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Abstract—Low-speed high-torque applications, e.g.
wind energy generation, favor high number of pole solu-
tions. for traditional radial or axial flux machines this leads
to an increase in leakage flux while the power output does
not increase. For Transverse Flux Machines (TFM) the
increase in power output is proportional to the number of
poles. However, large flux leakage is also present in TFMs,
reducing their power factor and commercial application.
Fast and accurate 3-D models are required to model this
flux leakage. Finite Element Models (FEM) comprising a
large number of elements are commonly used to calculate
the 3-D flux density distribution. This approach is very time
consuming with hours for a single solution. A fast and more
accurate parameterized model is essential to minimize the
machine volume while maintaining the required power
factor. In this paper, a design approach is presented to
obtain a TFM of a minimum volume with a predefined
power factor. An analytical 3-D magnetic charge model
is used to model a single magnetic period of the TFM.
With the required power factor and the obtained flux due
to the magnets the coil dimensions are calculated. The
performance of the single magnetic period of the TFM is
used to determine the full machine dimensions.

Keywords—transverse flux permanent magnet machines;
electromagnetic; analytical modeling; magnetic field.

I. INTRODUCTION

The production of energy from renewable sources
with direct drive systems requires generators with nom-
inal speeds in the range of 10 to 90 rpm. These low
speeds require a machine topology with a high force
density and number of poles in order to keep mass,
losses, and size limited. The Transverse Flux Machine
(TFM) is a suitable candidate as it can realize a high pole
number without compromising the volume available for
the winding [1]. The inherent characteristic of the TFM
is an increase in power proportional to the number of
poles for the same circumference. In traditional axial-
and radial-field machines an increase in pole number
would lead to a dominant interpole leakage, resulting
in a greatly reduced power and torque density. The TFM

allows a high number of poles in combination with a high
torque density, making it perfectly suited for direct drive
applications. This does results in 3-D flux paths in the
machine [2], a path transverse on the motion directionn
for the main flux, and a path along the motion direction
for the pole leakage flux. The presence of significant
leakage fluxes is a characteristic of TFMs that results in
a low power factor [3], requiring accurate 3-D models to
design TFMs and calculate its performance.
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Fig. 1: Illustration of a segment of 6 pole pairs of a
transverse flux machine

The design process of TFMs is dominantly executed
using 3-D FEM for parametric searches [4]. Attempts to
establish accurate models while speeding up the design
process using analytical techniques [5], [6] or MEC [1],
[7], [8] resulted in performance prediction with limited
accuracy (especially considering parametric variations).
In this paper the flux paths in the TFM are modeled
using a much more accurate magnetic charge model.
The produced force is directly obtained form the flux
density distribution. This magnetic charge model is an



accurate and fast analytical alternative to FEM for the
calculation of the performance, such as flux linkage and
EMF [9] and force [10]. This paper introduces a model
of the TFM built using the magnetic charge model in
Section II. A combination of analytical techniques is used
in Section III to come to a design of a TFM for a given
output power and power factor.

II. TFM MODEL

The considered TFM structure consists of a rotor with
surface mounted magnets and a stator of a single coil
over which individual cores are placed. Two types of
cores are placed in a repetitive pattern over two pole
pitches. The stator U-core for the flux linking the coil
and the stator I-core to provide a short-circuit path for
the inactive poles, counteracting pole leakage. A segment
of six pole pitches of the TFM is shown in Figure 1.

The magnetic period in the TFM spans two pole
pitches. A charge model of one magnetic period consist-
ing of two I-cores and a U-core is considered. In order
to ensure that the flux density distribution in the charge
model does not include end effects, a longer section of
the mover is modeled comprising five permanent magnet
(PM) pole-pairs. The method of images [11] is applied to
model the flux guiding parts of the TFM as is indicated
by the hatched areas in Figure 2. The contours of the
soft-magnetic, i.e. laminated iron parts modeled by these
images are indicated by dashed lines. The flux density
distribution in the air gap due to the magnetic charges
representing the PMs and images is obtained using the
expression:

