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Abstract—Soft magnetic composite (SMC) materials are 

especially suitable for construction of low cost high performance 
motors with three dimensional (3D) magnetic fields. The 3D finite 
element analysis conducted in the design of a claw pole transverse 
flux motor with an SMC core reveals very complicated B (flux 
density) loci in the core when the motor rotates. In order to 
understand and account for the effects of the patterns of B loci on 
motor parameters and performance such as core losses, a 3D 
magnetic property testing system was built for magnetic 
measurement on a cubic SMC sample. 3D rotational core loss 
models in SMC materials and rotating motors are developed. 
 

Index Terms—3D magnetic measurement, 3D rotational core 
loss, claw pole transverse flux motor, soft magnetic composite.  

I. INTRODUCTION 
OFT MAGNETIC composite materials and their 
application in electrical machines have achieved 

significant progress in the past decade due to the unique 
properties such as isotropic magnetic properties, very low 
eddy current loss, and nearly net-shape low cost fabrication 
process by using the powder metallurgical techniques [1]. 
Particularly, the magnetic isotropy creates crucial design 
advantages since radical topologies with three-dimensional 
(3D) magnetic fluxes can be exploited to obtain high motor 
performances, as the magnetic field constraints imposed by 
lamination technology can be avoided. SMC is suitable for 
construction of electrical machines with complex structures 
and 3D fluxes, e.g. claw pole and transverse flux motors. 

Transverse flux motors (TFMs) have been a strong interest 
of research in the past years as they are capable of delivering 
very high specific torque provided that the number of poles is 
high and hence suitable for direct drive applications featuring 
high torque at low rotational speed. Because of the large 
armature leakage fields, the power factor of TFMs is quite 
low, especially the single-sided type [2]. The double-sided 
topology has a higher power factor and specific output, but all 
the designs reported are considered as too complicated to 
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manufacture [3]. To overcome this problem, a TFM with the 
claw pole geometry was developed in [4]. The claw pole TFM 
(CPTFM) features both the simplicity of the single-sided type 
and the high performance of the double-sided one. To improve 
the power factor, the claw poles are axially shortened for 
reducing the armature interpolar flux leakage. The decrease of 
the stator pole axial length will not necessarily reduce the 
stator winding flux produced by the rotor permanent magnets 
(PMs) when the flux-concentration structure is used. 

Core loss calculation is a key factor in motor design and 
performance analysis. A significant amount of research work 
has been conducted on core loss measurement and modeling 
with one-dimensional (1D) alternating and two-dimensional 
(2D) rotating flux excitations by various researchers. The 
authors of this paper investigated the core losses in a claw pole 
PM motor with SMC stator core by the finite element analysis 
(FEA) of magnetic field, assisted by experimental data on 
SMC samples using a 2D magnetic property tester [5]. 
However, due to the rotation of magnetic domains the 1D and 
2D measurements are all practical approximations under 
certain conditions [6]. 3D magnetic measurement and 
modeling are required for proper and complete understanding 
of magnetization process in the SMC materials.  

In the CPTFM, the B loci in some parts are irregular loops 
in real 3D space. The core losses caused by such 3D B loci can 
be very different from that under 1D and 2D excitations, 
implying a direct need for 3D core loss investigation. 

This paper presents our work about the measurement of B-
H curves and core losses on a cubic SMC sample by a 3D 
magnetic property tester [6], and the magnetic field analysis 
and core loss modeling in a CPTFM with SMC core.  

II. CLAW POLE/TRANSVERSE FLUX MOTOR 
Fig. 1 plots the layout and the magnetic field solution region 

of one pole pitch in a CPTFM with a PM rotor of a flux-
concentration structure. The simple toroidal winding is 
enclosed by an SMC core, which is molded in two halves. In 
the flux-concentration rotor, the PMs are magnetized 
tangentially and the fluxes produced by the two adjacent 
magnets aid in the SMC part between them and then flow to 
the stator via the airgap. The motor uses Somaloy 500 
(+0.5% Kenolube) core [7] and NdFeB permanent magnets. 
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The major dimensions and parameters are listed in Table 1. 

TABLE I 
MAJOR DIMENSIONS AND PARAMETERS OF THE CLAW POLE TFM 

Quantity Value 
Rated power (kW) 2.2 
Rated speed (rpm) 3000 
Rated frequency (Hz) 300 
Number of phases 3 
Stator core outer diameter (mm) 110 
Middle airgap diameter (mm) 56.5 
Airgap length (mm) 1 
Magnet height (mm) 14 
Stack axial length (mm) 34 
Claw pole overlap ratio (%) 30 

Because the magnetic flux in a CPTFM is substantially 3D 
and the magnetic circuit is non-linear, the 3D FEA of magnetic 
field is necessary for accurate computation of motor 
parameters such as the back electromotive force, winding 
inductance, torque, and core losses. 

The magnetic circuit of each stack (or phase) is basically 
independent. For each stack, because of the structural 
symmetry, it is only required to analyze the magnetic field in 
one pole pitch, as shown in Fig. 1. At the two radial boundary 
planes of one pole pitch, the magnetic scalar potential obey the 
half-periodical boundary conditions: 

( ) ( )zrzr mm −∆−−=∆ ,2/,,2/, θϕθϕ   (1) 

where ∆θ = 30o is the angle of one pole pitch. 
Fig. 2 plots the computed flux density locus in the middle of 

(a) the stator yoke, (b) the claw pole, and (c) the flux 
concentration iron, respectively. It shows that the magnetic 
field in the CPTFM is really complex with various patterns 
when the rotor rotates. 

