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Finite Element Analysis of a Novel Design of a Three Phase Transverse Flux
Machine With an External Rotor

Erich Schmidt

Institute of Energy Systems and Electric Drives,Vienna University of Technology, Vienna 1040, Austria

The permanent magnet excited transverse flux machine is well suited in particular for direct drive applications of electric road vehicles.
The novel single-sided design with an external rotor consists of a three phase arrangement with a total number of 120 poles. The 3D finite
element model with completely independent rotor and stator parts includes only two poles of the machine with appropriate repeating
periodic boundary conditions for the unknown degrees of freedom of the 3D magnetic vector potential. Thus, the various angular rotor
positions can be calculated by utilizing the sliding surface approach and a domain decomposition algorithm. The results presented herein
are focussed on the most important design parameters such as electromagnetic torque, no-load voltages and short-circuit currents.

Index Terms—Finite element analysis, permanent magnet machine, transverse flux machine.

I. INTRODUCTION

T HE transverse flux machine with a permanent magnet ex-
cited external rotor is one of the most important machine

topology for the application with wheel hub drive systems of
electric driven vehicles. In general, two different topologies of a
transverse flux machine exist [1]–[5]. Thereby, double-sided ar-
rangements can be used only in either single phase or two phase
mode. On the other hand, single-sided arrangements can be de-
signed for three phase mode, too.

In contrast to conventional induction machines with more
than one phase, there is no common rotating field with all
designs of transverse flux machines [1]–[6]. In order to produce
a resulting shaft torque as comparatively as smooth as with
conventional induction machines, either stator or rotor parts
have to be mechanically shifted according to the number of
phases. Nevertheless, the alternating fields with an electrical
angular shift according to the number of phases cause higher
harmonics with the electromagnetic torque as well as noticeable
shear stresses in all carrier parts and the shaft.

The single-phase basic arrangement of two poles of the novel
single-sided topology is depicted in Fig. 1. On the other hand,
Fig. 2 shows two poles of the three phase arrangement with an
external rotor. The rotor parts of the three phases are arranged in
line and carry the permanent magnets with an alternating mag-
netization in circumferential direction. The stator parts of the
three phases carry the ring windings of the three phases and have
an appropriate mechanical angular shift necessary for the three
phase operation.

In order to setup an environment suitable for the prototype de-
sign with its main data listed in Table I, special attention will be
given to both 3D finite element modelling and analysis methods.
With the intended application of the prototype design with elec-
tric road vehicles, the evolved electromagnetic torque of the ma-
chine will be most essential. Additionally, no-load voltages and
short-circuit currents are the most important design criteria for
the complete drive system.
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Fig. 1. Basic arrangement of two poles of a single sided transverse flux machine
with flux concentration.

II. FINITE ELEMENT MODELLING

The various nonlinear finite element analyses utilize a for-
mulation with a 3D vector potential and an incorporated
Coulomb gauge

(1)

with appropriate Neumann and Dirichlet boundary conditions

(2a)

(2b)

where denotes an anisotropic reluctivity tensor, describes

the source current densities, and are the boundaries
where the tangential magnetic field is specified by a sur-
face current density and where the normal magnetic flux den-
sity is specified [7]–[9].

The finite element model as shown in Fig. 2 consists of com-
pletely independent stator as well as rotor parts and includes
only two poles of the machine as the smallest necessary part.
In order to reflect the periodicity of the magnetic field, appro-
priate repeating periodic boundary conditions for the unknown
degrees of freedom of the 3D magnetic vector potential are
applied at the boundaries being two poles pitches apart. With
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Fig. 2. Three phase transverse flux machine with inline rotor segments and in-
serted permanent magnets as well as shifted stator segments and ring windings,
finite element model of two poles.

TABLE I
MAIN DATA OF THE TRANSVERSE FLUX MACHINE

an intent of investigating cross-coupling effects of the phases,
Dirichlet boundary conditions of the magnetic vector potential
on the symmetry planes between the phases in axial direction
can be used optionally. With these internal boundary conditions,
the magnetic flux densities are only tangential on these sym-
metry planes yielding decoupled phases.

Regarding the arrangement as depicted in Fig. 2, the nonlinear
anisotropic material properties of the laminated stator and rotor
iron regions are described by

(3)

where denotes the stacking factor of the laminations.
The injection of the three phase currents , , 2, 3, with

the ring windings of the stator in dependence on the angular
rotor position follows:

(4)

where denotes the initial angular rotor position of the first
phase. As shown in Fig. 2, stator and rotor of the first phase
are arranged in an unaligned position which is represented by

. Moreover, denotes the current angle with respect

to the rotor fixed coordinate system. Thereby, current angles of
or produce no resultant torque. A maximum

resultant torque is generated with a current angle of
[6].

