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Abstract—A generalized multi-phase (MP) combined winding
design procedure for bearingless machines is proposed and devel-
oped. Using this procedure, new bearingless motor windings can
be designed and conventional motor designs with MP windings
can be transformed into bearingless motors by simply modifying
the phase currents. The resulting MP winding is excited by two
current components — one responsible for torque creation and an-
other for suspension force creation. By applying the appropriate
Clarke transformation, independent control of force and torque
can be achieved. Although there are numerous papers in the
literature studying bearingless machines with MP windings and
their advantages, this is the first paper to provide a formal design
procedure that can be applied to any MP winding configuration.
The proposed approach can be used to realize popular winding
designs, including concentrated- and fractional-slot windings, and
is applicable to all radial-flux bearingless machines. The paper
uses the Maxwell stress tensor to formulate the force/torque
model for the MP combined winding and uses the results to
derive design requirements. A sequence of winding design steps
is proposed and used to design example MP combined windings.
Experimental validation is provided using a six-phase bearingless
induction machine prototype.

Index Terms—Bearingless drive, bearingless motor, generalized
Clarke transformation, multi-phase winding, self-bearing motor

NOMENCLATURE
@ Angle along the inner bore of the stator.
Olpeak Angular location of airgap magnetic field peak.
Oph,ss Qph,t  Spacing between phases in susp. and torque
star of slots.
Olph,w Mech. angle between adj. phases, see Fig. 2b.
g, O Susp. and torque cur. phase separation angles.
Qy, Angle between adjacent slots, = %’r
Qwo,h Phase shift angle at harmonic h.
Qy ks Angluar location of magnetic field harmonic h
due to phase k, = awo,n/h + (k — 1)opnw-
Q, Angle between adjacent phasors in star of
slots, = 2Z¢.
et Effective airgap length.
0, 0,, Electrical and mechanical rotor angle.
Ons Otan Normal and tangential components of stress

acting on the surface of the rotor.
10 Force vector angle.

s, Ot Susp. and torque current phase angles.

A;ph, h Peak of per ampere CircumfereAntial current
density at harmonic h, = 220 zckuy -

Ap(a) Linear current density at phase k.

Bs, Bs Magnetizing field and its amplitude at a space

harmonic h.
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Bijtan Normal and tangential components of the air-
gap magnetic field.

Byr, Bhs  Normal magnetic field due to rotor and stator.

Bhujtan,w, k Normal or tangential component of the airgap
magnetic field due to winding phase k.

F Array of radial force components and torque,
=[F, F, 7]T.

f Current excitation frequency.

h Spatial harmonic order.

hi, ho Harmonics that contribute to the force creation:

hi=p—1, ha=p+1

1 Array of phase currents, = [i1 ig ...ig... )7 .

I, Iy Suspension and torque current amplitudes.
I, I, Current components that create I, and F,.
s, bt Array of suspension and torque phase currents.
s,k Utk Suspension and torque current at phase k.

k Phase order, = 1, 2,..., m.

l%d,h, l%p,h Distribution and pitch factors at harmonic h.

ke, ke Total force or torque per ampere.

l%,w Winding factor at harmonic h, = l%d, hl%]h h-

L, V. Axial length, rotor volume.

m Number of drive connections.

mg, My Susp. and torque effective number of phases.

N Set of natural numbers.

P, Ps Torque and suspension pole-pairs.

Q Number of slots.

r Airgap radius.

t Greatest common divisor (gcd) of @ and h.

T Matrix, mapping from phase currents z to
forces/torque F'. Rows are [Tyne Ty Tmt]T.

Thd Force row matrix, = Ty, or Thyy.

Trnak Force per ampere per phase, element of T}, 4.

Tyt Torque row matrix.

T fiha 2 Peak force per ampere per phase due to har-
monic hy or hs.

Tt ke Torque per ampere per phase, element of T',,.

T Peak torque per ampere per phase.

Y Coil span in number of slots.
Number of coils per phase, number of series
turns per coil.

I. INTRODUCTION

Magnetic levitation technologies have potential to replace
conventional motor bearings and provide contact-free and
lubricant-free support of the motor shaft. This eliminates any
point of wear, bearing friction, and contamination issues.
Traditionally, magnetic bearings have been used to implement
magnetic levitation. However, over the past decades, bear-
ingless motors have been developed that can simultaneously
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operate as a motor and magnetic bearing [1], thus, having the
potential to reduce the system complexity. The radial = and
y forces are typically created by a radial bearingless motor to
stabilize the 2 degrees of freedom (DOF), while the other 3
DOF (tilting around x and y and displacement along z) are
stabilized by another bearingless motor, magnetic bearing, or
passively as in bearingless slice motors [2].

First generation bearingless machines used two separate
windings to produce suspension forces and torque. In these
machines, the suspension winding typically occupies an order
of magnitude more slot space than is required during nominal
operation in order to meet a worst-case force requirement.
This leads to machine designs with decreased power density,
increased ohmic and iron losses, and leakage inductance [3].
To solve these problems, several combined winding configu-
rations have been developed, where each phase winding is re-
sponsible for both force and torque creation. Four distinct com-
bined winding categories are found in the literature: “multi-
phase (MP)” [4]-[7], “dual-purpose no-voltage (DPNV)” [8]-
[10], “multi-sector” [11], and “middle-point current injection”
[12] windings. Of these winding types, MP and DPNV are
most promising for high performance control as independent
motor (torque and field weakening) and suspension (x and
y forces) operation can be achieved through space vector
transformations (Generalized Clarke transformation).

While the MP winding is inherently compatible with more
stator designs than the DPNV winding, there is currently
no generalized method that can be applied to design an
MP combined winding. Study [13] provides a list of MP
winding configurations and determines whether force and
torque decoupling is possible. However, the results are limited
to concentrated windings with one coil per phase, and no
analytic design procedure was provided to design an MP
winding for an arbitrary number of slots, poles, and phases.
This paper fills this gap by analytically deriving a set of design
requirements and proposing a formal winding design proce-
dure, which pertain to all radial-flux bearingless machines.
In these machines, torque and radial suspension suspension
forces are created from the interaction between radial magnetic
fields. The derivations in this paper are provided for non-
salient machines, using surface permanent magnet (SPM) and
induction machines as examples. This work is analogous
to [14], which derived design requirements and proposed a
generalized design procedure for DPNV windings.

The core contributions of this paper are:

o Determination of which combinations of electric machine

slots, poles, and phases can be used to design symmetric
MP combined windings (Section V).

o Identification of design criteria that allow an MP com-
bined winding to be operated from a DPNV drive (Sec-
tion VI).

e Proposal of a generalized MP combined winding design
theory based on the star of slots approach and the results
from Sections III and V (Section VII).

