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Abstract—In this paper, a new multi-pole double-stator
inset-type permanent magnet (PM) machine is proposed for
low-speed direct-drive applications. In the outer stator, a frac-
tional-slot concentrated winding is adopted to reduce the slot
number and stator yoke height, hence saving the space and im-
proving the torque density. In the inner stator, a vernier structure
is used to reduce the winding slots and enlarge the slot area to
accommodate more conductors, hence fully utilizing the inner
stator space. Consequently, the torque density is improved, and
the cogging torque is reduced. Since the machine structure is so
unique while its operating principle is so distinct, a nodal method
based network-field coupled time-stepping finite element method
(NF-TS-FEM) is newly developed. The corresponding modeling
and analysis are simpler and more convenient than its loop method
based counterpart. The analysis of eddy-current loss in both of
the PMs is conducted. The performance of the proposed machine
is verified by the proposed NF-TS-FEM.

Index Terms—Double-stator, eddy-current loss, inset-type,
NF-TS-FEM, nodal method, PM machine.

1. INTRODUCTION

IGH-TORQUE, low-speed permanent magnet (PM) ma-
H chines have a wide range of direct-drive applications,
such as wind power generation and electric vehicle propulsion.
For low-speed PM machine design, the use of fractional-slot
concentrated windings is preferred to that of integral-slot wind-
ings [1]. Its unique feature is that each coil is wound on one
tooth and the slot number per pole per phase is less than one.
On the other hand, a vernier PM machine structure is particu-
larly attractive for low-speed application since it can produce
low-speed space harmonics in the airgap field with only a few
armature pole-pairs and slots [2].

In this paper, the fractional-slot concentrated windings and
vernier PM machine structure are ingeniously incorporated into
a compact double-stator PM machine. In the outer stator with
fractional-slot concentrated windings, the slot number is small
and the stator yoke height is low, hence the volume is small.
In the inner stator with the vernier structure, it needs only a
few winding slots so that the slot area can be large and more
conductors can be accommodated.
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The eddy-current loss in the machine can be estimated by
using 2-dimensional (2-D) finite-element method (FEM), but
suffers from insufficient accuracy [3]. A 3-D eddy-current FEM
model can be established to accurately analyze the eddy-current
loss. However, the computing time is long and the pre- and post-
processing of the model is complex. Recently, a loop method
based circuit-field-torque time-stepping FEM (CFT-TS-FEM)
has been proposed to calculate the eddy-current loss [4]. Com-
pared with the 3-D FEM, the corresponding computing time
is greatly reduced. However, in the eddy-current region, be-
cause of the additional unknown branch current introduced into
the branch equations, the modeling is still complicated. In this
paper, a nodal method based network-field one (NF-TS-FEM)
is newly proposed to analyze the eddy-current loss in the pro-
posed PM machine.

The CFT-TS-FEM in [4] is based on the loop method. In
the corresponding region of conductors, the unknown loop and
branch currents are introduced so that the loop-to-branch inci-
dence matrix needs to be established. On the other hand, the
NF-TS-FEM in this paper is based on the nodal method. In the
corresponding region of conductors, the unknown terminal and
branch voltage are introduced so that the node-to-branch inci-
dence matrix needs to be established. When the model is com-
plex, it is not convenient to establish the loop-to-branch inci-
dence matrix, whereas it is very easy to establish the node-to-
branch incidence matrix [5]. Also, the system equation of the
NF-TS-FEM is much simpler than that of the CFT-TS-FEM.
Nevertheless, once their system equations are established, their
calculated results for a specific problem are the same.

II. MACHINE STRUCTURE

The proposed double-stator inset-type PM machine has 11
pole-pairs with 24 slots in the outer stator, 1 pole-pair with 3
slots in the inner stator, and 11 pole-pair inset-type PMs in the
rotor as shown in Fig. 1.

For the outer stator, the fractional-slot concentrated windings
are used, and the slot number N and pole number 2p are related
by:

2= N, £2 (1)

In this design, N; = 24 and 2p = 22 are selected. This com-
bination of slots and poles in the outer stator has the following
merits [6]:

* The fractional-slot concentrated winding arrangement in
the outer stator can shorten the end-windings, thus im-
proving the utilization of copper materials, and reducing
the copper losses. The machine efficiency is increased.
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Fig. 1.

Proposed machine.

* Since there are 24 slots in the outer stator and 22 poles in
the rotor, the slot pitch is 11/12 pole pitch. This arrange-
ment of fractional number of slots per pole per phase can
significantly reduce the cogging torque.

