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Static Characteristics of a Novel Low Cost Brushless DC

Permanent Magnet Motor

Abstract. The paper presents the design attributes and static characteristics of a new 6/4 topology of a low cost brushless DC permanent magnet
(BLDCPM) motor. To analyse the motor performance, steady state characteristics are obtained by using quasi-static finite element analysis (FEA).
Computational results are presented in figures and tables. The analysis of the motor characteristics will be used as a reliable tool for design

optimisation of this novel low cost BLDCPM motor.

Streszczenie. W artykule przedstawiono projekt nowego silnika bezszczotkowego DC z magnesami trwatymi w topologii 6/4. Do analizy wia$ciwos$ci
silnika wykorzystano quasi-static metode element skoriczonego. (Wilasciwosci statyczne nowego rodzaju silnika bezszczotkowego DC z

magnesami trwalymi).
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Introduction

Fractional-slot concentrated-winding synchronous PM
motors have been gaining more interest over the last few
years [1-5]. This is mainly due to the ease of manufacture at
lower cost, as well as several advantages that this type of
configuration provides, which mainly include: higher specific
output power and torque density, higher efficiency, shorter
end turns, high slot fill factor and lower cogging torque; also
in addition, the flux-weakening capability and fault tolerance
of the motor are significantly better.

In this motor topology the stator teeth are combined
(slots are removed) to become large poles around which
the concentrated windings are placed. This construction
offers obvious advantages for electrical machines with
radial air-gap, because the volume of copper used in the
end-windings can be reduced in significant proportions.
Furthermore, a significant reduction of the Joule losses is
achieved, and the efficiency of the motor is improved when
compared to more traditional structures.

In general, the concentrated-winding machines are
divided in two major classes: single-layer and double-layer
stator windings [1]. In the paper the authors present a
development and analysis of three-phase surface-mounted
permanent magnet motor with single-layer concentrated
stator windings, which general view is presented in Fig. 1.

Fig.1. General structure of single-layer concentrated-winding

The objective of this work is to present a step-by-step
building of a novel design for low-cost brushless DC
permanent magnet (BLDCPM) motor. It is followed by
development of an accurate nonlinear FEM model of the
motor, including the rotor motion. A systematic method is
proposed to determine the relevant motor characteristics by
use of the field calculation software, and their performance
analysis is discussed. This will help in the optimisation of
the motor design, and will especially contribute for the
minimisation of the cogging torque.
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Motor Design Development

The authors have been investigating ways to bring down
the manufacturing costs of electric motors by exploring
interesting machine topologies [6]. This includes noninteger
stator rotor pole ratios (known as fractional slot motors),
and the use of asymmetrical stator pole arcs [7]. Fractional
slot motors tend to have lower cogging torque than integer
stator-rotor pole ratios, and for this reason it is decided to
exploit this type of motor through further development. In
the paper is presented a novel design of low cost 6/4 pole
brushless DC permanent magnet (BLDCPM) motor, that
has asymmetric stator pole arcs and a simple three phase
winding in a star connection (Y).

The development of the BLDCPM motor design and its
attributes are presented step-by-step. It is started from a
simple four pole motor topology with surface mounted
magnets; in twelve stator slots a three phase concentrated
winding, with only one coil per phase and per pole pair, is
inserted; the presentation is given in Fig. 2 (a). In the next
step, one coil per phase is removed, whilst leaving three
remaining coils of twice the number of turns; they are
equally displaced around the stator core for 120°. The new,
now simplified initial topology is presented in Fig. 2 (b).

Fig.2. Initial topology of 4-pole 12-slot motor

The stator punched zone can be further processed by
removing the unused slots, and by increasing the remaining
slot winding area; thus the stator core with asymmetric pole
arcs will be derived. The three stator poles, carrying phase
windings (large poles), have a pole arc X, while the three
others (small poles) have a pole arc Y. The shoe thickness
Z of the large pole is carefully designed to avoid high
saturations in the pole tips. The design attributes of the
BLDCPM are depicted in Fig. 3 (a). The novel 6/4 topology,
upon which this paper is based, is presented more detailed
in Fig. 3 (b).
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Fig.3. Derivation of fractional slot 6/4 asymmetric PM motor

The three large poles, carrying the three phase windings,
are labelled: phase A (2 o'clock), phase B (6 o'clock), and
phase C (10 o'clock). The small poles, without windings, are
used for smoothing the magnetic field distribution; they are
labelled: Top pole T (12 o'clock), Right pole R (4 o'clock),
and Left pole L (8 o'clock).