~B = −µ0∇ϕm =
µ0
4π

∮
S

σ(~r − ~r′)
|~r − ~r′|3

dS′, (1)

in which S′ is the integration surface on the PM or image,
σ is the magnetic charge density on the PM surface,
~r and ~r′ are the position and surface position vectors,
and ~B is the air gap flux density due to the PM or the
image. Superimposing of these gives the total air gap
flux density. The coil, indicated by a dashed contour, is
modeled as two current sheets per tooth (indicated by the
green areas). These current sheets span from the center
of the stator core to the outside along the x-direction
and one pole pitch along the y-direction. The surface
current density, ~J , is equal to NI/τp, in which I is the
current and N is the number of turns. As such, the design
performance can be evaluated using the Lorentz force
expression:

~F =

∫∫
S

~J × ~B dS. (2)

TABLE I: Constraints on the design of the TFM

Constraints
P = 1000 W rpm = 90
f ≤ 300 Hz Bcore ≤ 1.4 T
J ≤ 5 A/mm2 cosϕ = 0.95

A more detailed model description of the current sheet
approach is presented in [9], and the performance calcu-
lations in [10].
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Fig. 2: 2-D Cross-section of the charge model used to
calculate the performance of the transverse flux machine

III. DESIGN PROCEDURE

It is assumed that for high-power low-speed machines
(≥ 100 kW), the curvature of stator and rotor is negligi-
ble. The design objective for the TFM is to obtain a high
power density while minimizing the total volume with
due consideration of the constraints, as summarized in
Table I. Further, to limit the size of the machine model,
an output power of 1000 W at a speed of 90 rpm is
set for the model, where the frequency is limited to 300
Hz. Further, to ensure accuracy of this linearized model
(although non-linear analysis could also be used [12],
[13]), the flux density in the core is limited to 1.6 T.
Finally, the coil current density is limited to 5 A/mm2.

A. Magnet flux linkage

The flux through the core is considered to link the
coil. This flux is calculated using flux sheets [9]. The
magnet flux in the core is calculated from the flux density
in the air gap. Integrating the vertical component of the
flux density on the flux sheets results in the net flux
passing to the other side of the TFM. This results in a
value of the flux linkage depending on four variables:
hm, lm, wm, and gm.

B. Coil dimensions

The maximum amount of flux from the current in the
coil can be easily calculated from the required power



factor. For machines without saturation in the iron parts,
the phase shift between the first harmonic of the voltage
and current, ϕ, can be expressed as

ϕ = arctan

(
ΦI

Φm

)
. (3)

Hence, the expression for the maximum flux due to the
current in the coil is given by

ΦI = Φm tan (ϕ) . (4)

From this maximum flux in the core due to the current
in the coil the coil dimensions are determined. A MEC
model is used to calculate the permeances for the leakage
fluxes and flux crossing the air gap. The maximum MMF
and coil dimensions are determined using the specified
current density, obtained permeances and maximum flux.

1) Air gap flux: For the calculation of the flux cross-
ing the air gap, the reluctance of the iron in the stator
U-core and rotor backiron are neglected. Furthermore,
the relative permeability of the permanent magnets is
assumed to be equal to that of vacuum. The reluctance for
the flux path through the air gap and permanent magnet
between one tooth of the core and the rotor backiron
including fringing is given by:

Rg =
hg

µ0
[
4wtlt + 2 (wt + lt)hg + h2g

] , (5)

in which wt is the tooth width, lt the tooth length,
hg = g + 2hm, g the height of the air gap, and 2hm the
height of the permanent magnet. The flux path of the
air gap flux due to the current crosses the air gap twice.
Hence, the air gap flux due to the current in the coil can
be expressed as:

Φcoil =
F

2Rg
, (6)

in which F is the MMF produced by the current in the
coil and Rg the air gap reluctance which is introduced
above.

2) Leakage flux: The leakage flux in the TFM has
two paths: from one tooth of the U-core directly to the
other tooth, called inter-pole leakage, or a path where the
flux goes from one tooth of the U-core to the I-core and
back to the other tooth of the U-core, called inter-core
leakage.

a) Inter-pole leakage: The inter-pole leakage can
be split in two leakage paths: a direct path and a lateral
path [14], indicated in Figure 3. The direct leakage
is determined by calculating the equivalent permeance
between the two stator teeth under the assumption that
the MMF increases linearly along the height of the coil.
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Fig. 3: Top view of the U-core indicating the direct and
lateral flux leakage paths

The flux density as a function of the height along the
coil is given as

B(h) =µ0H = µ0
NIh

hcwc

∣∣∣∣∣
hc

h=0

, (7)

in which N is the number of turns of the coil, I is the
current through the coil, hc is the height of the coil and
wc is the width of the coil. The tips of the teeth have
a constant MMF difference and therefore, the magnetic
flux density between the teeth is constant for the height
between the bottom of the coil and the bottom of the
teeth. This magnetic flux density an be expressed as

B(h) =µ0
NI

wc

∣∣∣∣∣
ht

h=hc

, (8)

in which ht is the total height of the tooth of the U-core.

