase low-power and low-voltage inverters.

[0039] The parallel DPNV winding is a circuit-based
implementation of the m=6 phase MP combined winding
described in reference [16] and discussed in more detail
above with respect to FIG. 3. To the drive, the parallel
DPNV winding appears as two 3-phase systems, similar to
the separated winding. However, due to the winding con-
nections, the suspension inverter must sink half the torque
inverter current. Furthermore, power can flow between the
two inverters. For these reasons, the parallel DPNV winding
is best suited for high-speed, low-motor-current applica-
tions.

Mid-Point Current Injection Winding

[0040] The mid-point current injection (MCI) winding is
very similar in form to the parallel DPNV winding; however,
the torque and suspension inverters are swapped per refer-
ence [17] and as shown in FIG. 5¢. This means that the
torque inverter must sink half the suspension force current
and the torque inverter is exposed to double the motor’s
back-EMF. The MCI winding is best suited for low-speed,
high-motor-current applications.

Modeling Approach

[0041] The invention provides models for each of these
motor types to provide displacement self-sensing in the
bearingless motor winding topologies described in the pre-
vious section. Self-sensing operates under the assumption
that motion state variation (e.g., rotor displacement, angle,
velocity, etc.) causes variations in the electrical state which
can be measured. Therefore, an accurate model is needed
which explains how the rotor motion couples into the
electrical state, i.e., voltages and currents.

[0042] The electromagnetic equation of any winding set
is:

. d (68)
Vou(8) = Rppipy (6 + Elph(f)

where the bold symbols denote vectors or matrices, the
subscript “'1” denotes phase quantities, v,,,(t) is the voltage
vector, i,,(t) is the current vector, A ,(t) is the flux linkage
vector, and R ,, is the resistance matrix.

[0043] To derive the flux linkage of the winding system,
winding function theory is used. The m-phase stator winding
is angmented with a rotor winding (denoted by subscript “r”’)
to create a system of m+1 size:
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[0044] The inductance matrix L ,,,,,,,,,, from above can be
divided into subblocks along the horizontal and vertical
lines:

Lpw Lppx ] 3)

Lphirotor = [
7 Lepn  Lrs

[0045] The developed model is a non-salient sinusoidal
constant flux rotor, e.g., an idealized surface permanent
magnet (PM) rotor. The rotor winding current is constant,
i{t)=L,, and the effects of the stator currents on the rotor flux
linkage are ignored, i.e., ignoring the second row.

[0046] The final mxm in governing equation in matrix
form for the phases of the winding system (including the
rotor) is given as:

. d . (CY)
Vo (1) = Rppipn (D) + E(Lphlph @+ Lop,d)

Modified Winding Functions

[0047] To incorporate the effects of a non-centered rotor,
modified winding function theory is used to derive the flux
linkage vector as a function of rotor position. The resistance
matrix R, is taken as constant for an eccentric rotor.
[0048] Modified winding function theory allows for mod-
eling non-uniform permanence around the air gap of an
electric machine. This can equivalently model non-uniform
air gap length as in the case of an eccentric rotor. The inverse
air gap is modeled as g~'(0) which incorporates the rotor
eccentricity.

[0049] The phase winding inductance matrix is computed
using the modified winding function theory [11] where the
inductance L, , relates the flux linking phase a to current
from phase b. It is given as:

Los®)=F o™ [N, (0.0)4,(0.0)g™(0,8)d0 5

[0050] where ¢ denotes the circumferential angle
around the air gap, 0 is the angle of the rotor, p,, is the
magnetic permeability in a classical vacuum, r is the
radius of the rotor, 1 is the axial length, N_(¢, 0) is the
winding function for the a phase, M,(0, 0) is the
modified winding function for the b phase [11], which
is defined as:

My(, 6) = Np(¢, 6) — (Mp(0)} ©®)

1 2 o @)
MO} = —— | Np(@, 0)g (8, Odg
2ng™ Jo

Air Gap Model

[0051] Accurate modeling of an eccentric rotor requires an
accurate inverse air gap model. In this paper, the rotor is
assumed cylindrical and non-salient.