Section II introduces MP combined windings and reviews
relevant literature. Section III develops a force/torque model
using the Maxwell stress tensor and Section IV develops
winding analysis concepts for the MP combined winding

by extending standard fractional slot winding theory [15].
Using the results from these sections, Section V develops
design requirements in the form of constraint equations and
Section VI makes a comparison to the DPNV winding. These
design requirement can also be used to determine whether
existing MP motor designs can be transformed into bearingless
machines through control action alone. Section VII proposes
an MP combined winding design procedure for symmetric
windings using the star of slots approach. Section VIII vali-
dates the developed theory using finite element analysis (FEA)
and hardware measurements from a six-phase bearingless
induction machine prototype. A conference version of this
paper was previously published in [16] which did not include
the experimental validation provided in this paper.

II. MP COMBINED WINDINGS

It is well-known that MP machines are able to produce
multiple magnetic field harmonics in the airgap [17]. Bearing-
less motors with MP combined windings use this capability to
create one field for torque and a second field for suspension.
These windings have m > 3 distinct connections to the
bearingless drive, as shown in Fig. 1. Depending on the drive
design requirement, the phases can share a single neutral point
or be grouped to have several neutral points.

The phase currents in conventional MP machines can be
transformed into multiple independent space vectors located in
independent rotating reference frames (orthogonal subspaces)
[18]. Study [19] presented a Generalized Clarke transformation
matrix for symmetrical MP windings that is used to obtain
these independent space vectors. In conventional MP ma-
chines, a single rotating reference frame represents the torque
creation, while other reference frames represent the machine’s
harmonic patterns which highlight the possible unbalance
among the phases [17]. A number of other studies have been
presented that use these reference frames for different non-
traditional purposes. Study [20], for example, presented decou-
pled dq axes control in multi-three-phase induction machines.
Study [21] surveyed innovative ways of exploiting additional
DOFs of MP systems. One such example is series connected
MP motors which are connected to a single inverter and the
torque in each motor is created independently (represented by
two independent space vectors).

The bearingless machine requires p pole-pairs on the rotor
and stator winding to create torque, and ps = p = 1 pole-
pairs on the stator winding to create suspension forces. This
implies that the MP combined winding must be intentionally
designed to be capable of creating magnetic field harmonics
at p and ps. As a result, the same theory that is used in
MP machines can be extended to MP combined windings to
independently control radial suspension forces and torque in
two independent rotating frames. However, the following two
requirements must be met to ensure that the winding is:

1) symmetric; that is, a rotating magnetic field is created
when supplied from a symmetrical supply.
2) capable of independently controlling force and torque.
The winding layout and the current excitation must be
studied and used to derive these requirements in terms of
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Fig. 1. Circuit diagram with m drive connections.

the machine parameters (number of phases m, torque p and
suspension p, pole-pairs, and slots @). For this, the bearing-
less machine force/torque matrix model is presented in the
following section and used in later sections.

III. MP COMBINED WINDING MATRIX MODEL

This section presents a bearingless machine matrix model
and develops analytic expressions for the created forces and
torque in terms of the phase currents and the rotor angle.

A. Force/Torque Matrix Model

The operating theory for a bearingless machine can be repre-
sented using matrices as presented in [2] and [22]. This model
shows the relationship between the created forces/torque, the
drive terminal currents, and the rotor position. For a centered
rotor position, this relationship can be expressed as

where T3, is a matrix used to map the phase currents ¢ into
the forces and torque they produce on the rotor. For a machine
with m phases, Ty, is of the form:

Tmm me,l Tmz,2 Tm:z:,m
Tm = Tmy = Tmy,l Tmy72 Tmy,m (2)
Tmt Tmt 1 Trnt ,2 T’mt ,m

Having the phase currents 4 = [iy 45 ... 3,,,)7 and using (2),
the model (1) can be rewritten for each force and torque as

Fa(0) = Trmai = Y Fur(0) =Y Toar(®)ix  (3)
k=1 k=1

7(0) = Trti = > 7k(0) = > Tt (0) i )
k=1 k=1

where d = z or y. Fyy ;, and 7y, are the force and torque created
by a phase winding k. Each T,,, matrix entry can be interpreted
as a per ampere force or torque created when only a single
phase is excited.

Suppose that the phase currents can be written as the sum
of two current arrays for suspension 25 and for torque #:

71 5,1 1

. 19 . . 159 1.2

1= =tstig=| 77|+ | " (5)
ier Z's,m it,m

Substituting (5) into (3)-(4), the design requirements re-
quirements presented in Section II can be rewritten as: 1) sym-
metry: Tphqts and 1,24 are independent of the rotor angle
6, and 2) independent force and torque creation: T;,q%¢ = 0
and T,+ts = 0. Depending on the T;,, matrix, the desired %
and 2, satisfying these constraints can be determined and the
MP combined winding design requirements can be derived.
The derivation of the entries of T, is now presented.

<

B(«)

Bn

[Btan

e

Rotor direct axis X

(@) (b)
Fig. 2. Definitions of: (a) magnetic field components, unit vectors, and angles
(v and 0) and (b) axes and winding phase angles (aph,w and awo); +p1 and
—p1 denote phase 1 coil sides going into and out of the page, respectively.

B. Derivation of T,, matrix entries

The Maxwell stress tensor is used to calculate force/torque:

1 2 2

> | On| _ ﬁ(Bn - Btan)

o= [0} - [ "L B, By ©
Ho

where o, and oy, are the normal and tangential components
of the per unit area force (stress) acting on the surface of the
rotor. This force is created from the interaction between the
tangential (By,,) and normal (B,) components of the magnetic
field in the airgap, which are depicted in Fig. 2a. These stresses
can be integrated over the rotor’s airgap surface .S to determine
the net forces and torque acting on the rotor:

Fw:/ﬁ-f(d& Fy:/6’~§/d5, T:/FxEdS (7
s s s

where 7 is the airgap radius vector (see Fig. 2a), and X and y
are the unit vectors.
The T,, matrix entries are now determined using the
following steps. When phase £ is excited by current 7y,
1) expressions for the airgap magnetic field normal B, ;
and tangential Bi,, , components are determined;
2) Fy, Iy, 7 are determined using (7); and
3) finally, the T, matrix entries are calculated from
Tz e = Fo /i, Ty ke = Fy i /tk, and The 1, = 71 /1.
As will be shown, each T;,, matrix entry is a function of
the fixed machine parameters and the rotor angle, but not the
phase currents. The above steps are now illustrated.
1) Step 1: The total magnetic field in the airgap is created
by rotor and stator magnetic field sources (shown for B,):

Bn = Bn,r + Bn,s (8)

In SPM machines, B, = B, is created by stator winding
currents and B, is created by permanent magnets described
by Bnr = Bs = B cos (pa — @) (also known as the magne-
tizing field). Stator winding currents must create both p and
ps pole-pair fields to interact with the rotor’s p pole-pair field
and create torque and forces.