FE Model of the BLDCPM Motor

The field analysis of the BLDCPM motor is performed by
using the 2D FEM code. As known, the magnetic field is
prevailing in the interior of the machine. Hence, the domain
of the solution Q is bounded by two contours: outer contour
D1 and inner contour D,. Accepting the 2D rectangular x-y
plane system, the magnetostatic field problem is described
in terms of the vector potential, and is obtained by solving
the nonlinear Poisson equation:

i(vy aij+i(vx %] = —(JZ +Jm)
(1) Ox ox ) oy oy
D, +D,:4. =0

where:A; and J; are the z-component of the vector
potential A and current density J, respectively; Jn - is the
equivalent current density of the PMs; vy and v, are the
reluctivity components; D1 and D2 - denote Dirichlet
boundaries (outer and inner contour of the domain Q).

The Finite Element (FE) model of the motor and the field
calculations are spread over the whole cross-section. All
material properties are written in the input database. The
initial position of the rotor, i.e. starting point 0 of the mid-gap
circumference, against the reference stator axis is defined.
The iron saturation and the cross-coupling between the PM
flux and armature flux are taken into account. The FE model
of the BLDCPM motor is shown in Fig. 4.

Fig.4. FE model of the BLDCPM motor

The pre-processor program has been used to implement
the two dimensional finite element model of the motor.
Firstly, the mesh of finite elements is generated over the
whole motor cross section; it consists of about 40,000
nodes and 78,000 elements. A quarter of the mesh is given

in Fig. 5 (a). To achieve a closer estimation of the motor
performance, particular emphasis is put on increasing the
mesh density in the air gap, as presented in Fig. 5 (b).

(a) across a quadrant
Fig.5. FE Mesh of BLDCPM motor

(b) in the air-gap

Field analysis of the BLDCPM Motor

The analysis of the brushless DC permanent magnet
motor performance starts with magnetostatic computation of
the field distribution. The initial rotor position is taken as
presented in Fig. 4, where the two N-poles of the rotor are
aligned with B-phase axis of the large poles and T-pole axis
of the small poles.

Retrieval of the magnetic field solution is made through
the post-processing functions of the FEM software. First,
the graphic display of the flux density contours is obtained.
The visual presentation of the magnetic field under various
operating stator currents is given in the next two figures.

The magnetic field distribution when the motor is unexci-
ted, i.e. the stator current is set to 0, is shown in Fig. 6,
where (a) presents the initial rotor position, whilst (b) shows
the rotor displaced 90° in a clockwise direction. Fig. 7 (a)
and (b) present the magnetic field distribution of the excited
motor, at the rated current in the windings and for the same
rotor positions. The excitation shown is for 120° conduction
in each phase, where phase A is energised to present S-
pole towards the air gap, phase C acts as N-pole, while
phase B is unexcited.

'\Il\\}—‘/ s

(b) rotor displaced CW for 45°
Fig.6. Magnetic flux distribution of unexcited BLDCPM motor

(a) initial rotor bosition 0°

(b) rotor displaced CW for 45°

(a) initial rotor position 0°

Fig.7. Magnetic flux distribution of the motor at rated current
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Computational Results

The focus of the paper is to determine and present the
FEM simulations of the steady state characteristics [8] of
the new designed motor: air-gap flux excited by the PMs;
magnetic flux density profile along the mid-gap line, flux
linkages of the phase windings, induced back EMF, as well
as electromagnetic torque and cogging torque. The motor
characteristics are calculated and assessed at no-load and
on-load by using a static FEA [9].

Flux Density Profile in the Air Gap

The air-gap magnetic field density provides valuable infor-
mation in estimating motor performance. The knowledge of
the flux density will not only allow an evaluation of the rated
performance, but also a determination of such effects as
cogging torque, ripple torque, back-emf, etc.