[0052] Referring to FIG. 6, for small displacement relative
to the nominal air gap g, i.e., x<<g, and y<<g,, the air gap
length as a function of circumferential angle and rotor
displacement x and y can be approximated:

8(0:x,y)=go—x cos(9)—y sin(9) ®)
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[0053] Computing the inverse air gap, i.e., g~'—1/g, results
in a non-linear function in both x and y. The Taylor series
expansion is computed and only the first term is kept to
arrive at the final linearized inverse air gap model:

O 1 xcos(¢) ysin(@) ®
g Ny —+——F—+—=—
8o &0 &0

[0054] The approximate model of (9) is only valid for
small displacements of the rotor.

[0055] For an error bound of 10% for the inverse air gap
model g7', the maximum rotor displacement must be less
than 30% of the nominal air gap length g,

Definition of Winding Functions

[0056] To derive the inductance of the windings depicted
in FIGS. 3 and 5a-5¢, the winding functions need to be
defined. Each winding topology has a unique set of winding
functions. The winding functions are defined around the
circumferential angle of the stator ¢ and are a function of
rotor angle 6. Both ¢ and 6 denote mechanical angle, not

electrical.

[0057] The rotor is modeled as a p pole-pair winding at
angle 6 where 0 is the mechanical angle between the torque
harmonic winding phase u-axis and the rotor’s d-axis

NAOB)=N, . cOS(p(+0) (10)

Multi-Phase Combined Winding

[0058] The MP combined winding is composed of phases
which produce two spatial air gap harmonics, p and p,.
Phase k of an m-phase MP combined winding is given as:

2 7y ()
N, 0) = Nyoos{ po = (k= 1= |+ Nycos{pd = k= Dp )

DPNV Winding

[0059] The parallel and bridge DPNV winding functions
can be derived based on the MP combined winding. The
mapping of winding functions from MP to DPNV is
machine parameter specific. There are four cases based on
the winding phase separation and phase order. Given m, p,
and p,, compute the phase separation as

2m
o =p; and o =ps;-

Based on o, and «, (wrapped to ), the mapping from MP
to DPNV is given in Table L.
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TABLE I

MAPPING FROM 6-PHASE MP TO DPNV

DPNV Case 1* Case 2 Case 3 Case 4
Coil o, = +27/6 o, = —27/6 o, =+27/3  o,=-27/3
Group o= +27n/3 o, =—2m/3 o, =426 o, =-2m/6
u, —4 —4 +4 +4
u, +1 +1 +1 +1
v, -6 -2 +2 +6
A +3 +5 +5 +3
w, -2 -6 +6 +2
W, +5 +3 +3 +5

“The table entries denote the MP phase number and polarity of connection.

[0060] For example, for p=1 and p=2, the parallel DPNV
winding functions are given as in reference [16]. This
matches Case 1 from Table I, i.e., a,=2n/6 and o =27/3.

N (0:8)=—N,(0,0).N, ,(9.8)=N(0,8)
N, (§.0)=—N(0.8).N, ,(0.8)=N5(0.8)

Ny o(0.8)=-N(0,8),N,,,(0,8)=N5(0.8) a3)

where the DPNV winding denotes the phase and the second
(e.g., a) denotes the coil group, see [13]-[15].

[0061] The bridge DPNV winding functions (denoted by ")
can be derived from the parallel DPNV winding functions as
effectively splitting the coil groups in half:

a4

1
Nia($, 0) = N3 (9, 0) = 5 Meald; 0)

1
Niolg, 0) = Nia(g, 0) = FNup(@, 0)

1
Ny 2(8, 0) = N p(0, 0) = 7Mal$s 0)

1
Ny (@, 0) = N, (¢, 0) = (@, 0)

1
Noald, 0) =Ny, (9, 0) = 5 Malds 0)

1
Ny o(@, 0) =N, 4(¢,0) = 5 Mwp($: 0)

[0062] In general, the bridge and parallel DPNV windings
are related where the sum of the winding functions for the
bridge a and c coil groups equals the parallel DPNV a coil
group winding function. The split does not have to be
perfectly in half as in [14].

Mid-Point Current Injection Winding

[0063] The MCI winding is a variation of the parallel
DPNV winding where the connection to the a coil group is
reversed. The physical winding is identical to the parallel
DPNYV winding, so it uses the same winding functions as in
(13).

