© 2007 IEEE. Personal use of this material is permitted. Permission from IEEE must be obtained for all other uses, in
any current or future media, including reprinting/republishing this material for advertising or promotional purposes,

creating new collective works, for resale or redistribution to servers or lists, or reuse of any copyrighted component of
this work in other works.



Application of Multi-level Multi-domain
Modeling in the Design and Analysis of a PM
Transverse Flux Motor with SMC Core

Youguang Guo*, Jianguo Zhu*, Dikai Liu*, Haiyan Lu**, and Shuhong Wang***

* Faculty of Engineering, University of Technology, Sydney, NSW 2007, Australia
** Faculty of Information Technology, University of Technology, Sydney, NSW 2007, Australia
*** State Key Laboratory of Electrical Insulation and Power Equipment, Faculty of Electrical Engineering,
Xi’an Jiaotong University, Xi’an, 710049, China

Abstract--This paper presents the design and analysis of a
permanent magnet (PM) transverse flux motor with soft
magnetic composite (SMC) core by applying multi-level
multi-domain modeling. The design is conducted in two
levels. The upper level is composed of a group of equations
which describe the electrical and mechanical characteristics
of the motor. The lower level consists of two domains:
electromagnetic analysis and thermal calculation. The initial
design, including structure, materials and major
dimensions, is determined according to existing experience
and empirical formulae. Then, optimization is carried out at
the system level (the upper level) for the best motor
performance by optimizing the structural dimensions. To
successfully deal with such a multi-level multi-domain
optimization problem, an effective modeling with both high
computational accuracy and speed is required. For
accurately computing the key motor parameters, such as
back electromotive force, winding inductance and core loss,
magnetic field finite element analysis is performed. The core
loss in each element is stored for effective thermal
calculation, and the winding inductance and back EMF are
stored as a look-up table for effective analysis of the motor’s
dynamic performance. The presented approach is effective
with good accuracy and reasonable computational speed.

Index Terms—Motor design, multi-level multi-domain
modeling, permanent magnet (PM) transverse flux motor,
soft magnetic composite (SMC) material.

I. INTRODUCTION

The design of electrical motors is a complex task
involving many aspects such as performance prediction,
parameter  calculation, dimension and structure
optimization, mechanical and thermal calculation, etc. A
large amount of models and approaches have been
developed by various researchers for these analyses and
computations. For example, parameters can be computed
with empirical formulae or magnetic field finite element
analysis (FEA). The empirical formulae, based on many
simplifications and assumptions, often produce large
computational error and cause incorrect prediction of the
motor performance, although the simulation speed is
impressive. Any incorrect simulation may cause design
failure and expensive design changes [1]. On the other
hand, the approach based on numerical magnetic field

This work was partly supported by the Australian Research Council
Discovery Project Grants (DP0773858).

analysis can provide high computational accuracy, but the
CPU time can be very long. The long computational time
is a big problem for the design and analysis of a complex
device such as an electrical machine, which is composed
of multi-levels and multi-domains. Therefore, an
effective modeling with both high accuracy and high
speed is always desired by motor designers.

With the help of effective multi-level multi-domain
modeling, this paper presents the design and analysis of a
transverse flux motor (TFM) with soft magnetic
composite (SMC) core and permanent magnet (PM) flux
concentrating rotor. The core material, SOMALOY™
500, is a relatively new SMC material developed by
Hoganas AB, Sweden [2]. SMC materials possess many
unique properties like magnetic isotropy and very low
eddy current loss and hence are very suitable for
applications of electrical machines with complex
structures and three-dimensional (3-D) fluxes, such as
claw pole motors and TFMs [3-4]. In a TFM, the
magnetic field at the armature has significant component
along any direction. Consequently, 3-D numerical
analysis should be conducted to accurately determine the
field distribution and key motor parameters.

A hierarchical two-level modeling approach is applied
for the design of this TFM, as illustrated in Fig. 1. The
upper level consists of a group of electrical and
mechanical equations, which describe the motor
characteristics. The lower level includes two domains:
electromagnetic  design and thermal calculation.
Electromagnetic design is to mainly determine key motor
parameters such as PM flux (defined as the flux of one
phase winding produced by rotor PMs), back
electromotive force (EMF), winding inductance and core
loss, based on magnetic field FEAs. Thermal calculation
is to predict the temperature rises of key locations such as
winding and PMs, which must be within the limits for
safe operation of the motor.

The initial design, including the structure, materials
and dimensions, is determined based on existing
experience and empirical formulae. Then, optimization is
conducted at the system level for the best motor
performances, such as the highest torque to cost ratio
within a certain volume. To effectively couple the
designs at different levels and different domains, the core
loss at each element from electromagnetic design is



stored as the input of thermal calculation, and the patterns
of back EMF and winding inductance from
electromagnetic analysis are stored for the motor
performance prediction at the upper level. By this way, a
good compromise between accuracy and speed can be
achieved.