In induction machines, B, = B, is also created by stator
winding currents and By, is created by currents induced in
the rotor windings/bars. The stator winding currents create the
magnetizing field Bs and the reaction field to the rotor field
By, = =By, at p pole-pairs, and suspension field at py pole-
pairs. When a pole-specific rotor structure is used, the stator
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ps pole-pair field does not induce currents in the rotor and no
reaction field is created, see [23].

The total magnetic field from stator windings B, can be
expressed as the sum of fields from each phase winding. The
field from each phase winding is determined using the well-
known linear current density Ay («) that can be expressed as
the sum of all space harmonics (shows the current distribution
along the inner bore of the stator),

Ag(a) = % Z A/c,ph,h sin (bl — ay k)) )

h=1

where A, , ;, is a normalized parameter showing the effective
number of turns per radian for the space harmonic h and o
is the angular location where the current density at harmonic
h is zero. For torque and suspension pole-pairs, A/c,ph,h is
denoted as A, ; , and A[, ; ..

Using (9), the winding magnetic field components created
by a phase k can be determined as

. oo /
Hoik o= Acphn
Bn,w,k = S E h
eff he1

cos (hla — aw ) (10)

. o0
Motk .
Btan,w,k = - r Z A/c,ph,h S (h[Oé - aWJC])
h=1

(1)

These expressions are used to derive per phase forces and
torque in the following steps.

2) Steps 2 and 3: The forces and torque Fyr, Fyr, Tk
created by phase k current are determined using (7). The
torque per phase 7 is calculated by substituting (6) into (7):

2 27
Tk = g Bn,kBtan,k da
Ho Jo

12)

Evaluating (12) for harmonic p and dividing the result by iy,
entries of the row T,; are obtained:

S . A VTBtSA/ h,t
Tmth = — AL S1N (0 - pOéch), Tmt = SE

13)
which shows created torque per ampere due to phase k.

The Ty,x and T, entries can be derived similarly. The
difference from torque creation is that the force is created
from the interaction between adjacent harmonics h and h £ 1.
At h = p, it can be shown that the T, and T, entries are:

Trnd e = Tonfony fa(0 — hiow ) £ T gy fa(0 — hoc i)
(14)

which shows created force per ampere due to phase k. Here,
the &+ term is + for d = = and — for d = y; f, and f, are
cosine and sine functions. Tm f,h, and Tm #,ho are (15), where
hs = hl or h2.

_vjﬁmwws(1_+M—P>

Ty = o hsd (15

Section V will use the results (13)-(14) and (3)-(4) to derive
conditions for viable windings.

IV. MP COMBINED WINDING ANALYSIS

The standard fractional slot winding analysis techniques
presented in textbooks such as [15] are now extended to enable
analysis of MP combined windings for bearingless motors.
The results of this analysis will be used to derive winding
requirements in Section V and to develop the winding design
procedure proposed in Section VIL.

A. Star of Slots

It is common practice to design conventional stator windings
(non-bearingless) using the “star of slots” diagram [15]. This
diagram shows the phasor of a particular harmonic of back-
EMF induced in each coil side. Using this diagram, the
winding layout of the motor (phase assignment of the coil
sides) can be determined. This approach can be analogously
extended to MP combined windings, the key difference being
that two winding harmonics are now considered, h = p
(torque) and h = p, (force creation). This paper uses the terms
“torque star of slots” and “suspension star of slots” to indicate
that the star of slots diagram is drawn at harmonic p or p;.

Example torque and suspension star of slots diagrams are
shown in Fig. 3 for a motor with @ = 8 slots, p = 2, and
ps = 3. The phasor of the first slot is drawn horizontally
and subsequent phasors lag by pa,, (or psa,,). Depending on
the values of p and pg, Fig. 3 shows that several slots can
have the same phasor location. Further, the angle between
the phasors of adjacent slots may not be equal to the angle
between adjacent phasors. For example, Fig. 3b shows that the
angle between slots 1 and 2 is 135°, while the angle between
adjacent phasors (slots 1 and 4) is 45°. This phasor angle can
be determined using the following equation [15]:

« 27Tt
TQ

where t is either ged(Q, p) or ged(Q, ps).

The winding design procedure proposed in Section VII
leverages the star of slots diagram because it provides a
convenient method to determine the winding’s ability to create
both p and p, pole-pair fields in the airgap. The torque and
suspension star of slots are used along with phasor summation
properties to determine the effects of different phase-slot
assignments on these harmonics, identify phase zones, and
determine phase separation of current components to create
the p and p, pole-pair fields. While these aspects could be
determined using winding function theory, this would require
additional tools such as the Fourier Transform.

(16)

B. Winding Factor

The winding factor is useful for comparing windings. For
double-layer windings, at harmonic h, it is defined as:

]Afw,h = ffd,hfﬁp,h (17)

where lAc,“L is a distribution factor that is found by summing
all phasors assigned to one phase in the star of slots and kg,
is a pitch factor that is determined by a coil span y:

A hyay,
kp,n = sin < y; )

Zc

1 . e

—Jo;
75 e inl
zZ

¢ =1

kan = (18)
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Here, o7 ), is the phasor angle in the star of slots at harmonic
h. It is desired to maximize l%wyh = l%d,h/%p,h (maximum is 1)
for all magnetic field harmonics A that the designer wants to
create in the airgap. These metrics are used in Section VIIL.

C. Effective number of phases

This subsection introduces the notion of an “effective”
number of torque and suspension phases in the MP combined
winding, which will prove useful later for deriving symmetry
requirements. In conventional MP windings, the angle cphw
(see Fig. 2) is translated to papn,w in the star of slots and ophw
is selected to ensure that papnw can be reduced to 27 /m. In
MP combined windings, the angle oy, corresponds to the
angles oy, ay in the torque, suspension star of slots. These
angles are not necessarily 27/m and can be expressed as

2 2
oy = k‘lir, s = kQ*W
m m

(19)
where k; and ks are integer numbers. In mechanical radians, it
must be true that opnw = a¢/p = a/ps. Substituting (19) into
this expression, it can be shown that k1 /ks = p/ps. Since, p
and pg are co-prime, it must be true that ky = cp and ks = cps,
where c is an integer number. Picking the smallest positive
values of k1 = p and ks = ps, the phase separation angles for
MP combined windings become:

Qphw = 21; Qi :P2j7 Qs ZPSQI (20)
m m m
This shows that aphw in MP combined windings must be
constrained to 27/m. From this result, the following two
observations can be drawn about MP combined windings:

1) The phases adjacent in the stator winding may not be
adjacent in torque or suspension star of slots: e.g., withp = 3
andm =4, oy = 37” and the torque phases in the star of slots

have angles in the order of 0, 2%, 7, Z instead of 0, 5, 7, 2F.