* The multi-pole structure leads to minimize the core yoke
height, and reduces the iron used. This structure can further
save the material and increase the torque density.

» Since each coil is wound on alternate stator teeth, the phase
windings are isolated magnetically and physically. In this
sense, the mutual inductance of phase windings becomes
negligible, and improves the controllability.

For the inner stator, the vernier structure is adopted. The fun-

damental relationship is governed by:

Zy=121%p 2

where Z; is the number of flux-modulation poles on the stator
surface or simply called stator teeth, Z5 is the number of PM
pole-pairs and p is the number of winding pole-pairs. In this
design, Z1 = 12, Zs = 11 and p = 1 are selected. This combi-
nation has the following advantages:

* The vernier machine structure can reduce the slot number
and enlarge the slot area. Hence, more conductors can be
accommodated into the inner stator, and the torque density
can be improved.

* The concentrated winding structure in the inner stator can
simplify the stator structure and effectively save the inner
stator space, which can further improve the torque density.

¢ The modulation poles can modulate the low harmonic com-
ponents, namely fundamental space harmonics, to the high
harmonic components, namely 11th space harmonics, in
the airgap magnetic field with only a few armature pole-
pairs and slots. The structure becomes simple and compact
so that the manufacture cost can be reduced.

III. EDDY-CURRENT ANALYSIS

In order to accurately analyze the eddy-current loss in the
proposed machine and avoid the complicated 3-D modeling, a
nodal method based NF-TS-FEM is proposed.
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A. Airgap and Iron Core Domains
Based on the Maxwell’s equations, the field equations in the
airgap and iron core domains are given by:

V-wVA) =0 (3)

where A is the axial component of magnetic vector potential,
and v is the reluctivity of the material.
B. Stator Winding Domain

In the stator winding domain, the magnetic field circuit, EMF
and branch equations are given by:

dy Ny,
V. (wVA) + -0 (4)
(VWA) + Srap !

difz/
—dQ 5
Sra (5)

d¢N¢l

foC{ // dQ-l—Rfo = uy (6)

where i ¢ is the winding current; d is the polarity (-1 or —1) to
represent forward path or return path; Sy is the total cross-sec-
tional area of the region occupied by this coil group in the solu-
tion domain; V¢ is the total conductor number of this winding;
a is the number of parallel branches in this winding; p is the
symmetry multiplier which is defined as the ratio of the original
full cross-sectional area to the solution area; u ¢ is the voltage on
the two terminals of the stator winding; [ is the model depth in
z-axis direction; and Ry is the total DC resistance of the winding
which is expressed as:
N7 1
Rf - az po Sf (7)
In the region of the stranded windings, it yields:

—e+uf

o 3
vf R, )]
Substituting (8) into (4), the field equation becomes:
ds aa dpac
V-(vVA) - Nfl N ur =20 ©)
The branch (6) can be written as:
d f aoc 1
= ——1 10
/ [ i R 0

Equation (5) is an additional equation to make the global coef-
ficient matrix symmetrical, which can also be written as:

dfao //
Nyl

C. Solid Conductor Domain

e=0

11
lpr (11)

In the solid conductor domain, the PMs are divided into sev-
eral “solid conductor bars” and the Maxwell’s equations applied
in these domains can be expressed as:
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8A dso
V.- (vVA) -
WVA) =05 T
where u;,,- 1S the voltage difference between the two terminals
of one solid conductor bar. The current density in the solid con-

ductor bar is given by:

— Ubar = 0 (12)

0A i Uu
8t bar

Integrating the current density over the cross-sectional area of
the solid conductor, the current in this solid conductor bar is
given by:

Jba,r = _d (13)

Shar
Z.bar:_a//—dQ-i- bl Upar
Qpar
_ //—dQ+ L (14)
- g Rbar bar
Qpar

where S is the cross-sectional area of the conductor and Ry,
is the DC resistance of one conductor bar.

If the solid conductors satisfy the periodic boundary or
anti-periodic boundary condition, they can be grouped together.
Hence, it yields Shar = pSf/Nf, Thar = if/a, Upar = G,U,f/Nf
and Ry, = a’R /Ny, where p is the symmetry multiplier, 4 s
is the total current, a is the number of parallel branches, u; is
the voltage difference between the two terminals of the solid
conductor group.