The common method for obtaining of the air gap flux
density distribution along the mid-line of the air gap is in the
post-processor of FEM software. For the same operating
conditions from the previous section, illustrated in Fig. 6 (a)
and Fig. 7 (a), the distribution of the radial component of
magnetic flux density in the air gap is presented in Fig. 8 (a)
and (b). The selected starting point is "0", as noted in Fig. 4;
the motor is rotating in the clockwise (CW) direction.

1.2

0.9 4
0.6
0.3 4
0.0

-0.3 4

-0.6

Air-gap flux density (T)

Rotor position (deg. mech.)

(a) zero current

Air-gap flux density (T)

Rotor position (deg. mech.)

(b) rated current
Fig.8. Profile of the magnetic flux density in the air gap

Observing the previous figures, and comparing the
characteristics when the motor operates without and with
current in the phase windings, one can notice the effect of
the stator field on the permanent magnets field.

Stator Pole Flux Profile

In the field theory, for closed and bounded systems, the
numerical calculation of the magnetic flux can be performed
by a number of equations, either when using values of the
magnetic vector potential A along a contour, or magnetic
flux density B over a surface. From calculated values for the
magnetic vector potential in the analysed domain, and by
using line integration of the FEM postprocessor along the
mid-gap line, the characteristics of the fluxes, linked both to
large and small poles, in dependence of the displacement
angle 0, can be derived.
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(2) CDg:J.ro'rA~dS:§A~dr:J.B-dS
z C z

where: X is the surface area of the Dirichlet boundary; C is
the length of integrating contour.

When only the field of the PMs exists, and for the large
poles arc along the middle line of air-gap circumference, the
fluxes ®a, ®g and d¢ are determined; the characteristics
are presented in Fig. 9. Similarly, taking arcs corresponding
only to the small pole pitch, the fluxes @1, ®r and @, are
obtained and presented in Fig. 10. Apart from the flux
profile of a large stator pole which is close to a triangular
wave with rounded tips, the profile of the small stator poles
is quite flat; obviously, due to the shape of the pole shoes.
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Fig.9. Magnetic flux of the large poles with no motor current
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Fig.10. Magnetic flux of the small poles with no motor current

If we focus on the pole arc, corresponding to the stator
C-phase, the characteristic ®c=f(0) at I=cons. is derived,
and the influence of the stator field on the PMs can be
analysed. The current in phase C acts in opposition to the
rotor field, which offsets the flux with an average value
different from zero; also, the physical neutral of the resultant
field is bilaterally moved for approximately 5° mech. For two
typical values of the phase winding current, i.e. for zero and
rated current, the predicted graphs are shown in Fig. 11.
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Fig.11. Magnetic flux of C-phase at zero and rated current
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Flux Linkage and Back EMF

The back-emf is the voltage induced in the stator
windings by the variable magnetic field in the air-gap. There
are two common definitions of the back emf in literature.
One definition treats the induced emf only as an effect of
the rotor magnetic field change, while the other includes
mutually and self-induced voltage between windings. In this
study, the first definition is used. The flux linkage of stator
windings, having N turns per pole and phase is:

@) y=N-¢

The expression for the calculation of the back EMF is
derived from the function y=f(8), obtained at stator current
I1=0; the developed procedure the authors have published in
their previous works [6, 7]. The three phase-to-neutral back
emf waveforms, at a speed of 1500 rpm, are shown in Fig.
12. One can notice a reasonably good trapezoidal shape,
but significant influence of the 3 harmonic component.

In the future, an improvement of the induced back-emf
profile by designing the stator pole shoes/tips is anticipated.
The authors have already presented similar results for a
single-phase permanent magnet brushless DC motor [6].
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Fig.12. Phase-to-neutral back EMF profile at zero current

The line-to-line back-emf waveforms are presented in
Fig. 13; these characteristics look smoother since the triplen
harmonics cancel each other in their profile.

420

Line EMF (V)

|
|
|
)

Rotor displacement (deg. mech.

Fig.13. Line-to-line back EMF profile at zero current

Electromagnetic Torque

The knowledge of the static electromagnetic torque is
very important for the performance analysis of electric
motors. The torque in an electric motor can be calculated
either analytically or numerically in a variety of ways.

