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Abstract— This paper presents the thermal analysis of a high-
speed motor with soft magnetic composite (SMC). Due to the
high operation frequency, the core loss is much greater than the
other losses and hence is the major heat source in the high-speed
motor. Therefore it is of crucial importance to be able to
calculate the core loss accurately. In this paper, the rotational
core loss model is employed and implemented by using three-
dimensional (3-D) magnetic field analysis (FEA). Two methods
to model the thermal behavior are presented. The first method
uses a combination of lumped and distributed thermal
parameters, which are obtained from motor dimensions and
thermal constants. The second method employs 3-D FEA to
accurately calculate the temperature distribution. Core losses are
directly coupled into the thermal calculation by keeping the same
hexahedral meshing for magnetic field analysis and thermal
analysis. A testing bench for the high-speed SMC motor
prototype has been set up to measure the core loss. The
temperature rises were measured by thermal probes. The
calculation and measurement results are compared and
discussed.

Index Terms— Core loss, magnetic field finite element
analysis (FEA), high-speed motor, lumped thermal parameters,
soft magnetic composite (SMC) materials, thermal analysis

I. INTRODUCTION

High-speed motors are used in many applications, such as
machine tool spindles, centrifugal compressors, vacuum
pumps, friction welding units, and turbine generators.
Compared with conventional general-purpose motors, the
major advantages of high-speed motors are smaller size under
a given power, higher power and torque densities, smaller
moment of inertia and fast response, and directly connected

with other high speed mechanical devices without gears [1, 2].

Due to the high operating frequency, the core loss is much
greater than the other losses and hence is the major heat
source. It has long been realized that a considerable amount
of the total core loss in the stator core of a rotating electrical
machine is caused by the rotating magnetic field [3].
Therefore, rotational core loss should be included for accurate
calculation. Thermal analysis is one of the important issues in
motor design, especially for high-speed motors. There are two
basic analysis methods: the lumped parameter thermal model
and the finite element method. Aglen [4] studied a high-speed
generator using the lumped parameter thermal model to

calculate the average temperatures at different parts of the
motor, but the rotational core loss was not included in the
model. Lamghari-Jamal et al. [5] used finite element method
to calculate the temperature distribution of a high-speed
synchronous reluctance machine, but the rotational core loss
was not included either. Chun et al. [6] used the
computational fluid dynamics method to analyze a high-speed
generator, but they did not mention how to calculate the core
loss.

This paper deals with the thermal behavior of the high-
speed motor. The rotational core loss model is used and
implemented by 3-D magnetic field analysis. Other losses,
such as magnet loss and friction loss, are also carefully
considered. Both the thermal network and FEA method are
applied to compute the temperature distribution. The results
are compared and discussed.

Il. SMC MOTOR PROTOTYPE

To investigate the potential of SMC materials in
manufacturing small motors of complex structures, a
permanent magnet claw pole high-speed motor with an SMC
core has been developed [7]. The major motor parameters are
tabulated in Table I, and the structure (one pole pitch of one
stack) is shown in Fig. 1.

TABLE |
MAIN DIMENSIONS AND DESIGN PARAMETERS
Parameter and Dimension Value
Number of phases 3
Rated power (W) 2000
Rated frequency (Hz) 666.7
Rated speed (rev/min) 20000
Number of poles 4
Stator core material SOMALOY™ 500
Stator outer diameter (mm) 78
Rotor core material DW310-35 (electrical steel)
Rotor outer diameter (mm) 29
Rotor inner diameter (mm) 18
Permanent magnets NdFeB
Magnet arc 75°
Magnet radial length (mm) 2
Airgap length (mm) 1
Axial length (mm) 48




Winding
Coil

pat Rotor core  Wwindow
Fig. 1. Structure of a high-speed SMC claw pole motor
(one pole pitch of one stack)
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I1l. HEAT SOURCES

A. Core loss

Corresponding to various types of magnetizations and soft
magnetic materials, a core loss model was developed, and has
been applied to different types of electrical machines with
verification by experimental results [3, 7, 8].

In a soft magnetic material, the core loss with various
typical magnetic flux patterns can be calculated by:
Alternating flux:

Pa\lt =Kah meh +Kae(me)2 + Kaa(me)3/2 (1)
Circularly rotating flux:

Prot = Prh + Kre(.I:Bm)2 + Kra(.I:Bm)gl2 (2)
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P is the rotational hysteresis loss per cycle, and under
elliptical rotating flux excitation:

Per = RB Prot + (l_ RB)2 Pa\It (3)
where Rg=Bin/Bns; is the axis ratio of the elliptical B locus.