Another important domain, mechanical design, can be
included in the lower level. In this paper, the mechanical
strength is guarantied by our experience, e.g. the minimal
core dimension is controlled to be no less than 6 mm
during the optimization process. It should be noted that
more domains and levels, such as the mechanical design,
could be easily added, leading to a more complex design
architecture.
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Fig. 1. Two-level hierarchical motor design architecture

Il. PM TRANSVERSE FLUX MOTOR WITH SMC CORE

PM machines with transverse flux structure have
attracted strong interest of research since Weh et al.
proposed the first versions of TFMs in the 1980s [5].
Capable of producing very high specific torque provided
that the number of poles is large, TFMs are naturally
suitable for direct drive applications which request large
torque at low rotational speed.

Generally, TFMs have complex structure with a large
number of components, especially for the double-sided
stator type, so it is very difficult to manufacture the cores
by using the conventional laminated steels. TFMs have
large leakage flux, which is 3-D in nature, in addition to
the 3-D main flux. The flux component perpendicular to
the lamination plane may cause excessive eddy currents.
These problems have greatly limited the applications of
TFMs, but they may be overcome by the development of
new SMC materials [3-4]. The applications of SMCs in
TFMs have been investigated by several researchers, and
the results are quite promising [6-8].

Based on our previous experience with SMC motors
[4, 8-9], this paper presents the design and analysis of a
three-phase three-stack TFM with modified double-sided
stator and PM flux concentrating rotor. SMC is used as
the cores of both stator and rotor. Fig. 2 illustrates the
magnetically relevant parts of one pole-pair of one stack
(the single concentrated coil is not shown for clarity).
Each stack forms a phase and three phases are axially
stacked with the stator cores shifted by 120° electrical and
the rotor PMs aligned. The rotor is supported by
cantilevers on the shaft.

The main dimensions and parameters of the TFM
include: 100 mm for the stator outer diameter, 56 mm for
the stator and rotor inner diameter, 33 mm for the
effective axial length of each stack, 9.5 mm for the PM
radial length, and 20 poles. The motor is designed to
operate with a brushless DC (BLDC) control scheme,
delivering a power of 280 W at 3000 rev/min for
compressor driving.

SMC stator core

Permanent magnet SMC stator pole

Fig. 2. Structure and FEA solution region of one pole-pair of one stack
of a TFM

I1l. ELECTROMAGNETIC DESIGN

Electromagnetic analysis is conducted to determine the
motor’s key parameters. Due to the complex structure and
3-D field distribution, analytical and empirical formulae
cannot provide accurate computation. Therefore,
numerical field analysis like FEA is required, allowing
the nonlinear properties of the materials and structural
details to be considered. Because of the magnetic
independence between stacks and the symmetry of the
motor structure, it is only required to analyze the
magnetic field in one pole-pair region of one phase, as
shown in Fig. 2. At the two radial boundary planes, the
magnetic scalar potential used to solve the magnetic field
distribution obeys the so-called periodical boundary
conditions:

@ (r,A0,2) =g, (r,-A0,-17) (1)

where A@=30° is the angle of one pole pitch. The original
point of the cylindrical coordinate is located at the center
of the motor.

From the numerical field distribution, many key motor
parameters can be accurately obtained. For example, from
the no-load field solutions, the curve of PM flux against
rotor angle is found to be an almost perfect sinusoid with
magnitude of #=0.358 mWh, so the back EMF constant
is calculated as 0.232 Vs/rad by
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where p=12 is the number of poles and Ns=153 is the
number of turns of a phase winding.

With the numerical magnetic field solutions at no-load,
the cogging torque can be calculated by using the virtual
work method or Maxwell stress tensor method. It is found
that this TFM has a negligible cogging torque with a peak
value of 0.02 Nm, comparing to the rated output torque of
0.89 Nm. The major cogging torque component of one
stack is the fundamental, which is cancelled by those of
the other two stacks.

Winding inductance is another key parameter
determining the motor performance. When the magnetic
circuit is saturated, the motor performance depends on the
incremental (differential) inductance rather than the
secant (apparent) inductance [10]. In this paper, the
winding inductance of the TFM is computed by a



modified incremental energy method [11], which consists
of the following steps: (1) Conduct a nonlinear analysis
with the excitations of both rotor PMs and stator currents;
(2) Calculate and save the incremental permeability in
each element; (3) Conduct a linear analysis with the
saved permeability and the excitation of a perturbed
stator current Ai (from zero current) only; (4) Calculate

the magnetic co-energy AW, Then, the winding
incremental inductance can be obtained by

inc ~ (AI)Z

Because each phase has an almost independent
magnetic circuit, the mutual inductances between phase
windings can be considered as zero. The average self
incremental inductance of one phase winding is
computed as 13.0 mH.

Unlike conventional electrical machines in which the
copper loss is the dominant component of total power
loss, an SMC machine has comparable core loss and
copper loss, so accurate prediction of core loss is
important in the motor design and analysis. It has been
long known that core losses are caused by not only
alternating but also rotating magnetic fields, and core
losses caused by different patterns are very different [12].
In the TFM, when the rotor rotates, the flux density loci
at certain location can be alternating (one-dimensional)
with or without harmonics, circularly or elliptically
rotating within a two-dimensional plane which may not
be parallel to any axis, or even an irregular loop in a real
3-D space.

