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Abstract—A multi-phase (MP) combined winding design pro-
cedure for bearingless machines is proposed and developed.
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. 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 for the MP combined winding. A sequence
of winding design steps is proposed and used to design example
MP combined windings.

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

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
operate as a motor and magnetic bearing [1], thus, having the
potential to reduce the system complexity. The radial x 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].
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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 (z 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
design procedure was provided to design an MP winding for
an arbitrary number of slots, poles, and phases. This paper
fills this gap by deriving a set of design requirements and
proposing a design procedure. This work is analogous to [14],
which derived design requirements and proposed a generalized
design procedure for DPNV windings.

The two core contributions of the paper are:

e Determine which combinations of electric machine slots,
poles, and phases can be used to design MP combined
windings (Section IV).

e Propose an MP combined winding design procedure
based on the star of slots approach and the results from
Sections III and IV (Section V).

Section II introduces the MP combined windings and
the literature about the MP systems. Section III develops a
force/torque model using the Maxwell stress tensor. Using this
model, MP combined windings properties, and fractional slot
winding theory [15], Section IV develops design requirements
in the form of constraint equations. 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 V proposes an MP combined
winding design procedure using star of slots approach. Fi-
nally, Section VI validates the developed theory by analyzing
an example bearingless machine design with MP combined
winding using finite element analysis (FEA).



II. MP COMBINED WINDINGS

It is well-known that MP machines are able to produce
multiple magnetic field harmonics in the airgap [16]. 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. Depending on the drive design requirement,
the phases can be grouped to have several star connections or
all phases can be connected to a single neutral point.

The phase currents in conventional MP machines can be
transformed into multiple independent space vectors located in
independent rotating reference frames (orthogonal subspaces)
[17]. Study [18] presented a Generalized Clarke transfor-
mation matrix for symmetrical MP windings that is used
to obtain these independent space vectors. In conventional
MP machines, 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 [16]. A number of other studies
have been presented that use these reference frames for
different non-traditional purposes. Study [19], for example,
presented decoupled dg axes control in multi-three-phase in-
duction machines. Study [20] surveyed the 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 p, = 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 — 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
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 [21]. 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 6,,, is a mechanical rotor angle and T7,, is a matrix used
to map the phase currents ¢ into the forces and torque F =
[F, F, 7]T they produce on the rotor. This model holds for the
surface-mounted PM motors where the quadratic relationship
between the forces/torque and the phase currents is usually
negligible. For a machine with m phases, T}, is of the form:

Tma: Tm:c,l me,Z Tmoc,m
Tm = Tmy = Tmy,l Tmy,2 Tmy,m (2)
Tmt Tmt,l Tmt,2 Tmt,m

Having the phase currents 4 = [i1 i3 ... 3,,] 7 and using (2),
the model (1) can be rewritten for each force and torque as

Fy(0) = Trmai = Y Fur(0) =Y Trar(®)ix  (3)
k=1 k=1

m

7(0) = Trai = > _ 7k(0) = > _ Tt (0)i (4)
k=1 k=1

where d = x or y, and 6§ = pf,, is an electrical rotor angle.
Fy 1 and 73, are the force and torque created by 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 vectors for suspension ¢ and for torque 2::
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Substituting (5) into (3)-(4), the design requirements re-
quirements presented in Section II can be rewritten as: 1) sym-
metry: Tpnqts and 1,24 are independent of the rotor angle
#, and 2) independent force and torque creation: T;,qt¢ = 0
and T},,+2s = 0. Depending on T,, matrix, the desired 5 and
24 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. Derivation of Ty, matrix entries

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

7= |:O'n:| — |:2i“,(BI? _Btzan):| (6)

1
Otan o By Bian

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. 1a. 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-id& Fy:/5’~§/d5, T:/FXEdS (7
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Fig. 1. Definitions of: (a) magnetic field components, unit vectors, and angles
(o and 6) 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.

where « is the airgap angle (see Fig. 1a), 7" is the airgap radius
vector, and X and y are the unit vectors.
The T,, matrix entries are now determined using the
following steps. When phase k is excited by current 7,
1) expressions for the airgap magnetic field normal B,
and tangential By, ;, components are determined;
2) Fy, Iy, 7 are determined using (7); and
3) finally, the 7T, matrix entries are calculated from
Trnae = Fo/iks Ty = Fy i /ik, and Tpny o = 73 /i
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 magnetic fields in the airgap are created by
the rotor magnets and the stator winding currents. The field
created by the magnet can be expressed as:

Bs = Z B(s’h cos (ha — 0) €))

h=1

where h is a spatial harmonic order and E& n 1S a correspond-
ing amplitude. The main field harmonic that contributes to the
torque creation is h = p with an amplitude Bg. This is referred
to as the machine’s magnetic loading [15], [22].