Voltage and Current Transformations

[0064] Each bearingless motor winding topology has, in
general, m phases. Using modified winding function theory,
the voltage equation of (4) can be computed including the
effects of an eccentric rotor.

[0065] However, for control/self-sensing purposes, it is
useful to transform each topology’s voltage and current
vectors into a new consistent coordinate system. This system
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is defined as the aff components of both the torque and
suspension systems, i.e., it has the dimension 4x4. The
change of coordinate transforms are responsible for decou-
pling force from torque so that a single voltage component
results in a single current component which creates a single
torque or force. For example, applying v,, , causes an 0-axis
suspension current i, , to flow, which creates a-axis force
(assuming the appropriate fixed rotor angle). Note that the
off coordinate system is stationary, not synchronously rotat-
ing with the rotor.

[0066] Starting from the m-phase equation of (4), trans-
form matrices T, T,, and T; can be defined which convert
the phase system into the decoupled 4x4 system.

[0067] For the separated and MP combined windings, the
m-phase terminal quantities v,,, and i, are directly trans-
formed to decoupled a8 components via the generalized
Clarke transform:

Vap=TVpn lap=Tocipn (15)

[0068] For the DPNV and MCI windings, the winding is
defined by coil groups. Denote v',,, as the voltage across a
coil group, v,, as the terminal voltage, i, as the current
through a coil group, and i, as the current associated with
torque/force. To convert between voltage and current rep-
resentations, T, and T; are defined. The terminal voltages v,
are computed using KVL from the winding terminal to the
neutral. The coil group currents i', are transformed into
effective currents i, for force/torque control using DPNV
identities per reference [15]:

Vo= TV o i =Tid s (16)
[0069] Then, the same generalized Clarke transform
approach can be used like the separated and MP combined

windings. For the separated and MP combined windings,
both T, and T, are simply the mxm identity matrix.

[0070] Applying both T, and T, to [4] gives:

o d o an
v = LR T igh O + = (Lo T i D + T L 1)

[0071] Applying the generalized Clarke transform gives:

18
Vaﬁ([) = s

d
TR T T Vap(t) + E(TCTVLMT;I T iap® + Te oLy 1)

[0072] Equation 18 results in a 4x1 voltage vector which
can be grouped into matrices. The groupings isolate the
terms acting on the current i,4(t), i.€., the effective resistance
R, the derivative of the current

d.
Elaﬁ([)a

i.e., the effective inductance L, and the rotor current [, i.e.,
the effective back-EMF e g(t).
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[0073] The final model is of the form:

. d. a
vaﬁ(t) = Rlalg([) + LElalg([) + eaﬁ(t)

where:

V(D=1 D, 1)V, (D (]
(=L (O 1) (i (]

Cop(=[e (0,05 (1) (D05 (O]

and both R and L are of size 4x4 and functions of time due
to generally dynamic rotor position: x(t), y(t), and 6(t).

Multi-Phase Combined Winding

[0074] The MP combined winding topology is composed
of in phases which all contribute to creating both torque and
force. Through the generalized Clarke transform of refer-
ence [18], the MP combined winding can be decomposed
into orthogonal sub-planes which act to decouple the torque
and force systems. The output of the generalized Clarke
transform is multiple of§ components which are all distinct
and decoupled.

[0075] The generalized Clarke transform can be described
as follows using space vectors (i.e., complex numbers):

S ” ) P (22)
iy = lay+ jig, = {:Zikefﬂl"’”w

k=1
o " ) u (23)
fo = das +jig, = cZikeWS iy

k=1

[0076] where ?i and TS denote the decoupled current
space vectors which create torque and suspension force, i, is
the current in phase k, and where c determines if the
transform is amplitude or power invariant. The transform
can be applied to the winding currents, voltages, or flux
linkages.