The various angular rotor positions are now calculated by uti-
lizing the sliding surface approach and a domain decomposi-
tion algorithm [6], [10], [11]. Thereby, the independent stator
and rotor parts have an equidistant mesh discretization in cir-
cumferential direction on the cylindrical sliding surface within
the air-gap while the mesh discretization in axial direction co-
incides between both parts. Therefore, the finite element mesh
remains completely unchanged for all angular rotor positions
without any remeshing. Consequently, different numerical er-
rors with respect to the angular rotor position are avoided. Ad-
ditionally, distinct decompositions of the smaller stiffness ma-
trices of the two independent model parts significantly reduce
the calculation times for various rotor positions even in the non-
linear analyses.

III. ANALYSIS RESULTS

A. Electromagnetic Torque

As described in [6], the torque calculation requires only the
portions along a cylindrical surface within the air-gap. Using
the radial and tangential components of the magnetic flux
density and summarizing the circumferential component of the
Maxwell stress vector, the electromagnetic torque can be
evaluated from

(5)

where is the number of pole pairs, and denote the num-
bers of air-gap elements in circumferential and axial direction,

and are radius of center of gravity and radial thickness
of each hexahedral air-gap element along the cylindrical sur-
face, and denote the finite element volume, respectively.

Fig. 3 and Fig. 4 depict the cogging torque of the three phases
and the entire machine with decoupled and coupled phases, re-
spectively. Fig. 5 shows the load torque of the three phases and
the entire machine with rated stator current of in
the quadrature axis according to a maximum electromagnetic
torque. Fig. 6 shows the load torque of the entire machine with
various quadrature axis stator currents of .
Corresponding, Table II lists average value and distortion factor

(6)

as well as measurement data from an initial prototype.
The three phases contribute to the electromagnetic torque

independently with only little interaction. With coupled against
decoupled phases, the cogging torque of the three phases is
sligthly larger while with the entire machine both cogging
torque and average value of the load torque are insignificantly
smaller. Due to the appropriate electrical shift of the three phase
currents, the resulting shaft torque is comparatively as smooth
as for conventional three phase induction machines. Neverthe-
less, the electromagnetic torque shows higher harmonics with
in particular a significant 6th harmonic component.
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Fig. 3. Cogging torque of the three phases (dashed lines) and the entire machine
(solid line), decoupled phases.

Fig. 4. Cogging torque of the three phases (dashed lines) and the entire machine
(solid line), coupled phases.

B. No-Load Voltages and Short-Circuit Currents

Figs. 7 and 8 show both no-load voltages as well as short-cir-
cuit currents of the three phases for the rated speed of

, respectively. Caused by the high level of saturation,
the three phase voltages contain a significant 3rd harmonic com-
ponent resulting in a non-vanishing sum of the three phase volt-
ages as drawn additionally. On the other hand due to the low
level of saturation, the three short-circuit currents of the Y-con-
nected stator are nearly sinusoidal with respect to time. Thereby,
the short-circuit currents are smaller with coupled against de-
coupled phases.

IV. CONCLUSION

The transverse flux machine with a permanent magnet ex-
cited rotor is well suited in particular for wheel hub drive ap-

Fig. 5. Load torque of the three phases (dashed lines) and the entire machine
(solid line) with rated stator current of �� � ��� �, coupled phases.

Fig. 6. Load torque of the entire machine with stator currents �� �
���� 	��
���������� �, coupled phases.

plications of electric driven vehicles. The presented novel con-
cept of such a machine with an external rotor consists of a three
phase arrangement with an appropriate mechanical angular shift
of the stator parts whereas the rotor parts are arranged in line. All
phases contribute to the electromagnetic torque independently
with only less interaction. Due to an appropriate electrical shift
of the three phase currents in the stator ring windings, the re-
sulting shaft torque is comparatively as smooth as with conven-
tional induction machines.

The 3D finite element analyses of the single sided transverse
flux machine use only one finite element model for all angular
rotor positions. This finite element model consists of completely
independent rotor and stator parts. On the sliding surface be-
tween both parts, they are modelled with an equidistant finite
element discretization with respect to the movement direction
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TABLE II
LOAD TORQUE, AVERAGE VALUE, DISTORTION AND MEASUREMENT DATA

Fig. 7. No-load voltages of the three phases (solid lines) and zero sequence
voltage (dashed line), rated speed of � � ��� ���, coupled phases.

Fig. 8. Short-circuit currents of the three phases, rated speed of � � ��� ���,
decoupled phases (dashed lines) and coupled phases (solid lines).

of the rotor. The various angular rotor positions are analyzed
without any remeshing of air-gap regions by utilizing domain
decomposition and static condensation in the nonlinear calcula-
tions.

The presented results are focussed on the most important pa-
rameters such as electromagnetic torque, no-load voltage and
short-circuit current of this novel prototype design. First mea-
surement results obtained from an initial design show a good
agreement with the numerical results discussed herein.
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