The field from each phase winding can be determined using
the linear current density A (a) (shows the current distribution
along the inner bore of the stator), which can be expressed as
the sum of many sinusoidally distributed windings:

1
= kZAcphhsm (hla — awk]) 9

where A7, ., = %zchkw,h is a normalized parameter show-
ing the effective number of turns per radian for the harmonic
h. Here, zg is the number of series turns per coil, z. is the
number of coils in a phase, and k., is a harmonic h winding
factor. For torque and suspension, this parameter is denoted
as A, , and A, , .. The angle ay j in (9) is:

Qy | = awO,h/h + [(k - 1>aPh-W] (10)

where a0, is a phase shift angle for each harmonic h. At
fundamental harmonic (h = 1), awo,1 = awo is an angle

between the phase 1 axis and 2 axis; aph,y i an angle between
adjacent phases, as shown in Fig. 1b.

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

. oo A/
Buw.k :/golk Z C’;;h"h cos (hlae — aw 1)) (11)
eff h=1
/’Lozk
Buanw,k = — ZAC phhSln (h[a _O‘WJC]) (12)

h=1
where Je is an effective airgap length. Using the results (8)
and (11)-(12), the net normal and tangential magnetic field
components in the airgap can be determined as:

Bn,k = B6 + Bn,w,ka Btan,k = Btan,w,k (13)

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

r2L
Ho Jo
Evaluating (14) for harmonic p and dividing the result by iy,
entries of T,,; are obtained:

Te = Bn kBlan r da (14)

. V,. Bs A’

A . ¢,ph,
Tmt,k = —1Lme S (9 - paw,k)7 Tmt = f

where V,, = 7r2L is the rotor volume.

T,.q entries can be derived similarly. The difference from
torque creation is that the force is created from the interaction
between each harmonic h of the rotor magnetic field and
harmonics h £+ 1 of the winding magnetic field. At rotor
harmonic p, it can be shown that T;,,4 entries are:

Trmde = Tonfhy fa(0 — hiaw i) & Tonfohy fa(0 — hoow i)
(16)
where h; = p—1 and hy = p+ 1 are the winding harmonics
that contribute to the force creation; the =& term is + for d = x
and — for d = y; f, and f, are cosine and sine functions.
Tmf h, and Tmf n, are (17), where ps; = h; or ha.
Tmf,ps _ V;‘BéAc,pth ( 1 + Ps — p)

2r Ds0
The following section will use the results (15)-(16) and (3)-
(4) to derive conditions for viable windings.

a7

IV. 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 ),
poles p and ps, and phases m can be used to design an MP
machine that meets these requirements. The key terminology
is presented in Section IV-A and an effective number of torque
and suspension phases are introduced in Section IV-B. Using
results from Section III, Section IV-B, and fractional slot
winding theory [15], the design requirements are derived as
constraint equations in Sections IV-C and IV-D. The results are
summarized later, in Table I. Finally, Section IV-E compares
the MP and DPNV winding design requirements [14].



A. Key Terminology

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 to 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 ps.

Example torque and suspension star of slots diagrams are
shown in Fig. 2 for a motor with Q = 8, p = 2, and ps; = 3.
The phasor of the first slot is drawn horizontally and the
subsequent phasors lag by pa, (or ps«,,). Here, a,, = 27/Q
is an angle between adjacent slots in mechanical radians.
Depending on the values of p and p,, Fig. 2 shows that several
slots can have the same phasor location. Furthermore, the angle
between the phasors of adjacent slots may not be equal to the
angle between adjacent phasors. For example, Fig. 2b 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]:

N 27

)

where ¢ is either ged(Q, p) or ged(Q, ps). This angle is later
used to derive symmetry requirements.