[0077] For application to the matrix equations, equations
(23) and (24) can be written in matrix form. For example, the
m=6 phase amplitude-invariant transform (ignoring zero-
sequence components) for pole-pairs p=1 and p =2 is:

1 1/2 -1/2 -1 -1/2 172 24)

;Lo 372 4372 0 -43/2 -432
=301 -1/2 -1/2 1 -1/2  -1/2

0 \3/2 -3/2 0 372 -+3)2

such that both the voltage and current vector transforms
hold:

VaB:TcVI ... 6 iaB:Tcil ...6 (25)
where v;  gandi; ¢ denote the 6-phase voltage and
current vectors, i.e., i, ¢=[i; iy i3 iy i5 ig]”-

Parallel Dual-Purpose No-Voltage Winding

[0078] The parallel DPNV bearingless motor winding
topology is a circuit-based implementation of the m=6 phase
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MP combined winding. By carefully designing the phase
connections and making slight adjustments to the control,
the generalized Clarke transform is effectively implemented
in hardware. This means that additional voltage and current
transforms must be made to decouple the torque and force
output. The transformation from phase voltage and current
to effective uvw components is not the same, so two unique
transformations must be applied.

[0079] For the voltage transform, the motor and inverter
neutrals are assumed to be at the same potential and KVL
loops are followed from the inverter to the neutral:

(=)

&

1}

|
oo L
corr oo~

|

olocoo
o~ oo~ o
|
loococoo
~— oo~ o o

such that v, .. ..=T V... ., where the voltages of the parallel
DPNV coil groups are arranged as v,,.., o5=[V,,.o Vi Voo Voo
Vi Vel

[0080] For the current transform, the parallel DPNV iden-
tity [15] is used where i,=i_+i, and

1 1 0 0 0 o0
0 0 1 1 0 o

o 0 0o 0 0 1 1

b=G-i/2 5= 1 h1n o o0 0 o
0 0 -1/21/2 0 ©
0 0 0 0 -1/21/2

such thati,,,, ,=T/,,.., ., where currents of the coil groups of
the parallel DPNV windings are arranged as i,,,,, =i

u,a iu,b
ST TS RS ) L

[0081] After applying T, to the voltages and T, to the
currents, the 6x6 parallel DPNV system can be transformed
to o components using the standard Clarke transform from

[20].

Bridge Dual-Purpose No-Voltage Winding

[0082] The bridge DPNV bearingless motor winding
topology is an alternative arrangement to the parallel DPNV
winding which allows for decoupled force and torque opera-
tion using a circuit-based approach. Similarly, transforms T,
and T, are needed to convert the coil group voltages and
currents into effective uvw quantities.

[0083] For the voltages,

1001000000
0000100100
0000000010
00-1100 0000
000000-1100
000000 0000-1

o o o o o

such that v, =TV, wpeq Where the voltages of the bridge
DPNV coil groups are arranged as v, ooca=Via Vis Vue
Vu,d Vv,a Vv,b Vv,(: Vv,d Vw,a Vw,b VW,C Vw,d] .

[0084] For the currents:
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111100000000
000011110000
T l 000000O0O0OT1111
T3l-11-11 00000000
0000-11-110000
00000O0O0O0O-11-11
such that i, ,=Ti,... .ocs Where the currents of the bridge

DPNV coil groups are arranged as i,,,., apea=l0 1up Lue g
iv,a iv,b iv,(: iv,d iw,a iw,b iw,c iw,d] .

[0085] After applying T, to the voltages and T, to the
currents, the new 6x6 bridge DPNV system can be trans-
formed to afy components using the standard Clarke trans-
form from reference [20].

Mid-Point Current Injection Winding

[0086] The mid-point current injection (MCI) bearingless
motor winding topology closely resembles the parallel
DPNV winding, except the drive connections have been
swapped. To transform the voltages and currents to the 4x4
off model, similar transforms to the parallel DPNV winding
can be used where T, and T, are, respectively:

110000 110000
001100 001100
oooot11l 1000011
0100002/-22 0000
000100 00-2200
000001 0000-22

Bearingless Motor Equivalent af Model

[0087] The above discussions outline all the required
mechanisms to derive the of equations for all the bearing-
less motor winding topologies. For each topology, (18) was
solved and grouped in the form of (19).

[0088] The results for the amplitude-invariant case of p=1
and p,=2 are compiled and summarized in this section for
each bearingless motor winding topology. From (19), of
interest are the matrices R and L and the EMF vector e,

[0089] Several term groupings are defined:
L = %LON;
L= SLoNE,
m

Apats = & Neoior Np Lo,

Apms = I Nyotor NpsLo

where

_ Horfm

80

Lo

and the subscripts “t” and “s” denote torque and suspension,
respectively.
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[0090] The term m is the number of phases: for the MP
combined winding, in matches the number of drive connec-
tions (e.g., m=6); for the separated winding, m=3; for the
MCI, bridge, and parallel DPNV windings, m=6.