27 3

2) The effective number of phases for torque or suspension
creation can be less than m: e.g., when m = 8, p = 6, and
ps =71, ap =3 % and as = 7 - %. These angles show
4 effective torque and 8 effective suspension phases.

Generally, for any MP combined winding, the number of
effective torque and suspension phases can be calculated by
reducing p/m or ps/m until the numerator and the denomi-
nator are co-prime. The resulting denominator is the effective

270°

270°

.
180° 0°
3

612

90°
(a) (b)

Fig. 3. Demonstration of star of slots diagrams for Q = 8, p = 2, and
ps = 3: (a) torque star of slots and (b) suspension star of slots.

number of phases. This can be directly calculated as (21), with
the subscripts ¢ and s indicating torque and suspension.

m m

- = @1
ged(m, p) ged(m, ps)

my
The m, and m, phase numbers determine the spacing between
phases in the torque and suspension star of slots:
2T 27

Qph,t = —, OQphs = ——
ph, my ph, Me

(22)

The distinction between o; and opn (or o, and aphs) is
similar to the discussion in Section IV-B, where the phasor
angle o is analogous to app; (Or aypp ), While the slot angles
in star of slots pa,, and psa,, are analogous to a;; and «os. Note
that these angles are also apparent in the phase currents, which
will have a phase spacing of oy ¢ for torque ¢; and app s for
suspension 2s. However, the order that phase currents appear
in an array is based on «; for torque and o for suspension.

If the number of drive connections is even, the system
is called “non-reduced” (non-loaded star configuration) [15,
Ch 2.9.1]. In conventional winding design, the star of slots
has pairs of phasors 180° apart, the phase system can be
“reduced” by decreasing the original number of phases by half.
If the new number of phases (after reduction) is even, a neutral
point needs to be loaded. In MP combined windings, reducing
the system is not possible because two phases that are 180°
apart in the torque star of slots are 180°p,/p # 180° apart in
the suspension star of slots. Therefore, m in these derivations
denotes the number of the drive connections of a non-reduced
system rather than the number of torque or suspension phases.

V. MP COMBINED WINDING DESIGN REQUIREMENTS

MP combined windings must satisfy symmetry and in-
dependent force/torque creation requirements. This section
determines which combinations of electric machine slots (),
pole-pairs p and ps, and phases m can be used to design
an MP machine that meets these requirements. This is a
primary contribution of this paper. The design requirements
are derived as constraint equations in Sections V-A and V-B
and summarized in Table I.

A. Symmetry Requirements

Symmetry requirements ensure that a rotating magnetic
field is created when the winding is fed from a symmetrical
supply. The MP combined winding must meet the two standard
requirements (typically considered for conventional machines
[15]) and new requirements, all of which are now presented.

1) Review of standard requirements: The first requirement
is that the number of coils per phase (z./m) must be an integer
[15]. This is listed in Table I, where z. is found as

Q/2, single-layer winding
Ze = . (23)
Q, double-layer winding

The second requirement ensures that the phase spacing
aph = 2m/m in the torque star of slots is an integer multiple
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of the phasor angle «, in (16). In an MP combined winding,
this is analogously extended for both torque and suspension:

Qlph,t

(8%
eN, P o N

Qy Qs

(24)

where a4 is analogous to «, but calculated with h = p;.
Substituting (16) and (22), the requirements are rewritten as

@Q ged(m, p) Q ged(m, ps)
mged(Q,p) ~ 7 m ged(Q, ps)

Since Q/m € N, it is also true that gcd(Q, p)/ ged(m, p) € N:
ged(Q, p) = bged(m, p), where b € N. It can be shown that
@ /m is a multiple of b. Therefore (25), and hence the second
requirement in (24), is guaranteed to be satisfied for combined
MP windings that meet the first symmetry requirement.

2) New requirements: Because the effective number of
torque and suspension phases are not necessarily equal to m,
additional symmetry requirements are needed to ensure that
the MP combined winding can create rotating (not oscillating)
p and ps pole-pair fields. This can be articulated as that oy
and o cannot be multiples of 7 (or, equivalently: m; > 2 and
mg > 2). Based on (20), these requirements are satisfied when
p and ps are not a multiple of m /2. This can be rewritten as:

2ps
N
4

eN 25)

2p
., ¢ N, (26)
3) Permissible Non-Symmetric Windings: Satisfying the
conditions for a fully symmetric winding (summarized in the
first two rows of Table I) requires m > 5 connections to the
motor drive. However, example combined winding designs can
be found in literature with m = 3 and 4 phase connections, i.e.
[2], [24], [25]. This section develops theory explaining these
windings, showing that they can be achieved by relaxing (26)
to allow %” € N. It is found that doing this can result in
a viable bearingless machine, albeit with lower performance
analogous to a single phase motor, with the machine having an
oscillating (rather than rotating) magnetic field of p pole-pairs.
The analysis is presented through torque and force calcula-
tions. Torque is calculated by substituting (13) into (4). Each
torque phase current must be in phase with 75, ; to create

the maximum torque per ampere:
i = Iy cos (0 4+ 7/2 — payk) 27)

Using complex numbers (phasors), (4) can be written as:

. :Tmtlt %{Z ejQ(G-‘r%—pOtwo—[k—l]oq) 4 m} (28)

2
k=1
If the symmetry requirements in Table I are satisfied, the
torque is independent of rotor angle and (28) simplifies to
T =kely, ke =mT /2 (29)

where k; is a torque per ampere constant. For windings that
violate %p ¢ N of (26), an oscillating field of p pole-pairs is

created and the torque expression in (28) simplifies to
7 =2k Iy sin (0 — payo) (30)

where the torque has so-called “single-phase characteristics”.
These windings have very high torque ripple because they

are unable to create torque at certain rotor angular positions
(6 = payp), but do have a non-zero average torque (k;I;) over
one rotor revolution.