(18)

B. Effective number of phases

This subsection introduces the notion of an “effective”
number of torque and suspension phases in the MP combined
winding. This concept is used later to derive symmetry re-
quirements. In conventional MP windings, the angle oy (see
Fig. 1) is translated to popnw in the star of slots. The angle
Quph,w 18 selected to ensure that pagyy, can be reduced to 27 /m.
In MP combined windings, the angle ayw corresponds to the
angles a;, o, in the torque, suspension star of slots. These
angles are not necessarily 27 /m and can be expressed as

2 2
Oét:/flg; as:kQE (19)
270° 270°
48
7 1
180° 0°
3 5
62
90°

(a) (b)

Fig. 2. 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.

where k; and k5 are integer numbers. In mechanical radians, it
must be true that opnw = a¢/p = as/ps. Substituting (19) into
this expression, it can be shown that ki /ks = p/ps. Since, p
and p, are co-prime, it must be true that k; = ¢p and ke = cps,
where ¢ is an integer number. Picking the smallest positive
values of k1 = p and ko = ps, the phase separation angles for
MP combined windings become:

2 2 2

Qphw = —, Qg =P—, Og = Ps— (20)
m m m

This shows that oy, 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: For example,
withp=3and m =4, oy = 37” and the torque phases in the
star of slots have angles in the order of 0, 37”, T, g instead of
0, %, m 3,

> 25 T T

2) The effective number of phases for torque or suspension
creation can be less than m: This is true if ged(m,p) >
1 or ged(m,ps) > 1. For example, for a motor with m =
8, p =26, and p; = 7, oy :3~ﬁandas :7~$.
These angles show that the number of distinct phases is 4 for
torque and 8 for suspension. Generally, for any MP combined
winding, the distinct number of torque and suspension phases
can similarly be calculated by reducing the fractions p/m or
ps/m until the numerator and the denominator are co-prime.
The resulting denominator is the effective number of phases.
Mathematically, defining these phases as m; for torque and
ms for suspension, the expressions are given as

m m

" o=
ged(m,p)” " ged(m, ps)
The m; and mg phase numbers determine the spacing between
phases in the torque and suspension star of slots:

27 27
Qph,t = Qph,s =
P 7nt7 P ms

The distinction between «; and opn (or o and agpy ) is
similar to the discussion in Section IV-A, where the phasor
angle o, is analogous to apy ¢ (Or oypp ), while the slot angles
in star of slots pa,, and psa, are analogous to a; and a,. Note
that these angles are also apparent in the phase currents, which
will have a phase spacing of oy, ¢ for torque ¢ and oy s for
suspension 25. However, the order that phase currents appear
in a vector is based on «ay for torque and a 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]. Because the star of slots will have 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 the following derivations denotes
the number of the drive connections of a non-reduced system
rather than the number of torque or suspension phases.

2y

my =

(22)



C. 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, which are now presented.

1) Rotating field requirements: The first requirement is that
the number of coils per phase (z./m) must be an integer [15].
This is listed in column 2 of Table I, where z. is found as

.= {Q/Q, single-layer w1r.1d1r.1g 23)
Q, double-layer winding

The second requirement ensures that the phase spacing
aph = 27/m in the torque star of slots is an integer multiple
of the phasor angle «, in (18). In an MP combined winding,
this is analogously extended for both torque and suspension:

Qlph,t Qlph, s

eN, —— €N

az aZS

(24)

where a4 is analogous to «, but calculated with h = p;.
Substituting (18) and (22), the requirements are rewritten as

Q ged(m, p) Q ged(m, ps)
m ged(Q, p) T 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 @Q/m is a multiple of b. This means the requirement
Q/m-ged(m, p)/ ged(Q, p) = Q/(mb) is always integer. The
same is true for the second requirement in (25). Interestingly,
this requirement is automatically satisfied by the MP combined
winding. The reason is due to the constraint apny = 27/m,
which reduces the effective number of phases in (21) depend-
ing on p and py and makes it possible that (24) is satisfied.
2) New requirements: In conventional MP machines, it is
by default true that oy, cannot be a multiple of 7 (m > 2). In
MP combined windings, it must be also true that a; and o
are not multiples of 7 (m; > 2 and mg, > 2). Based on the
expressions from (20), these requirements are satisfied when
p and ps are not a multiple of m /2. This can be rewritten as:

2ps
N
= ¢

eN (25)

2p
poes ¢ N, (26)

All symmetry requirement are listed in Table I.