 
Fig. 1. Layout and FEA solution 

region of a CPTFM 

 
Fig. 2(a). B locus in the middle of 

the stator yoke 

 
Fig. 2(b).  B locus in the middle of 

the claw pole 

 
Fig. 2(c).  B locus in the middle of the 

flux concentration iron 

III. 3D MAGNETIC PROPERTY MEASUREMENT OF SMC 
Due to the rotation of magnetic domains, the B locus in a 

magnetic material is 3D in nature even under an alternating or 
2D rotating magnetic excitation in a plane, no need to mention 
the 3D excitations in the CPTFM. Fig. 3 illustrates the block 
diagram of the 3D magnetic testing system and the tester 
magnetic circuit. Three groups of computer controlled 
excitation coils are employed to generate various B patterns 
including the ones in real 3D space, such as the patterns with 
the locus of the B vector tip forming an ellipsoidal or spherical 
surface. Fig. 4 shows the B-H loops measured in an SMC 
cubic sample when a sinusoidal B with 50 Hz and various peak 
values is applied along the X-axis, and the corresponding core 
losses. Figs. 5 and 6 show the B loci and the corresponding H 
loci, and the core losses when a circular B of 50 Hz is applied 
in the XOY plane or the YOZ plane. 

 
(a) 

 
(b) 

Fig. 3. (a) 3D magnetic property testing system; (b) cut away view of tester 
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Fig. 4. (a) B-H loops and (b) core losses with a sinusoidal B at 50 Hz 
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Fig. 5. (a) B loci and (b) corresponding H loci in XOY and YOZ planes 
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Fig. 6.  Core losses with circular B at 50 Hz 

IV. MODELS OF 3D CORE LOSSES 
Under the condition that the magnetic field is uniform in the 
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sample cross section, the specific core loss (in W/kg) in the 
sample due to a time-varying 3D magnetic flux density can be 
calculated according to the Poynting’s theorem by 
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where T=1/f is the time period, f the frequency of 
magnetization, ρm the sample mass density, and Hx, Hy, Hz, Bx, 
By, and Bz are the X, Y and Z components of H and B. 

When testing an SMC sample, the excitation flux density 
patterns are controlled either sinusoidally alternating along a 
specified orientation, or circularly rotating in a specified plane. 
In the sample, the alternating core loss can be modeled by 

5.12 )()( PaaPea
h

Phaa fBCfBCfBCP ++=  (3) 

and the core loss with circular flux by 
5.12 )()( ParPerhrr fBCfBCPP ++=  (4) 

where 
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The coefficients Cha, h, Cea, Caa, Cer, Car, a1, a2, a3, and Bs 
can be derived from the measured core losses on the cubic 
sample under various frequencies, f, and various peak flux 
densities, Bp by curve fitting techniques. 

The core loss with elliptically B can be predicted from the 
alternating and circularly rotating core losses by  

aBrBt PRPRP 2)1( −+=  (5) 

where RB=Bmin/Bmaj is the axis ratio of B, Bmaj and Bmin are the 
major and minor axes of the elliptical B locus, Pr and Pa are 
the core losses with a circular B with Bmaj=Bmin=Bp and an 
alternating B with peak value Bp. 

In a rotating machine, the total core loss is the sum of the 
core losses in all elements. For any B locus in 3D space, its 3 
components can be expended into Fourier series as 
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where i = r, θ, z, Br, Bθ, and Bz are the radial, circumferential 
and axial components of B, respectively. Each of these 
harmonics consists of two parts: 

)2sin(222 kftBBB zskskrsk πθ ++skn , )2cos(222 kftBBB zckckrck πθ ++ckn , 

where nsk and nck are unit vectors, determined by Brsk, Bθsk and 
Bzsk, and Brck, Bθck and Bzck, respectively. The two parts 
generally form an elliptical trajectory in a plane determined by 
nsk and nck. The major axis Bkmaj and the minor axis Bkmin can 
be obtained by a coordinate rotation for the standard equation. 

The total loss in an element can be obtained by summing up 
the contributions from these flux density harmonics. For each 
elliptically rotating flux density harmonic, the loss can be 

predicted from the corresponding alternating and rotational 
losses according to the axis ratio of the elliptical flux density. 
Therefore, the total loss is 
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where RBK=Bkmin/Bkmaj is the axis ratio of the k-th harmonic 
flux density, Prk is the purely rotational loss with flux density 
Bkmaj, and Pak is the alternating loss with Bp=Bkmaj. 

Fig. 7 shows the calculated core losses in the CPTFM at 
different speeds. Unlike conventional machines in which the 
copper loss dominates, SMC motors have comparable core and 
copper losses. It is an interesting design point that the two 
losses take the same value for high motor efficiency. 

 
Fig. 7. Calculated core losses against rotor speed 

V. CONCLUSION 
The complexity of the B loci in a CPTFM with SMC core 

has been studied by 3D FEA of magnetic field, revealing the 
direct need for study about the 3D magnetic property of SMC. 
In this paper, core loss models with 3D rotating fluxes are 
proposed to calculate the core losses of rotating machines. The 
coefficients of the models are derived from the measurements 
on a cubic SMC sample by a 3D magnetic property tester. 
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