Based on the above solid conductor group equations, the field
equation and circuit branch equation can be obtained as:

94 dpao
) A =
V- (vVA) - oot N ur =0 (15)
dfaa 1 1.
0 —uy = — = |
N/l // a4 IpR; p 19
Q

D. External Circuit Equations

The branch equation of the external circuits can be expressed
as:

[Ge{ue} = {ic} + {P.}

where u. and i, are the branch voltage and current, respectively;
G, is the matrix of the conductance; P, is the column matrix
associated with voltage sources, current sources as well as the
solution from the previous time step for inductive and capacitive
elements.

In the solid conductor domain, the key is to model the PMs
by a network having N bars along the circumferential direction
and M slices along the axial direction as shown in Fig. 2. It can
be seen that the eddy-current flow can form a complete loop
which enhances the accuracy to calculate the eddy-current loss.
The inter-bar resistance and the end resistance are respectively
given by R, = bp/Nolyh,n = 1,2,...,N, and R, = 2R;,
where [ = Ip/M is the axial length of the n*” bar of the m*"
slice, [ p is the axial length and bp is the width.

The branch voltage u; includes the terminal voltage of solid
conductor uy and the external branch voltage .. The relation-
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Fig. 2. Nodal method based network model.

ship between the branch voltage wu; and the nodal voltage w,, is

given by:
_Jusl _ Agf 8
{un} = ) = AT, {un} (18)
An
[A] = { u } (19)
Also, the Kirchhoff’s current law can be expressed as:
[Ane[{is} =0 (20)

Using the Galerkin method, the coupled field and circuit
equations in the magnetic field region can be written in the
block matrix format. By using the back Euler’s method and
based on the above equations, the system equations are obtained
as:

Cu+3r  Cr Ciz 0 r
CL  AtCy 0 0) nb y
cL 0 AtC. 0
Anb( 63 0) Anb( 033 _HG >AZ})
P + Dy, Ak 1
Ak AOT‘/Alk 1
ek = (21)
T A1
ufl Anp e
_WPQ

where the coefficient matrix is symmetrical. Consequently, the
system equations are solved at each time step.

It should be noted that the edge effect of the 3-D machine
model has been taken into account. Namely, the fringing ef-
fect is manipulated by using the effective axial length. Also, the
end-winding inductance is incorporated into the circuit equation
which is coupled with the FEM equation.

IV. PERFORMANCE ANALYSIS

By using the proposed NF-TS-FEM, both the steady-state and
transient performances are analyzed. Fig. 3 shows a typical mag-
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Fig. 3. Magnetic field distribution at full load.
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Fig. 4. Airgap flux density waveforms. (a) Outer airgap. (b) Inner airgap.

netic field distribution at full load. The corresponding flux den-
sity waveforms in the inner and outer airgaps are shown in Fig. 4.
It can be found that the armature field excited by the inner stator
winding is effectively modulated by the split poles on the stator
teeth. Then, the transient torque response at full load is shown in
Fig. 5. It confirms that the steady-state torque can achieve 115
Nm at the rated speed of 273 rpm. Hence, the torque density can
reach 50 kNm/ m?, Consequently, the cogging torque is shown
in Fig. 6, which is only 2% of the rated torque, thus verifying
that the cogging torque of the proposed machine is negligible.

It can be observed that the torque ripple is significantly larger
than the cogging torque. It is due to the fact that the harmonic
torque, which is mainly caused by phase commutation during
brushless DC operation, dominates the torque ripple. Mean-
while, the cogging torque is very small, which is actually gov-
erned by the inverse of the smallest common multiple of the
numbers of slots and pole pairs.
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Fig. 5. Transient torque response at full load.
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Fig. 7. Transient eddy-current loss response in PMs during commutation.

Finally, the transient response of eddy-current loss in the PMs
during the commutation period is analyzed as shown in Fig. 7.
It can be observed that the eddy-current loss increases drasti-
cally within the commutation time, which is actually due to the
fact that there is a sudden large change of armature current field
during commutation.

The eddy current loss analysis is calculated under the rated
condition of 115 Nm and 273 rpm with the time step of 0.1 ms.
The iron core is based on M19_24G silicon steel sheets. The
PM material is sintered NdFeB with the remanent flux density
of 1.3 T and the coercive force of 940 kA/m.

V. CONCLUSION

In this paper, a new multi-pole double-stator inset-type PM
brushless machine has been proposed for low-speed direct-drive
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applications, which can offer high torque density and low cog-
ging torque. A novel nodal method based NF-TS-FEM has been
developed to analyze both the steady-state and transient perfor-
mances of this machine. Particularly, the eddy-current loss in
PMs of the proposed machine has been successfully modeled
and calculated.
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