To show that (26) must be satisfied, the net torque and forces
are now determined. Torque is calculated by substituting (15)
into (4). Each torque phase current must be in phase with
Tmt,i; to create the maximum torque per ampere:

it = I cos (0 + /2 — pasy 1) 27
Using complex numbers (phasors), (4) can be written as:
Tt ], " o
- Titigf o macioin) s
k=1
If %p ¢ N is satisfied, (28) simplifies to

T = kitIt, kit = met/Q (29)

where k, is a torque per ampere. However, if %p ¢ N is not
satisfied, the sum in (28) is not zero and the net torque is

7 =2k I sin” (0 — payo) (30)

where the torque has so-called “single-phase characteristics”.
The net force can be similarly determined. Each force phase
current must be in phase with the 75,4 5 term:

g = Iy cos (0 — psaw i), Gy = £, sin (6 — psawk)
is,k = i@k + iy,k = Is Ccos (9 — PsOQw i F ¢) (3])

where Iy = /12 + 12, ¢ = tan~! (I,/I,) is a force angle,

o
upper signs are for p; = h; and lower signs are for ps = hs.

The net force F, is found in an analogous manner to (28):

I, /- .
5 (Tmﬁm%{ﬂ + By} + T noR{F5 + F4}) (32)
where F; and F5 are the terms due to harmonic hq, and F3

and F are the terms due to harmonic hs:

F = Zej(297[ps+h1]awyk)7 Fy = Zej(ps*hl)aw,k (33)
k=1 k=1

F, =

= Zej(Ps*hz)aw,k (34)

m
F3 = E ej(29*[175+h2]0¢w,k)’
k=1 k=1

If both fn—p ¢ N and 2% ¢ N are satisfied, the force F is
constant over all rotor angles (either F5 or F are non-zero):
mef,Ps

2

where ky is a force per ampere. If % ¢ N is not satisfied,
the force becomes (£} & F5 or F3 & F) are non-zero):

Fp =2ks1 cos? (6 — psawo)

Fy =kil,, ky= (35)

(36)

which has single-phase characteristics as in (30).
Finally, if %’ ¢ N is not satisfied, there is the effect of both
harmonics (Fy & F3 or Fy & Fj are non-zero):

Fy = ki ole +kphy, Lscos (2[0 — pawo])  (37)

This case is acceptable only if single-phase torque character-
istic is allowed and if k¢, or kg p, is zero.

D. Independent force/torque creation

Further restrictions are placed on the machine to ensure that
the MP winding can independently control force and torque.
This requires Tp,qt: = 0 and 1,425 = 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:

m

Zej(ar&t)[k*] =0 (38)
k=1
m
Z eI (20—[astau]lk=1]) _ (39)

>
Il

1



TABLE I
MP COMBINED WINDING DESIGN REQUIREMENTS

Requirement Standard New
Symmetry ze/m €N 2p/m ¢ N
2ps/m ¢ N

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

Condition (38) is always satisfied since oy — oy = +27/m.
Condition (39) is violated only if ag+a is a multiple of 27. In
such case, (39) is equal to me7??, which results in a pulsating
torque at 26 due to force creating currents and a pulsating force
at 260 due to torque creating currents. Otherwise, if as + oy is
not a multiple of 27, (39) is always satisfied because the terms
in the sum form a balanced set of vectors in a complex plane
with a phase separation of %’: (p+ps). Therefore, the following
constraint ensures independent force/torque creation:

pP+Dps
m £N
This requirement is also listed in Table I (row 4 column 3).