By fitting (1)—(3) to the experimental results, the core loss
coefficients in the above model were deduced as K, ,=0.1402,
h=1.548, K,=1.233E-5, K., =3.645E-4 for alternating flux,
and K, = 2.303E-4, K, =0, a; = 6.814, a, = 1.054, a3 =
1.445, B&=2.134T for circularly rotating flux.

In an electrical machine, the magnetic field distribution can
be analyzed by the finite element method at various rotor
positions and then the B locus in any element can be deduced.
A series of elliptical loci can be obtained, when an arbitrary
rotating flux density vector is expanded into a Fourier series.
After determining the major and minor axes, Bymsj and Bymin,
of the elliptical locus of the k-th harmonic flux density vector,
the total loss in each element can be obtained by summing up
the contributions from these harmonics, and the total core loss
of the machine can then be obtained by summing up the core
loss of each element as the following:

N, o
Peore = Z Z[Protkj Rey + (- Rgy )? P ] (4)
i1 k=0

where Pryg and Py are the rotational and alternating core
losses, respectively, and Rg, is the axis ratio of the elliptical
locus of the k-th harmonic in the j-th element.

B. Stator winding loss

Global coil is used in the claw pole motor, as shown in Fig.
1. The copper loss consists of I°R loss and eddy current loss.
As there is no end winding, the resistance can be calculated
easily from the dimensions of coil window.

The eddy current loss is caused by (a) skin effect resulting
from the same source conductors, and (b) proximity effect
resulting from the motion of the permanent magnet. Since the
multi-strand winding is used and the electrical frequency is
low (about 700 Hz), the skin depth is found to be larger than
the radius of copper wire. Therefore, the skin effect can be
ignored in this motor. By calculating the magnetic density in
the winding at different rotor positions by FEA, it is found
that the magnitude of flux density variation is very small, and
hence the eddy current loss can be ignored.

C. Magnet loss

Analytical or FEA methods used in most literatures for
calculating the rotor eddy current loss are based on 2-D
magnetic field analysis, and the slotting effect is neglected.
However, they cannot be used in the claw pole motor because
the magnetic flux path is truly 3-D and it has large slot
opening. In this paper, a dynamic circuit model described is
used to calculate the eddy current loss in the permanent
magnet [9]. The cross section of permanent magnet is divided
into a number of slice pairs. Each slice pair forms an assumed
eddy current loop. The slice thickness, 4y, is chosen such
that within the slice the variation of eddy current density is
almost linear. Inside the slice, therefore, the reaction of eddy
currents on the magnetic field distribution can be ignored, and
the flux density can be considered as uniformly distributed.
The eddy current loss in the kth slice pair is:

Py = Y2 gy ae Iy day
o 3 NI
where I, [m] and |, [m] are the magnet lengths in the axial and
radial directions, respectively, ¢ [1/Q] is the conductivity of
the magnet, J, [A/m?] and J,; [[A/m?] are the eddy current
densities at the k-th and (k-1)-th slice pairs, respectively, and

dB
Jk=0(d—tr)kAy+~]k—1 (6)

D. Bearing loss

The oil-lubricated rolling element bearings are used. The
bearing loss is calculated according to the manufacturer
manual [10].

E. Air friction losses

Because the ring magnets are mounted on the shaft, the
surface of the rotor can be considered smooth. The air friction
loss is calculated using the following equations [11].
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where o [Kg/m?] is the density of air, » [rad/s] is the
angular velocity, | [m] is the axial length and r is the radius of
the rotor. The friction coefficient C; is calculated by

0.0152 4Re
Cp=—ppll+ ()( Re 1T O
€s
where Re _ P and Re, _Ma26 [N.s/m?] is the
7,

dynamic viscosity of air, v, [m/s] is the peripheral speed of
the rotor, and & [m] is the air gap length in the radial
direction.

IV. THERMAL NETWORKS

In general, the geometrical complexity of an electrical
machine requires a large thermal network if a high resolution
of temperature distribution is required. Instead of using a
large, complex model, the geometrical symmetries of the
machine were used to reduce the order of the model. The
distributed thermal properties have been lumped together to
form a small thermal network, representing the whole
machine. For calculation of temperature distribution in the
SMC motor, a thermal resistance network, as shown in Fig. 2,
is used. It has ten nodes, and each node represents a specific
part or region of the machine and the thermal resistances
between the nodes include complex processes, such as two-
dimensional and three-dimensional heat flow, convection,
internal heat generation, and variations in material properties.
To account for all the three components of the heat flow at a
node, the thermal structure is designed as in Fig. 3. As an
example, the thermal resistances between the central node, a,
and its adjacent nodes can be calculated by (9).