[0091] Throughout the derivation, small rotor displace-
ment is assumed to maintain accuracy of the model, i.e.,
x*=y?=xy=0.

Relevant Machine Constants for Displacement
Self-Sensing

[0092] The two relevant machine constants from the
model for displacement self-sensing are (i) the mutual
inductance versus displacement constant M', and (ii) the
suspension back-EMF constant Ap,, . These can be com-
puted based on the analytic expressions and machine param-
eters:

M m por{m
M ===
220 2 2g
Apas, Horfm
Npprs = zgos =g Noslorr

where the SI units of M' are
H
i

|
and A, are

[0093]

[m-r:d/s]'

[0094] For surface PM rotors, the physical meaning of I,
and N, . breaks down when the terms are split apart, but
when combined, the product indicates the constant MMF
from the rotor. In other words, only the product of terms has
physical meaning.

Effective aff Resistance and Inductance Matrices

[0095] Due to the inductance matrix of the phase system
being a function of time-varying rotor displacements x(t)
and y(t), the evaluation of

Ly
— (i)

requires the derivative chain rule. The final result is a
collection of terms where the rotor velocity,

d
€., Zx(t) = vilt),

multiplies the current, and the rotor displacement x(t) mul-
tiplies the derivative of the current. When writing in the
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matrix form of (19), the rotor velocity terms are collected
into the effective R matrix and the displacement terms are
collected into the effective L matrix.

Effective af EMF Vector

[0096] The time-varying position of the rotor flux induces
an EMF in the stator windings. For a centered rotor, the
induced EMF is the standard back-EMF and is only caused
by the rotational movement. However, when the rotor is
eccentric, the EMF is also a function of rotor displacement
and velocity, e.g., x(t) and v (t). All terms which depend on
the rotor flux are grouped into the e vector in (20).

Models

[0097] FIG. 7 show the results of the derivation (R, L, and
€p) Tor each winding for these different motor types. Each
matrix element that depends on X, y, or both is evident from
inspection. The rotor position states, x(t), y(t), 6(t) and their
derivatives, do not explicitly show a time dependence, but,
in general, are a function of time.

Discussion on Self-Sensing Feasibility

[0098] The R, L, and ear, quantities from FIG. 7 can be
used for self-sensing since the rotor position (i.e., X, y, 0)
appears in the model parameters and the EMF signals.
Multiple approaches can be used to extract the rotor position
from the voltages and currents: both circuit-based and
controls-based approaches. The literature has examples of
self-sensing for separated windings, e.g., [1], [3], [6].

Circuit-Based Self-Sensing

[0099] FIG. 7 shows that by measuring signals directly
from the winding, rotor eccentricity can be detected. Most
obvious is due to e, where additional terms appear for an
eccentric rotor. By using a simple voltage sensor (e.g.,
voltage divider), all windings provide effective terminals
which indicate eccentricity. Circuit-based solutions can also
be used to measure changes in inductance; for example,
injecting an excitation into the suspension terminals of the
bridge or MCI windings, and measuring the voltage or
current at the torque terminals.

[0100] Many standard three-phase motor windings can be
converted to DPNV (and MCI) windings by bringing out
additional end connections per reference [14]. So therefore,
the above results can be used for condition monitoring of
standard (non-bearingless) motors, by simply adding con-
nections to their stator winding.

Controls-Based Self-Sensing

[0101] For systems which are sensing/regulating current
into all terminals of the windings, controls-based approaches
can be applied for self-sensing. For standard motor wind-
ings, this technique has been investigated in great depth for
rotary self-sensing per reference [19], i.e., estimating 6 and
to. Two approaches are commonly used which exploit both
the parameter dependence on rotor position and the EMF
variation.

[0102] High-frequency (HF) injection can be used to mea-
sure values of the R and L. matrices. In rotary systems, this
technique is commonly used to estimate spatial inductance
variation. Based on the HF current response from the HF
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voltage injection, the controller computes the impedance of
the system, which encodes the rotor position.