To study the impact on force creation, force expressions
are similarly determined. Each force phase current must be in
phase with the T}, 5 term of (14):

g = Iy cos (0 — psaw i), by ks = £, sin (6 — psawk)
is,k: = iz,k + iy,k: = Is COs (9 — PsQw i F ¢) (31)

where I, = /12 + I2, ¢ = tan™" (I, /I,,) is the force angle,

upper signs are for p; = hy and lower signs are for p; = ho.
The net force F, is found in an analogous manner to (28):

I (. 7
F, :E (Tmﬁm?ﬁ{ﬂ + FQ} + Tmf,hQ%{F3 + F4}> (32)

where F; and F5 are the terms due to harmonic hq, and F3
and F are the terms due to harmonic hs:

F1 _ Zej(QQ—[PerhﬂOéW’k)’ ‘F‘2 — Zej(ps—hl)aw,k (33)

k=1 k=1
Py = Zej(29_[ps+h2]aw*k), Fy = Zej(ps_hZ)aw,k (34)
k=1 k=1

If Table I's symmetry requirements are satisfied, Fy = F3 =0
and therefore force is constant over all rotor angles:

me f

Fy = kylo, by = —

(35)

where kgf is a force per ampere constant. For windings that
violate Ep ¢ N of (26), the net force expression becomes:

F’I,‘ = kfIac + kf,h,Ix Cos (2[9 - pOwa]) (36)
which shows that these windings have an additional force
ripple component as there is a dependence on the rotor angle
# (non-zero Fy or F3). This is due to the suspension currents
creating magnetic fields at both harmonics h; and hy, which
rotate in opposite directions. One harmonic interacts with the
rotor p pole-pair field to create non-zero average force, while
another harmonic causes the force ripple.

This provides a theoretical explanation for the force ripple
reported in [24] for a m = 3 machine. Too large of force
ripple (or force vector error) can lead to suspension instability.
However, by solving (36), advanced control techniques can be
implemented to reduce the force ripple, analogous to what
is proposed in [24, Sec III-B]. Apart from controls, machine
design techniques may also be used to reduce force ripple
by minimizing ky/ks in (36). From (15) and (35), it can
be shown that setting ps = ho and constraining the machine
parameters to hié = r will eliminate force ripple due to h;.
This simplifies (36) to have the same expression as (35).

In summary, while it is possible to create designs with m =
3 or 4 drive connections, these machines will nearly always
have higher torque and force ripple as compared to m > 5.
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TABLE I
MP COMBINED WINDING DESIGN REQUIREMENTS
Requirement Standard New*
2 N
Symmetry ze/m €N zli//rfn%i_ N

Independent force/torque creation (p+ps)/m &N

“While only m > 5 phases satisfy these requirements, Section V-A3 shows
that m = 3, 4 is possible when “single-phase” characteristics are acceptable.

B. Independent force/torque creation requirements

Further restrictions are placed on the machine to ensure that
the MP winding can independently control force and torque.
This requires T},q%¢ = 0 and Tt = 0. Using expressions
developed for T,, matrix entries and the phase currents, the
above constraint equations can be rewritten analogous to the
equations (28) and (32) and used to determine conditions for
independent force/torque creation. After doing these substitu-
tions, it can be shown that the above constraints are satisfied
if the following two constraints are met:

Z ej(as—at)[k_l] =0 (37
k=1
Y ed@-fertadie-1) _ g (38)
k=1

Condition (37) is always satisfied since from (20) a; — oy =
+27 /m. Condition (38) is violated only if cvs+cv; is a multiple
of 2m. In this case, (38) is equal to me’??, resulting in a
pulsating torque (at 26) due to force creating currents and a
pulsating force due to torque currents. Otherwise, if o s +a is
not a multiple of 2, (38) is always satisfied because the terms
in the sum form a balanced set of vectors in the complex plane
with a phase separation of %” (p+ps). The following constraint
is proposed to ensure independent force/torque creation:

m

(39)

This requirement is listed in Table I (row 4 column 3).

VI. COMPARISON TO DPNV WINDING

The MP and DPNV windings are viewed as providing
the highest performance potential combined winding because
of their ability to independently control field weakening as
well as torque and force. Recently, reference [22, Sec III-
C] has made the observation that DPNV drives/windings
[14] can be viewed as a circuit-based connection of certain
MP combined windings. It was noted that the DPNV drive
resulted in equivalent coil currents (and therefore, equivalent
airgap fields, force, and torque). This implies that the DPNV
winding design [14] must actually be equivalent to these
MP combined windings. This notion is now explored by
showing the equivalence (and differences) in winding design
requirements between Table I and [14, Tables II-IV]. Based on
this comparison, this section will identify design criteria that
allow an MP combined winding to be operated from a DPNV
drive, which is the second key contribution of this paper.

Upon inspecting the DPNV winding, it is immediately
evident that it requires an even number of connections to the
motor drive electronics, and therefore winding equivalence is

1. Design inputs:
Q,p,m
(satisfy Table I req-s)

2. Draw torque 3. Select star of
— and suspension —» slots for phase
star of slots. zone assignment.

4. Plot phase
— zones on selected >
star of slots.

5. Calculate winding
-» factors and adjust
the phase zones.

6. Determine 7-8. Design outputs:
— coilspany. - * Winding layout.
* Phase current expressions.

Fig. 4. Summary of MP combined winding design steps.

only possible for an even value of m. Each of the three DPNV
requirement tables is now considered. In this description, m
retains the definition used in this paper (the total number of
drive connections), which is different from the definition of
m in [14]. Further, although it is not immediately obvious, it
can be shown that the DPNV winding design always results
in aphw = WQL—% in juxtaposition to (20).

1) Symmetry: The DPNV winding requires that p L m/2
and p;, L m/2 (L means co-prime) [14, Table II]. While
this requirement satisfies the symmetry requirements of MP
combined windings (Table I), it is more restrictive. The DPNV
winding needs this more restrictive requirement to ensure that
the winding always has an effective number of torque and
suspension phases such that m; = ms; = m/2 to support the
DPNYV drive connection style—see [14, Fig. 1]. The proof of
this can be arrived at by noting that since oppw = 7721—72, the
torque and suspension phases in the DPNV winding are phase
separated by a; = Pz and oz = ps%. Similar to the
discussion in Section IV-C2, the effective number of phases
in the DPNV winding are found by reducing mL/Z or -2 75 until
the numerator and denominator are co-prime.

2) No-Voltage: [14, Table III] summarizes these require-
ments and it can be shown that these requirements are equiv-
alent to MP winding requirements when m is even.

3) Non-zero suspension distribution factor: [14, Table IV]
summarizes these requirements. Again, it can be shown that
these are equivalent to MP combined windings when m is
even. This means that MP combined windings also have the
property that there will always be phasors 360° apart in the
torque star that are 180° apart in the suspension star (or vice
versa), matching [14, Table IV] for p; = p £ 1 machines.

In summary, the DPNV winding can be viewed as a special
case of the MP combined winding. Any MP combined winding
that has p L m/2 and ps L m/2 in addition to the
requirements in Table I is equivalent to a DPNV winding and
can therefore be operated using the DPNV drive configurations
of [14, Fig. 1].