(40)

E. Comparison of requirements to DPNV winding

This subsection compares the MP (Table I) and DPNV
(Tables II-IV in [14]) combined winding design requirements.
Although the windings create the same airgap fields, the power
electronics implementation is different [21] and some design
requirements are also different. The DPNV winding has more
restrictions on the machine parameters than the MP combined
winding. Designs that satisfy Table II-IV requirements in [14]
also satisfy Table I requirements, but not vice versa. One
reason is because the number of torque and suspension phases
must be the same in the DPNV winding, which results in
more restrictive symmetry requirements. The DPNV winding
also requires no-voltage at the suspension terminals and non-
zero suspension winding distribution factor k45 to create force.
In MP windings, k45 can be made non-zero by adjusting the
phase-slot assignment, resulting in more available combina-
tions of slots, poles, and phases. However, some MP designs
may have a decreased torque per ampere.

V. MP COMBINED WINDING DESIGN STEPS

Based on the requirements summarized in Table I, this sec-
tion provides a design procedure to enable the designer to build
a new bearingless machine with the MP combined winding or
transform an existing motor design into a bearingless machine.

A. Design Steps

This subsection proposes a winding design approach using
the torque and suspension star of slots diagrams. The design
steps are now presented and then demonstrated later, for an
example motor in Section V-B.

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

2) Calculate torque and suspension phase angles: «o; =
Pphw aNd s = PsOphw, With aphw = 27/m.

3) Draw torque and suspension star of slots diagrams:
This is done similar to Fig. 2.

4) Assign each phase to one slot: Phase 1 to slot 1, phase
2 to slot 1+ Q/m, ..., phase k to slot 1 + (k — 1)Q/m. This
ensures that the angle between these slots is a; and ay in
torque and suspension star of slots.

5) Assign phases to the remaining slots: There are () —m
remaining slots that have not been assigned to the phases.
These slots must be selected so that the net phasor sum for
each phase in both torque and suspension star of slots is not
zero. If phase 1 is assigned to some slot X, then phase k is
assigned to the slot number X + (k—1)Q/m. This guarantees
that the resultant phasors have the phase separation a;; and o
in torque and suspension star of slots. In fact, multiple winding
design variants are possible in this step depending on the
phase-slot assignment. These design variants differ from each
other by different torque and suspension winding distribution
factors k4 and kg4s. The final design is selected based on the
importance of torque creation vs. force creation. To maximize
kqt, the negative phase zone should be selected as close to
180° away from the positive zone as possible.

6) Select a coil span y: Select a coil span y to have non-
zero torque and suspension winding factors k,; and k,,s. This
is ensured if the pitch factors are not zero. For harmonic h,
the pitch factor is calculated as kj, 5, = sin (h=%), where o, =
Yoy, is the coil pitch (ky; for torque and k, for suspension).

7) Pick ps with higher k,: In some designs, both p, =
p+1 and p—1 can be symmetric. Therefore, p, with a higher
value of k,, is selected for a final design.

8) Construct a winding diagram: Once all these steps are
followed, the winding diagram can be constructed that shows
the coil connections for each phase.

B. Example design

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

2) aphw = 7/3, ay = 27/3, and oy = /3.

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

4) The phases are labeled from u to z. They are assigned
to the slots as follows: +u to 1, +v to 3, +w to 5, +x to 7,
4y to 9, and 4z to 11. The angle between these slots is oy
in torque star of slots and «; in suspension star of slots.

5) The remaining slots (2, 4, 6, 8, 10, 12) are assigned to the
phases to keep k4 and kg5 non-zero. For the example motor,
the possible phase assignment options are given in Table II.
Among these variants, option 1 is selected (—u to slot 4).
Similarly, —v is assigned to slot 6, and so on (by an increment
of @/m = 2). The resulting star of slots diagrams are shown
in Fig. 3a and 3b.

6) The coil span is selected to ensure that both k,; =
sin (%) and k,s = sin ({5) are non-zero. For this example,
y = 3 so that k,; = 1 and k,, = 0.707. The resulting torque
and suspension winding factors are k,,; = 1 and ks = 0.5.

7) ps = p+ 1 = 3 does not satisfy symmetry requirements.
Therefore, p;, = 1 must be selected.



TABLE II
POSSIBLE DESIGN VARIANTS FOR THE DESIGN IN FIG. 3

Assignment kat/kas Phase w phasor angle
(torque/susp. star of slots)

—u to slot 4 1/0.707 0°/45°

+u to slot 2 0.866/0.966 30°/15°

+u to slot 6 0.866/0.259 330°/75°

Fig. 3. Double-layer winding designs. Q = 12, m =6, p = 2, ps = 1, and
y = 3: (a) torque star of slots; (b) suspension star of slots; and (e) winding
layout. Q@ =6, m =6, p=2, ps = 1, and y = 1: (c) torque star of slots;
(d) suspension star of slots; and (f) winding layout.