[0103] Since it is impractical to directly measure the
motor’s back-EMF during operation, common techniques to
make use of the spatial dependence in the EMF rely on state
estimators to derive the EMF state. Then, vector-tracking
structures can be used to infer rotor position from the
rotating EMF vector per reference [20].

[0104] These approaches for rotary self-sensing can be
directly applied to bearingless motor eccentric rotor self-
sensing. However, accurate knowledge of how the winding
parameters (R and L) and EMF are affected due to eccen-
tricity is required.

[0105] Certain terminology is used herein for purposes of
reference only, and thus is not intended to be limiting. For
example, terms such as “upper”, “lower”, “above”, and
“below” refer to directions in the drawings to which refer-
ence is made. Terms such as “front”, “back”, “rear”, “bot-
tom” and “side”, describe the orientation of portions of the
component within a consistent but arbitrary frame of refer-
ence which is made clear by reference to the text and the
associated drawings describing the component under dis-
cussion. Such terminology may include the words specifi-
cally mentioned above, derivatives thereof, and words of
similar import. Similarly, the terms “first”, “second” and
other such numerical terms referring to structures do not
imply a sequence or order unless clearly indicated by the
context.

[0106] When introducing elements or features of the pres-
ent disclosure and the exemplary embodiments, the articles
“a”, “an”, “the” and “said” are intended to mean that there
are one or more of such elements or features. The terms
“comprising”, “including” and “having” are intended to be
inclusive and mean that there may be additional elements or
features other than those specifically noted. It is further to be
understood that the method steps, processes, and operations
described herein are not to be construed as necessarily
requiring their performance in the particular order discussed
or illustrated, unless specifically identified as an order of
performance. It is also to be understood that additional or
alternative steps may be employed.

[0107] References to “a microprocessor” and “a proces-
sor” or “the microprocessor” and “the processor,” can be
understood to include one or more microprocessors that can
communicate in a stand-alone and/or a distributed environ-
ment(s), and can thus be configured to communicate via
wired or wireless communications with other processors,
where such one or more processors can be configured to
operate on one or more processor-controlled devices that can
be similar or different devices. Furthermore, references to
memory, unless otherwise specified, can include one or more
processor-readable and accessible memory elements and/or
components that can be internal to the processor-controlled
device, external to the processor-controlled device, and can
be accessed via a wired or wireless network.

[0108] It is specifically intended that the present invention
not be limited to the embodiments and illustrations con-
tained herein and the claims should be understood to include
modified forms of those embodiments including portions of
the embodiments and combinations of elements of different
embodiments as come within the scope of the following
claims. All of the publications described herein, including
patents and non-patent publications, are hereby incorporated
herein by reference in their entireties
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[0109] To aid the Patent Office and any readers of any
patent issued on this application in interpreting the claims
appended hereto, applicants wish to note that they do not
intend any of the appended claims or claim elements to
invoke 35 U.S.C. 112(f) unless the words “means for” or
“step for” are explicitly used in the particular claim.
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What we claim is:

1. A rotating electrical machine comprising:

a rotor having a shaft for rotation along a shaft axis;

a stator operating with the rotor to provide a three- or
six-phase rotating electrical machine and providing a
set of combined windings, the set of combined wind-
ings capable of creating a first rotational magnetic field
harmonic associated with torque production for rota-
tion of the rotor when the electrical machine is oper-
ating as a motor, and capable of generating electrical
current from rotation of the rotor when the electrical
machine is operating as a generator, and capable of
measuring a second rotational magnetic field harmonic
associated with displacement of the rotor perpendicular
to the shaft axis; and

a controller measuring at least one of electrical voltage
and current in at least one phase of at least one
combined winding to deduce rotor offset position with
respect to the stator perpendicular to this shaft axis by
applying the measured voltage and current to a motor
model to obtain two perpendicular components of rotor
offset position.

2. The rotating electrical machine of claim 1 wherein the
controller further controls the electrical voltage and current
in the combined windings to apply a levitating force to the
rotor based on the obtained two perpendicular components
of rotor offset position.

3. The rotating electrical machine of claim 1 wherein the
model provides a relationship between at least one of
resistance, inductance, and back EMF between the rotor and
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the at least one combined winding as a function of the two
perpendicular components of rotor offset position.