VII. PROPOSED WINDING DESIGN APPROACH

This section proposes a design procedure to enable a bear-
ingless motor designer to determine a feasible winding layout
for any desired MP combined winding. This is a third and
main contribution of this paper. A set of design steps is first
provided followed by examples that utilize these steps.

A. Design Steps

The proposed winding design approach is intended for
double-layer windings, where each slot holds two coil sides.
The new design approach is inspired by the popular “star of
slots” design used in convenional windings [15, Chapter 2.2]



ACCEPTED FOR PUBLICATION IN IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS, MAY/JUNE 2023 ISSUE 8

+ph,-

17 4 —phy, +phy
—phy +ph; =) +phy
g U —ph; “+ph,;

(@

Fig. 5. Illustration of design steps 4 and 5. Step 4: phase zones for case (a), (b), and (c). Step 5: (d) modifications to positive and negative phase zones.

and makes use of the torque and suspension star of slots
diagrams developed in Section IV-B. The proposed design
steps are as followings (summarized in Fig. 4):

1) Select motor parameters that satisfy Table I require-
ments: Slots @, pole-pairs (p and p;), and phases m.

2) Draw torque / suspension star of slots diagrams: Refer
to the procedure in the discussion accompanying Fig. 3.

3) Select star of slots for phase zone assignment: Identify
the star with the highest number of phasors in a layer per

effective number of phases: max(gc d(Q?p)W,gc d(Qg)s)ms ,
with m;, mg from (21). Define m.g as the effective number
of phases of the selected star (m; or my).

4) Plot phase zones on selected star of slots: Assign each
phasor (coil-side) in the star of slots identified in step 4 to a
phase by drawing positive and negative phase zones on top of
the star. Draw the phase zones following one of these cases:

a) Designs with even meg: Plot the phase zone diagram
as in Fig. 5a. Since there are always pairs of phases
separated by 7 radians for even me.g, the negative phase
zone for each phase has to be split into two parts as
shown in Fig. Sa.

b) Designs with odd mer and with at least one of the
following conditions satisfied: m; # my, ged(Q,p) = 1,
or gcd(Q,ps) = 1. Plot the phase zone diagram as in
Fig. 5b. The positive and negative phase zones span
7 /e and are separated by 7 radians. The adjacent pos-
itive (negative) phase zones are separated by 27 /megr.

c) All other designs with odd m.g: Draw the star of slots in
several layers (in the radial direction) and plot the phase
zones in each layer separately, as shown in Fig. 5c. Note
that each layer uses the same phase zone assignment as
in Fig. 5b, but has a different angular orientation.

5) Calculate winding factors and adjust the phase zones:
Use (18) to calculate the torque /;:dt, suspension I%ds distribu-
tion factors. If these are unacceptably low, try the following:

First, slightly rotate the phase zones in Fig. 5a-5b clockwise
or counterclockwise and select the phase-zone assignment that
gives the highest distribution factors.

Next, if the distribution factors remain unacceptable, split
positive and/or negative phase zones into several parts and
rotate away from each other so that the net positive and nega-
tive phase zone orientations are unchanged—see Fig. 5d. Rotate
these bands in increments that correspond to their bandwidth.
This ensures equal phase band area for all phases and proper
phase separation. Stop when satisfactory distribution factors
are obtained. The other phases’ zones can be found by rotating
the phase 1 by (k — 1)27/megr (kK = 2 to megr).

6) Determine coil span: Identify a coil span y (number of
slots) that achieves the preferred compromise between torque
l%pt and suspension l%ps pitch factors. Calculate l%pt and l%ps
for different y values by setting h = p, ps in (18). Ensure that
yp/Q ¢ N and yps/Q ¢ N to avoid zero pitch factors.

After following steps 1-6, it is possible to have multiple
candidate designs for a specific slot-pole combination. To
choose one design, the designer is advised to consider winding
factors l%w’p and l;:w,ps for torque p and suspension p, pole
pairs. Ideally, a designer would choose an option with both
highest fcuw and fcu“ps (if such a design exists) to obtain the
maximum torque- and force-per-ampere. In other cases when
there is a trade-off between l%wyp and I%w,ps across different
designs, the choice depends on the motor’s required torque
and force ratings. For most applications, it is suggested to
select a design with a relatively higher fcwm (> 0.7) and a
reasonable ifw,ps value (> 0.4 — 0.5).

7) Construct winding layout diagram: Determine the coil
connections for each phase using the results from steps 4-6.
Each phase coil has two coil sides. The slot location of one
coil side is determined by the phase zone diagram, while the
slot location of the other coil side is determined by the coil
span y. The coils in each phase are connected in series.

8) Determine the phase current expressions: The phase
currents consist of torque and suspension force creating com-
ponents. The torque and suspension phase angles a; = p%
and oy = ps% in (20) determine which phase currents to
flow through the coils to create two rotating magnetic field
pole-pairs. The phase current k has the following expression:

i = It cos (pr — [k — 1)ay) + Is cos (¢s — [k — 1]as) (40)

B. Example designs

The proposed design steps are now demonstrated for a
double-layer winding with Q@ = 12, p = 2, ps = 1, and m = 6:
1) From (23), z. = 12; Table I design requirements are met.

2) The diagrams are shown in Fig. 6a and 6c. The mechan-
ical angle between adjacent slots is «, = /6, resulting in
7/3 in the torque and 7/6 in the suspension star of slots.

3) Both torque and suspension stars have two phasors in
a layer per effective number of phases (m; = 3, ms; = 6).
Therefore, either of the stars can be selected. For this example,
the torque star of slots is selected and m.g = 3.

4) This example uses case b) described Section VII-A4 for
drawing the phase zones. Since mey = 3, each phase zone
spans w/megr = /3 radians. The positive and negative phase
zones are plotted in Fig. 6a, where the phases are labeled from
u to z. Note that each phase zone has two identical phases in
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(@) (b)
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Fig. 6. Double-layer winding designs. Q@ = 12, m =6, p = 2, ps = 1, and
y = 3: (a) torque star of slots; (c) suspension star of slots; and (e) winding
layout. Q = 6, m =6, p=2, ps = 1, and y = 1: (b) torque star of slots;
(d) suspension star of slots; and (f) winding layout.

the torque star. Therefore, half of the slots in each zone are
assigned to each phase. The resulting star diagrams are shown

in Fig. 6a and 6c.

5) The torque, suspension distribution factors are calculated
as l;'dt =1, I%ds = 0.707. It is determined that these are
satisfactory and no phase zone modification is needed.

6) The coil span is selected as y = 3, yielding l;:pt =
sin (%) = 1 and kps = sin(f3) = 0.707. The resulting
torque, suspension winding factors are k,; = 1, ks = 0.5.