Recently, many works have been published in this
subject area. Although the attention is mostly put on
analytical methods [2-5], the authors of the paper suggest
the use of numerical finite element simulations [7, 9]. In
general, they require global and local field solutions of very
high accuracy, particularly for determination of the cogging
torque. In other words, a high level of mesh discretisation is
required in the finite element calculation; the particular
emphasis to this issue was put previously (Fig.5 (b)), while
developing the FE model of the BLDCPM motor.

The electromagnetic torque is computed by using the
Weighted Stress Tensor (volume integral); two phases (A
and C) are driven by two currents flowing in the opposite
direction, whilst the third phase (B) remains open circuited.
The series of simulations for a variety of stator currents and
rotor displacement along one pole pitch are performed, and
the dependence T=f(1,0) is derived. Smooth and accurate
prediction of the electromagnetic torque requires not only a
high number of mesh elements in the air-gap, but also very
small angle of the rotor displacement, often causing the
computational time to become excessive.

The 3D surface of the predicted electromagnetic torque
waveforms resulting from simultaneous change of armature
current and rotor position are shown in Fig. 14.
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Fig.14. Ten=f(1,0) in 3D presentation
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Two other views, in two different planes Z-X and Z-Y,
show two different sets of the same characteristics. From
Fig. 15 comes into view the need for optimisation of the
stator core geometry, and in particular the stator pole shoe,
in order to improve the torque profile. In Fig. 16 it is evident
that there is a linear dependence between the static torque
and the armature current, which is in turn one of the main
advantages of controlled PM motor drives.
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Fig.16. Tem=f(l), 6=cons. in Z-Y plane
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Cogging Torque

The cogging torque of PM motors is always a
challenging matter for research and analysis [10]. Cogging
torque in DC brushless PM motors comes from variations in
magnetic field density around the rotor permanent magnets
as they pass the non-uniform geometry of the stator. The
pulsating speed of the rotor, that cogging usually generates,
may cause significant levels of noise and vibrations.

Major factors affecting the cogging torque include PM
magnetic field profile, air-gap length, stator openings, ratio
of stator teeth and rotor poles, and skewing. In addition,
copper fill, pole pitch, flux density or the flux distribution,
magnet volume, and material weight can also influence both
the peak value of the cogging and its profile.

Relationships between some of these factors are difficult
to be defined. Consequently, the classical electromagnetic
calculations do not provide either the data needed to
determine accurately how much cogging torque might be
developed in a motor, or the cogging profile.

A complete Finite Element Analysis (FEA) is an
alternative method to be used, although it usually consumes
more computational time. One period of the calculated
cogging torque is presented in Fig. 17. The peak cogging
torque is in the vicinity of 0.3 Nm, corresponding to
approximately 11% of the peak electromagnetic torque; this
fact initiates the need for reducing its value.
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Fig.17. Cogging torque profile along one period (30° mech.)

Conclusions

The prototype motor presented in this paper is a new
structure of a surface mounted 6/4 PM motor, with
fractional-slot concentrated windings, and asymmetric stator
pole arcs. The notable features of this low cost motor are
simple to manufacture, and an acceptable value of the
cogging torque, resulting from the asymmetric stator poles
and non-integer stator to rotor pole ratio.

The motor has been analysed by using FEM. The FE
model provides a fast and reliable method to analyse the
proposed motor design. The static characteristics of the
brushless DC permanent magnet motor have been
calculated; the results are presented in diagrams and
thoroughly discussed. The magnetic field of the BLDCPM
motor, analysed by 2D FEM, shows that the magnetic flux is
mainly contributed by the PMs, while the stator field
contributes little to the magnetic flux value, but changes the
distribution of the resultant field.

The objective of this work is to develop an accurate
nonlinear FE based model and to predict the steady state
performance characteristics of the BLDCPM motor. This
study demonstrates the utility and versatility of the FEM in

the design procedure of new motor topologies. The validati-
on of the results will be done through manufacturing an
optimised prototype, and thus verifying the approach.

It is anticipated that industrial development of the
presented design structure should increase in the near
future and it should also not be restricted only to low power
applications. The production process of the new proposed
motor topology can be simplified by use of the new soft
magnetic composites (SMC), which can further improve
their manufacture and lower the production cost.
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