Outer a”%thl

Rin12

Rz

Fram

Inner
air

Air gap?
Rino

Magne Rinie

Rino

thll

Bearing

Fig. 2. Thermal network of one stack
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After all the thermal resistances are determined and the
power losses are allotted to appropriate nodes, the nodal
temperatures rises in the steady-state can be solved by

®=G"'P (10)
where ® s the nodal temperature rise matrix, P is the nodal

power loss matrix, and G is the inter-nodal conductance
matrix, expressed by
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The calculation results at no-load (W|th an ambient
temperature of 283K) are: 324.6K for the frame, 326.3K for
the stator yoke, 330.8K for the coil window, 337.7K for the
claw pole, 334.4K for the air gap, 331K for the magnet, and
324.7K for the bearing.

V. THERMAL FIELD ANALYSIS

In the thermal network, the core loss at each node cannot
be obtained easily from the magnetic field calculation. In
most cases, the average value is used. Because the core loss
distribution is quite different in different positions of the
stator core, 3-D FEA is used to analyze the temperature
distribution in this paper. The heat transferred by radiation is
ignored. The partial differential equation of the heat
conduction and convection is expressed as

pc(% +HV{LT) ={L} (IDKLIT)+Q (12

where o [kg/m®] is the mass density, ¢ [J/(kgK)] is the
specific heat, T [K] is the temperature, t [] is the time, {L} is
the vector operator, {V} is the velocity vector for mass
transport of heat, [D] is the conductivity matrix, Ky, K, and
K, [W/(m-K)] are the thermal conductivity alone the X, Y



and Z axes, respectively, and Q [W/m?] is the heat generation
rate per unit volume. For steady-state analysis, the first term
on left-hand side of (12) is zero.

The core loss in each element obtained from the magnetic
field solutions is applied as a body load to the corresponding
element in thermal analysis by keeping the same element
meshing. The boundary conditions can be of Dirichlet type,
where the temperature T* on the boundary is specified. This
boundary condition can be applied to the surface between the
frame and outer air. A Neumann type of boundary condition
specifies the heat flux g, through the boundary. The Newton’s
convection boundary condition is:

q,=ne(kkVT)=a(T -T,,) (13)

The heat flux flow through the boundaries to the
surrounding is described with the heat transfer coefficient «
and the external temperature T..,. The convective heat
transfer to the surroundings is dependent on the geometry and
the cooling conditions. Air gap convection coefficient is
determined by two main quantities: the ruggedness of the
rotor and stator surfaces and the peripheral speed of the rotor
surface. By assuming a smooth surface, the convection
coefficient can be calculated by the experiential formula [11]

hs = 28(L+w5°°) (14)

P =1/(0.5vr)2 +va2 (15)

where v, and v, are the peripheral and axial velocities of the
rotor surface, respectively. Other losses, such as the copper
loss and air friction loss, are also applied to the model as
body loads. The temperature distribution at no-load is shown
in Fig. 4. The temperature is mainly affected by the core loss,
which that in the claw poles is greater than that in other parts

because the magnitude of B variation in the claws is greater.
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Fig. 5. Calculation and measurement of core loss

VI. EXPERIMENTAL RESULTS

A testing bench has been set up to measure the core loss
and temperature of the motor prototype. The core loss is
measured at no-load by the dummy rotor method. The
calculated and measured core losses are compared in Fig. 5.
Below 12 krpm, the error is less than 10%, but the maximum
error is about 15% when the speed is over 12 krpm. The
possible reasons are: (1) loss coefficients derived from the
rotational core loss data at low frequency have some errors
when they are used in high frequency; (2) rotor loss cannot be
distinguished from the measurement results.

The temperature is measured by infrared temperature
probe. At 20 krpm and no-load, the frame temperature is
331.4K, the stator yoke temperature is 333.5K, and the coil
temperature is 334.2K. The measured temperatures are higher
than the calculations, because the actual loss is greater than
the calculation.

VIl. CONCLUSION

The thermal behavior of high-speed SMC motor is studied
in this paper. The thermal network and 3-D FEA methods are
used and compared. The core loss, the major heat source in
the high speed claw pole motor, is calculated by rotational
core loss model, and is directly coupled into 3-D thermal field
analysis. As a result, the accurate temperature distribution can
be acquired. The analysis methods have been validated by the
measurements on the motor prototype.
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