7) The resulting phase u winding layout is shown in Fig. 6e.

8) The phase current expressions are determined by (40)
with a; = 2 and a, = Z.

The design procedure can similarly be used to design any
MP combined windings satisfying the Table I requirements. A
second example design with concentrated windings is given in
Fig. 6f (with star of slots in Fig. 6b and 6d). A third and fourth
example are shown in Fig. 7 (m = 7, 8), where this time the
suspension star of slots is selected in step 3 for phase zone
assignment in step 4. These last two examples depict adjusting
the phase zones in step 5 to increase the torque distribution
factor. In a fifth example, Fig. 8 presents a distributed winding
with m = 6, Q = 24, where only positive phase zones are
used. This winding design is used in the bearingless induction
machine prototype presented in Section VIII.

+ph,
1
—phy/ 2
—phz|15

+phs|28

+phy\!
2
—phg

—phy
+ph.

992\ 7
4+ph2—ph5_Ph-;—ph

(a)

24P0
@ 11 13 5
9
1822 ®

—phy +ph,

(d)

Fig. 7. Torque (left) and suspension (right) star of slots for two examples
that illustrate design steps 4 and 5 (dark gray — positive phase zones, light
gray — negative phase zones): (a) Q = 28, m = 7, p = 16, and ps = 15
(m¢ =ms=T)and (b) Q =24, m =8, p =6, and ps = 7 (m¢ = 4,
ms = 8). The red circles show the slots assigned to phase 1.

+z

o1 1022 4y

“+z

18,1920, 21

+y +w
17

Fig. 8. Design of Q@ = 24, m =6, p = 1, ps = 2, y = 9 double-
layer winding of the induction machine prototype used for validation in
Section VIII: (a) torque; (b) suspension star of slots; and (c) winding layout.

VIII. VALIDATION OF MP COMBINED WINDING DESIGN

Validation is now provided using finite element analysis
and experimental measurements of a pole-specific bearingless
induction motor prototype, shown in Fig. 11a. This machine’s
winding is implemented as the six-phase combined winding
presented in Fig. 8c. The phase currents required to create
p =1 and ps = 2 pole-pair fields in the airgap of this machine
are given by the following equation—see (40):

i, = I; cos (qﬁt — k- 1]%) + I, cos (d)s — k- 1]2%) 41

where k =1t0 6, I; = ,/iﬁ—f—ig.

This winding satisfies the criteria to be operated by a DPNV
drive that were derived in Section VI. Additional machine
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TABLE II
INDUCTION MOTOR PROTOTYPE PARAMETERS
Rated 74 6.75 A Rated i4 585 A
Force per current k;¢ 13 N/A  Torque per current k; 0.2 Nm/A
Rated slip frequency 12.5 Hz Rated speed 29250 RPM
“ky and k¢ are measured at the rated i4 value.
— —) W =T —Y z
1Nm, 0N 0 Nm, 12.8 N 1 Nm, 128 N
= SSRTXK. R (R
PSS i B
—_ —F, _Fy T
201 - - -
)
koo
8 9 10 8 9 10 8 9 10
Time [ms]

Fig. 9. FEA results for example six-phase induction machine prototype:
calculated torque and force for different currents (column l-rated torque,
column 2-rated force, column 3-rated torque and force). Fiye = 12.8 N,
Thase = 1 Nm.

design information is provided in [23], [26], which presented
test results obtained with the machine operated by a three-
phase parallel DPNV drive. The key motor parameters are
summarized in Table II when the winding is configured for
operation by a six-phase drive. In the following tests, the ma-
chine is excited with various phase currents to create desired
airgap fields and torque and force vectors, with measurements
compared against the findings of Sections III-VII to confirm
the theoretic developments of this paper.

A. FEA Simulations

The proper operation of the example MP combined winding
(if symmetry and independent force/torque creation are met)
is now demonstrated using FEA simulation results for three
different cases of phase currents, all described by (41). In all
cases, currents have ¢, = ¢, = 27 ft with a rated frequency of
f = 500 Hz and a rated magnetizing current i = 6.75 A. The
first column of Fig. 9 shows that only torque is produced when
the rated torque creating current 7, = 5.85 A is applied (rated
rotor speed and slip). The second column shows that only force
is produced when the rated suspension current I, = 1.15 A is
applied (zero slip). The third column shows that both torque
and force are produced when rated ¢, and I are present (rated
slip).

B. Experimental Validation

Three test results are presented that confirm that the airgap
magnetic fields with the desired pole-pairs (p = 1, p, = 2) can
be created, that force and torque can be created independently,
and that MP and DPNV combined windings are equivalent.
These tests validate the theory developed in Sections V-VIIL.
In all tests, the phase windings are excited by the currents
described by (41).

1) Magnetic field measurements: This test is conducted to
validate the MP combined winding symmetry requirement that
two rotating p and p, pole-pair fields are created when the
phase currents are supplied by a symmetrical supply, as defined
in Section II and summarized in Table 1. In this test, the normal

airgap magnetic field B, is measured with a hall probe [27]
in front of each tooth (15° increment) along the inner bore of
the stator (along «), as shown in Fig. 10a. Despite the rotor
not being present in Fig. 10a, it is fully inserted during the
test. At each tooth, measurements are taken for the following
two cases of excitation—see (41):

1) I; = 13.5 A, Iy = 0 with ¢; swept over 0 — 27 rad.
(expected to create p = 1 pole-pair field).

2) Iy = 13.5 A, I; = 0 with ¢, swept over 0 — 27 rad.
(expected to create p; = 2 pole-pair field).

The result for case 1 is provided in Fig. 10b, which shows
a 3D plot of the measured normal magnetic field B, as a
function of o and ¢;. This plot shows that the airgap field has
p = 1 pole-pair when viewed along « at any fixed ¢; value.
As an example, Fig. 10d plots a special case of Fig. 10b for
¢: = 60° (in blue) to show that p = 1 pole-pair is created.
As ¢, increases, the angular location of the field along « in
Fig. 10b also increases according to opesx = ¢¢/p and the
field behavior can be described by the rotating field equation
B, = 0.65cos(« — ¢) [T].

Figure 10c provides a similar 3D plot of B, for case 2 as
a function of v and ¢. This plot shows that the airgap field
has p; = 2 pole-pairs when viewed along « at any fixed ¢,
value. Figure 10d again plots the special case of Fig. 10c for
¢s = 60° (in red) to show that p; = 2 pole-pair is created.
Analogous to case 1, the angular location of the field along
a in 10c increases by increasing ¢ according t0 Qpeax =
¢s/ps and the field behavior is described by the rotating field
equation B, = 0.2 cos(2a — ¢5) [T].