4. The rotating electrical machine of claim 1 wherein the
controller applies the measured voltage and current to mul-
tiple models providing different relationships between resis-
tance, inductance, and back EMF between the rotor and the
at least one combined winding as a function of two perpen-
dicular components of rotor offset position and combines
those measurements to provide the two perpendicular com-
ponents of rotor offset position.

5. The rotating electrical machine of claim 4 wherein the
controller further receives a rotor rotation speed value and
the combination of back EMF and inductance emphasizes
inductance at low rotor rotation speeds compared to rela-
tively higher order rotation speeds for deducing rotor dis-
placement.

6. The rotating electrical machine of claim 1 wherein the
rotating electrical machine is an MP combined motor and the
model is in the form of:

R 0 M vM’

0 R v M v M
M —v,M’ R 0
M v M 0 R

where R is resistance;

v, is velocity in the x perpendicular component;
vy is velocity in thc? y perpendicular component;
g, is the nominal air gap;

M'is

6 porin )
2og

where L, is the magnetic permeability;
r is the radius of the rotor;
1 is an axial length of the rotor;
N, is the amplitude of the winding function at the torque
harmonic; and
N, is the amplitude of the winding function at the
suspension harmonic.
7. The rotating electrical machine of claim 1 wherein the
rotating electrical machine is an MP combined motor and the
model is in the form of:

L 0 M M’

0 L —yM xM’
M —yM' L 0
yM' xM’ 0 L

where L is inductance;
g, is the nominal air gap;
M'is

6 porin )
2og
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L,is

E,uorlﬂNz_

L, is

s

6 porim
2 g e

where L, is the magnetic permeability;
r is the radius of the rotor;
1 is an axial length of the rotor;
N, is the amplitude of the winding function at the torque
harmonic; and
N, is the amplitude of the winding function at the
suspension harmonic.
8. The rotating electrical machine of claim 1 wherein the
rotating electrical machine is an MP combined motor and the
model is in the form of:

—Apas pwsin(f)
+Apas pwcos(d)
Xy,
+ A’/PM,S Alg

where

Horlm
)LPM,r = IrNrmoer
8o
where
Horlm

2

Aags = 1 NooiorNps ==
o is the angular speed of the rotor;
0 is that rotor angle with respect to the stator;
LN,,,,, is the MMF produced by the rotor magnets;
v, is velocity in the x perpendicular component;
v, is velocity in the y perpendicular component;

9. The rotating electrical machine of claim 1 wherein the
rotating electrical machine is a bridge DPNV combined
motor and the model is in the form of:

R 0 wM v, M

0 R —-vM - M
M —v, M’ R 0
-vM v M 0 R

where R is resistance;

v, is velocity in the x perpendicular component;
v, is velocity in the y perpendicular component;
g, is the nominal air gap;
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M'is

6 porin
2 2

piVpss

where L, is the magnetic permeability;
r is the radius of the rotor;
1 is an axial length of the rotor;
N, is the amplitude of the winding function at the torque
harmonic; and
N, is the amplitude of the winding function at the
suspension harmonic.
10. The rotating electrical machine of claim 1 wherein the
rotating electrical machine is a bridge DPNV combined
motor and the model is in the form of:

L 0 xMT —yM’

0 L —yM —xM’
M —yM L 0
-yM’ —-xM’ 0 Ls

where L is inductance;
g, is the nominal air gap;
M'is

6 porin )
ag
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6 porlm
2 g0 7

L. is

s

6 porlm
2 g e

where L, is the magnetic permeability;
r is the radius of the rotor;
1 is an axial length of the rotor;
N, is the amplitude of the winding function at the torque
harmonic; and
N, is the amplitude of the winding function at the
suspension harmonic.
11. The rotating electrical machine of claim 1 wherein the
rotating electrical machine is a bridge DPNV combined
motor and the model is in the form of:

—Apas swsin(@)
+Apas rwcos(8)
X o
+ A}’M,s Alg
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where

Horlm

)LPM,r = IrNrmoer
&o

where

Horlm
Abats = B NooworNps ——=
2g5

o is the angular speed of the rotor;

0 is that rotor angle with respect to the stator;

LN,,,,, is the MMF produced by the rotor magnets;

v, is velocity in the x perpendicular component;

v, is velocity in the y perpendicular component.