8) The resulting winding layout showing the connections
for phase u is given in Fig. 3e.

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. 3f (with star of slots in Fig. 3c and 3d). For this design, the
torque and suspension winding factors are 0.866 and 0.5. The
phase separations of the phase currents must be oy = 27/3
and o = 7/3 to independently create torque and force.

VI. VALIDATION OF MP COMBINED WINDING DESIGN

Validation of the MP combined winding design is now
provided by studying the example winding designed in Fig. 3e.
FEA has been conducted for the motor geometry shown in
Fig. 4. This machine was designed for a rated speed of
30 kRPM and power of 25.5 kW, with 220 mm diameter and
100 mm axial length. The T, matrix entries are calculated

using both FEA and (15)-(16). The machine is then excited
with currents to create desired torque and force vectors. These
results validate Sections III-V.

Figure 5a depicts the T;,, matrix entries. The calculations of
(15) and (16) approximately match the FEA tool calculations,
which validates the results of Section III. As expected from
(15), the T, x entries (row 3 in Fig. 5a) form a balanced
system with o = 27/3 and Tmt = 0.58 Nm. From (29),
when each phase current is in phase with the corresponding
Tt 1 entry, the maximum torque per ampere is k; = 1.75 Nm.

Interestingly, the T5,; » and T,  entries (rows 1 and 2)
do not form a balanced system (note the dissimilar amplitudes
and phase separation). This is because each Ty,. 1 and Ty 1
entry, according to (16), takes into account the effects of both
hi =p—1=1 and hy = p+ 1 = 2 harmonics:

Tona e = 10.7cos (0 — hiay i) + 7.8 cos (6 — haow 1)
Ty ks = 10.78in (0 — hiowy i) — 7.8sin (6 — hoaw i)

For this example design, awon, = 0 and awon, = 7.
Therefore, according to (10), hycvy, ) = [k—1]% and hoovy, 1, =
7 + [k — 1|7 in the above equations. This shows that T}, x
(and T, 1) terms consist of the sum of two balanced sets, one
set having a phase separation 7/3 and another set having 7.
If the phase separation oy = /3 (ps = p — 1) between force
creating phase currents ¢5, multiplying T7,, matrix in Fig. 5a
by 2 results in the net constant force as in (35). In this case,
there is no effect of the harmonic p + 1 on the net force.
However, if as = ™ (ps = p + 1), the net force would have
single-phase characteristics as in (36). Therefore, oy = 7/3
must be used to avoid asymmetry from harmonic p + 1.

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 different
force/torque commands. The first column of Fig. 5b shows that
only torque is produced when currents are phase shifted by
a; = 27/3 (torque currents only), the second column shows
that only force is produced when currents are phase shifted by
as = 7/3 (force currents only), and the third column shows
that both torque and force are produced when both currents
are present (¢; and i4). These forces and torque can also be
determined by directly multiplying 7T;,, matrix in Fig. 5a and
the phase current waveforms.

Fig. 4. Motor cross-section used with the MP winding design of Fig. 3e.
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Fig. 5. FEA results for example MP winding design of Fig. 3e: (a) comparison
of Ty, matrix entries between FEA and analytic results and (b) calculated
torque and force for different currents (column 1-rated torque, column 2-50%
rated force, column 3-50% rated torque & 20% rated force).

VII. 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 a winding design procedure. While it is
found that many combinations of stator slots, poles, and phases
can lead to viable windings, certain combinations lead to either
asymmetric windings or cross-coupling between the motor and
suspension operation. It is also found that the classical star of
slots design methodology for stator windings can be extended
to aid in the design of MP combined windings by considering
both the motor and suspension field spatial harmonics.

Motor designers will find this paper useful as a practical
guide to rapidly design MP combined windings for various
slot-pole combination motors. The goal of this paper is to help
the research community develop more compact, efficient, pre-
cise, and lower cost bearingless motors, thereby allowing this
technology to reach into application spaces where magnetic
levitation has historically not been successful.
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