The observations made above validate the MP combined
winding symmetry requirements (see Table I) that rotating p
and ps pole-pair fields can be created when motor windings
are excited by balanced currents.

2) Force and torque measurements: The results of this test
validate the MP combined winding independent force and
torque creation requirements, as defined in Section II and
summarized in Table I. In this test, reaction torque and forces
on the stator are measured using a load cell [28], as shown
in Fig. 11a. The stator is mounted on the load cell, which is
rigidly fixed. The rotor is supported by a mill’s spindle and
locked at the magnetic center in a manner that prevents rotation
and deflection. The injected phase currents are described by
(41) with ¢; = 2w ft and ¢, = 27 ft + ¢. The measurements
are taken for the following two cases:

1) f=0.10Hz, I; =6.75 A, I, = 1.15 A (see Fig. 11b,
column 1). This test verifies that rated force can be
created at any angle. The frequency is set to a sufficiently
low value so that no torque is created.

2y f =125, 1; = 9.10 A, I, = 1.15 A (see Fig. 11b,
column 2). This test verifies that rated force can be
created at any angle while torque is also produced. Since
the rotor is locked, the motor operates under rated slip
frequency (see Table II).

In both cases, the motor is expected to have iy = 6.75 A.
During the tests, ¢ is set to a fixed value, forces and torque
are measured at steady state, and the average is calculated.
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Fig. 10. Experimentally measured magnetic field: (a) test setup; B, when (b) torque currents are present (¢ = %¢); (C) suspension currents are present
(i = is), and (d) torque and suspension currents are present with ¢ = 60° and ¢s = 60° (obtained from Fig. 10b-10c).

The measurements are repeated for the values of ¢ from 0 to
27 rad. with an increment of 7 /6 rad.

Figure 11c provides measurement results of the forces F,
F,, and torque 7 vs. ¢ for the two cases described above.
Figure 11d is a plot of the force vector magnitude and angle
obtained using the Fig. 11c results. These results show that
the force vector angle can be changed by modifying ¢ while
having no effect on torque. The reverse is also true—whether
torque is being created or not, the motor can independently
create force vectors with a constant magnitude at any angle.
It has also been confirmed that the motor creates zero average
force when I, = 0 A. Together, these results indicate that
force and torque creation can be created independently by
controlling (I, ¢) and i, (with a constant i4), which vali-
date the independent force and torque creation requirements
summarized in (39) and Table I.

3) Comparison to DPNV Winding: This test validates
equivalence between MP and DPNV combined windings
(see Section VI) using suspension force measurements. As
summarized in Section VI, an MP combined winding must
additionally satisfy p L m/2 and ps L m/2 to be capable
of operation by a DPNV drive. The winding of this prototype
(see Fig. 8c) meets these additional design criteria because
p=1ps =2,and m = 6 (1 L 3 and 2 L 3). The six-
phase MP currents [iy, ia, i3, 44, i5, ig]. in (41) map to the
DPNV coil group currents in [14] in the following order as
[iuy s —Tuwys Gups —buys Gwys —iv, ]  —see Fig. 12.

The required DPNV drive torque i) and suspension i j
terminal currents (see Fig. 12) are expressed as:

it,k = QIt COoSs (¢t - [k — 1]2?71-)

5 5 (42)
isk = I, cos ((;55 + k- 1]%) — I, cos (¢t — [k - 1]%)
where ¥ = 1 to 3. This drive connection configuration

is compelling because it allows the inverter responsible for
providing ¢; to be implemented as a standard three phase motor
drive without knowledge of the machine being bearingless.
This is because the ¢; terminals contain only a single sequence
current (27 /3 spacing) as compared to the current expressions
in (41) which have two sequences. Note that when the DPNV
drive provides currents according to (42), the machine coils
will have the same currents as when the MP drive provides
currents according to (41), meaning that the machine has
identical torque and force performance.

Test results are now presented to validate that the machine
is capable of actuating force and torque identically, regardless
of whether it is connected as an MP or parallel DPNV drive.
First, the measured suspension force produced by the machine
using both styles of drive is plotted in Fig. 1le, with drive
phase currents determined by (41) and (42). Rated ¢4 current
is applied, ¢, = OA, over a range of I, values. The slope
of this curve determines the force created per unit current
ky = 13 N/A, listed in Table II. The red marker in Fig. 11e
represents the force measured when the prototype is operated
by the six-phase MP drive (tested at rated suspension current
I, = 1.15 A) while the blue dots correspond to measurements
when the prototype is operated by the parallel DPNV drive
(see Fig. 12). Clearly both drives result in the machine having
the same force characteristic. A similar test was conducted
to compare the torque capability of the machine, resulting
in identical torque per unit current k; = 0.2Nm/A, listed
in Table II. By demonstrating that both drives are able to
identically actuate force and torque, these results validate the
design criteria derived in Section VI for when an MP combined
winding can be operated by a DPNV drive.

IX. CONCLUSION

Historically, challenges in the winding design for bearing-
less motors have limited the machine performance (torque
density, torque and force ripple, and efficiency). Combined
windings are gaining attention as a potential solution for
these problems, with MP combined windings being widely
recognized as one of the highest performance approaches.
This paper develops the fundamental force/torque model for
machines employing these windings and uses this model
to establish a winding analysis framework, machine design
requirements, and winding design theory, which are the main
contributions of this paper.

While it is found that many combinations of stator slots,
poles, and phases can lead to viable windings, certain combi-
nations lead to either asymmetric windings or cross-coupling
between the motor and suspension operation. The highest
performance MP winding designs have at least five connec-
tions to the drive electronics. However, this paper’s analysis
framework shows that it is possible to reduce this to three
or four connections (presumably to save cost) and obtain an
asymmetric winding that is feasible, but with higher torque and
force ripple. It is found that the classical star of slots design
methodology for stator windings can be extended to aid in
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Fig. 11. Experiment results of the force and torque measurements: (a) test setup, (b) phase currents for two cases of test 2, (c)-(d) measured forces and torque
for different ¢ values, and (e) measured force vs. suspension current for MP drive (red) and DPNV drive (blue).

Motor Inverter

it,2

Suspension
Inverter

Fig. 12. The prototype machine’s winding configured for operation by a
parallel DPNV drive. The 6 phases from Fig. 8¢ u, v, w, x, y, z are shown
in blue to indicate their mapping to the DPNV coil groups a and b [22].

the design of MP combined windings by considering both the
motor and suspension field spatial harmonics. Experimental
results from a six-phase induction machine validate the MP
combined winding analysis framework and design approach.

Motor designers will find this paper useful as a practical
guide to rapidly design MP combined windings for various
slot-pole combination motors. Its general analysis framework
and repeatable design steps enable consideration of a large
number of machine variants.
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