12. The rotating electrical machine of claim 1 wherein the

rotating electrical machine is a parallel DPNV combined
motor and the model is in the form of:

1 1
E(RJrvXM’) EvyM’ R+v,M  vM’
1 1
EvyM’ E(R—VXM/) vwM'  R-vM
M’ vy M’ 2R 0
vy M’ v M’ 0 2R

where R is resistance;

v, is velocity in the x perpendicular component;
v, is velocity in the y perpendicular component;
g, is the nominal air gap;

M'is

6 porin )
Zog

where |1, is the magnetic permeability;
r is the radius of the rotor;
1 is an axial length of the rotor;

N, is the amplitude of the winding function at the torque
harmonic; and
N

s 18 the amplitude of the winding function at the
suspension harmonic.

13. The rotating electrical machine of claim 1 wherein the
rotating electrical machine is a parallel DPNV combined
motor and the model is in the form of:

1 1
E(L,erM’) EyM’ Ly +xM yM’

1
Sy —xM’)

1

3 M’ 3 yM' Ly—xM’
XM’ M’ 2L 0
yM’ —xM’ 0 2L

where L is inductance;
g, is the nominal air gap;
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where L, is the magnetic permeability;
r is the radius of the rotor;
1 is an axial length of the rotor;

N,, is the amplitude of the winding function at the torque
harmonic; and

N, is the amplitude of the winding function at the

suspension harmonic.

14. The rotating electrical machine of claim 1 wherein the
rotating electrical machine is a parallel DPNV combined
motor and the model is in the form of:

=Appr wsin(®) — Apyy Ag
+Apar,wc0s(0) — Apys Ap
=2y A
- ZA’/PM,SA[)’

where

Horlm
)LPM,r = IrNrmmNp -
8o

where

Horlm

A =L Neotor Nps———
PMs rNVrotor Vps 2g§

o is the angular speed of the rotor;

0 is that rotor angle with respect to the stator;
LN, is the MMF produced by the rotor magnets;
v, is velocity in the x perpendicular component;

v, is velocity in the y perpendicular component.

15. The rotating electrical machine of claim 1 wherein the
rotating electrical machine is an MCI combined motor and
the model is in the form of:

Nov. 23, 2023

2R 0 vM’ vy M’
0 2R vy M’ v M

1 1
R+vM wM E(RJrvXM’) EvyM’

1 1
M R-v.M EvyM’ E(R—VXM’)

where R is resistance;

v, is velocity in the x perpendicular component;
vy i velocity in thc? y perpendicular component;
go is the nominal air gap;

M'is

6 porin )
o

where |1, is the magnetic permeability;
r is the radius of the rotor;
1 is an axial length of the rotor;
N, is the amplitude of the winding function at the torque
harmonic; and
N, is the amplitude of the winding function at the
suspension harmonic.
16. The rotating electrical machine of claim 1 wherein the
rotating electrical machine is an MCI combined motor and
the model is in the form of:

2L, 0 XM’ M’
0 2L, M’ —xM’
1 1
—(L, +xM’ — M’
7 s +xM7) 7Y
1 1
yM' Li—xM’ EyM’ E(LS—xM’)

where L is inductance;
g, is the nominal air gap;
M'is
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where L, is the magnetic permeability;

r is the radius of the rotor;

1 is an axial length of the rotor;

N, is the amplitude of the winding function at the torque
harmonic; and
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N, is the amplitude of the winding function at the
suspension harmonic.

17. The rotating electrical machine of claim 1 wherein the

rotating electrical machine is an MCI combined motor and

the model is in the form of:

—2Apps posin(@)
+2Apps pwcos(6)
=Appr wsin(®) — Apyy Ag
+Apar,wc0s(0) — Apys Ap

where
Horlm
)LPM,r = IrNrmmNp —
8o
where

Horlm
MDM,S = Ierroers - 2
2g5

o is the angular speed of the rotor;

0 is that rotor angle with respect to the stator;
LN, is the MMF produced by the rotor magnets;
v, is velocity in the x perpendicular component;

v, is velocity in the y perpendicular component.

* * * * *