An improved method is applied for predicting the core
losses of this 3-D flux SMC motor [13]. Different
formulations are used for core loss prediction with
alternating, circularly rotating, and elliptically rotating
flux density vectors, respectively. The core loss of the
TFM is computed as 16.3 W at 3000 rev/min. Due to the
very small eddy current loss, the total core loss can be
considered proportional to the rotor speed, or operational
frequency.

Other parameters determined include: phase winding
resistance of 2.304 Q, copper loss of 15.6 W, and
mechanical loss of 8.8 W.

I\VV. THERMAL DESIGN

Thermal design is crucial for the economical
utilization of materials and safe operation of a motor.
Commonly used methods for thermal analysis of
electrical machines include lumped parameter thermal
model [14], thermal network and thermal FEA [15]. The
thermal network combines the accuracy of FEA and the
speed of lumped parameter thermal model. As the core
loss distribution has been obtained in each element,
which can be directly input as the heat sources of thermal
analysis, thermal FEA and a hybrid thermal model [16]
are employed to analyze the temperature rise of the TFM.
During the optimization process, the maximum
temperatures of winding and PM are controlled as 139.5
°C and 120 °C, respectively.

V. MOTOR PERFORMANCE SIMULATION
A. Steady-State Characteristics

The motor can be operated with a BLDC drive
scheme. At synchronous motor mode, the steady-state
characteristic of the TFM can be predicted by an
equivalent electrical circuit, as shown in Fig. 3, where E;
is the root-mean-squared (RMS) value of induced back
EMPF, R, the phase winding resistance, « the operational
angular frequency, and L, the synchronous inductance,
which equals the self inductance of a phase winding plus
half the mutual inductance between two phase windings.

All these parameters have been obtained in the
Electromagnetic Design.
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Fig. 3. Per-phase equivalent electrical circuit of PM synchronous motor

At the optimum BLDC control condition, the stator
current Iy is in phase with E, so that the electromagnetic
power and torque can be calculated by

Pem = mElll 4)
T, = P =K;l; (5)
w

r

where « is the rotor speed in mechanical rad/s, Ki=mKg

is the torque constant, and m=3 is the number of phases.

The RMS value of the back EMF is obtained by E;=Kg .
For a given terminal voltage, V,, the characteristic of

rotor speed against electromagnetic torque can be derived

as
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The output power Py, output torque Ty, input power

Pin and efficiency » of the total drive system can be
calculated by

Pt = Pan = Pre = Pree )
T =P /@, (8)
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where Pg is the core loss, Pye the mechanical loss, Pjy,
the inverter conduction loss, P, the copper loss, and o
the rotor angular speed in mechanical rad/s.

B. Dynamic Performance

The dynamic characteristics of the motor are
determined by a group of equations as

v, =rji; +d4;/dt+e;, j=ab,c (12)
c -
A =D Ly, (13)
k=a
C -
T = eji)) o + T, (14)
j=a
d do
JZ2 T T, -6, and — =0, (15)
dt
where all the variables are of their conventional
meanings.

For the symmetrical Y-connected 3 phase windings
without central line, we have

i, +i, +i, =0 (16)
I’-a = rb = rc (17)
I—ab = Lba' Lbc = ch' Lca = Lac (18)

Based on (12)-(18), a complete simulation model can
be built in Simulink environment [17]. This model can be
applied to analyze the steady and dynamic performances
of BLDC motors to predict if the design requirements can
be met, e.g. the dynamic performance of start-up, i.e.
whether or not the motor can reach the required steady
speed under the full load when the rated DC voltage of
the inverter is applied.

An optimization routine for the design of the PM
transverse flux motor with SMC core has been set up,
which considers multi-levels and multi-domains. The
magnetic field FEAs, thermal analysis, performance
calculation, and optimization searches are all
implemented in a commercial comprehensive software
package, ANSYS. It is found that the presented method is
practical with both good accuracy and speed.

VI. CONCLUSIONS AND DISCUSSIONS

In this paper, a permanent magnet transverse flux
motor with soft magnetic composite core is designed and
analyzed by using a two-level modeling. The lower level
consists of electromagnetic design domain and thermal
analysis domain. The upper level consists of the
performance simulation domain only and at this level
optimization is carried out in close interaction with the
lower level. Appropriate modeling is applied to achieve
effective interaction between various levels and domains,

with both good computational accuracy and speed.

The design and analysis of a motor drive is a complex
task. For a practical drive system, many aspects such as
motor type and topology design, power electronic circuit
design, controller system design, and dimension and
loading design and material selection, should also be
considered [18]. It should be noted that these aspects
could be easily added to the hierarchical motor design
architecture of Fig. 1, leading to a more complex multi-
level multi-domain design problem.
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