The inductance and permeance of the direct leakage
path can be calculated from the magnetic flux density
by:

Ldir =N2Pdir =
ltwc
µ0I2

∫ ht

0
B2 (h) dh (9)

=
ltµ0N

2

3wc
hc +

ltµ0N
2

wc
(ht − hc) . (10)

The inductance of the lateral path can be calculated
in a similar way and is given by [14]:

Llat =N2Plat =
µ0N

2

π

(
ht −

2

3
hc

)
ln

(
1 +

πwt
wc

)
(11)



b) Inter-core leakage: The main leakage path for
the flux is between the stator U-core and the short-
circuit iron. The distance between both cores is inverse
proportional to the inter-core leakage flux. The leakage
flux can be split in a direct path and a lateral path,
indicated in Figure 4.
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Fig. 4: Side view of one magnetic period of the TFM in-
dicating the direct and lateral flux leakage paths between
the two stator core types

The permeance of the direct leakage path can be
calculated with the expression for a flux path including
fringing:

Pleakdir =
µ0
(
g2m + 4gmwt + 4w2

t

)
gm

, (12)

in which gm is the space between two adjacent magnets
or stator cores, and 2wt is the width of the stator tooth. It
is assumed that the flux fringing only takes place along
the width of the stator. The lateral inter-core leakage
paths account for fringing along the height of the stator.

Keeping in mind that the return path of the inter-core
leakage is identical to the path shown in the figure, it
can be seen that the lateral path has the same shape as
is the case for inter-pole leakage. Hence the expression
for the lateral leakage permeance is given by:

Pleaklat =
hcµ0 ln

(
1 + 2πwm

gm

)
3π

. (13)

It is assumed that this lateral leakage only occurs next to
the coil. Hence, the MMF varies linearly over the height,
whereas there is a constant MMF for the lateral inter-pole
leakage.

3) Total coil flux: The total permeance seen by the
coil is a combination of the permeances of the air gap
and leakage flux paths. The air gap permeance considers
the total flux path of the flux crossing the air gap. The
inter-pole leakage flux has three paths: one direct path

and two lateral paths on each side of the core. The inter-
core leakage flux has a direct path and a lateral path.
For both inter-core paths the double air gap crossing is
considered. Hence, the total permeance seen by the coil
can be expressed as:

Ptotal = Pgap + Pdir + 2Plat + Pleakdir + Pleaklat . (14)

The obtained expression for the permeance seen by
the coil can be used with the previously determined
maximum flux in the core to determine the maximum
MMF of the TFM. The MMF of the TFM is a function
of the set current density, J , and the coil height, hc, and
width, wc. The expression for the flux in the core as a
function of the TFM parameters can be written as

ΦI =JhcwcPtotal. (15)

The expression can be rearranged to obtain a quadratic
equation for hc, which can be used to determine the value
of hc as a function of hm, lm, wm, gm and wc.

C. Machine dimensions

The dimensions of a single magnetic period of the
TFM are used to calculate the dimensions of the total
TFM. For the calculation of the dimensions of the full
machine, the straight machine design needs to be trans-
formed in a cylindrical design. This is done under the
assumption that the dimensions of the resulting machine
are large enough, so that the curvature of a single mag-
netic period remains small and has a negligible influence
on the performance of the design. Furthermore, it is
assumed that the force production of a single segment
acts on the surface of the magnets adjacent to the air
gap. Thus, the dimensions of the segment are mapped to
the outer radius of the rotor of the total TFM [15].

IV. CONCLUSION

This paper presents the analytical tools for the design
process of a TFM of a minimum required power output
and power factor. The design approach starts from the
required power factor and uses the accurate analytical
magnetic charge model to determine the set of geo-
metrical parameters of the TFM. The obtained model
can be used in a parametric sweep to investigate the
influence of the geometric parameters on the performance
of the TFM and to obtain the smallest design meeting the
requirements. The presented approach can be used as a
fast and accurate alternative for 3-D FEM in the design
process.
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