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Torque density of radial, axial and transverse flux machine topologies is investigated. A 10-kW, 200-rpmmotor is chosen as a test case.
Radial and axial flux motors that fulfill the key specifications of the selected test case are designed employing in-house analytical dimen-
sioning tools andMATLAB genetic multi-objective optimization. Rather simple numerical approach is taken to study the transverse flux
motor. A 20-pole-pair radial flux motor is found to outperform its axial and transverse flux counterparts in terms of torque density.

Index Terms—AC machines, electromagnetic analysis, machine designing, torque density.

I. INTRODUCTION

M ODERN electric machines and drives are facing rather
versatile requirements. On one hand, energy efficiency

has perhaps never been higher on the agenda; in the field of
electric machinery more energy efficient practices are enforced
by standardization. On the other hand, the areas of application
of electric machines and drives are ever wider. Meeting the re-
quirements of the latter trend necessitates developing solutions
beyond conventional ones. For example, an electric drive of a
hybrid or electric vehicle must not only be energy efficient but
also as compact as possible [1]. In this work, the compactness
of three different machine topologies is assessed.
Obviously, at least a fairly compact design for any electric

machine can be attained through efficient cooling. The more ef-
fective the cooling is, the higher electric and magnetic loadings
can be allowed and consequently the more compact design at-
tained. Second, the size of a machine depends greatly on its op-
eration speed. While the power is kept constant, the torque de-
creases inversely proportionally with increasing speed and as a
result, the mass and volume of the machine decrease.
Besides cooling and operation speed, the basic topology of

a machine determines its size to some extent. The concept of
topology encompasses various aspects. For instance, does the
machine have a separate magnetization winding or is it magne-
tized through the armature winding.
This work investigates the torque density of radial, axial and

transverse flux permanent magnet machines in a certain power
class. The concentration is on permanent magnet machines for
the reason of their inherently high torque density [2].

II. METHODS

A. Example Motor Specification
This work is carried out using a 10-kW, 200-rpm three-phase

motor as a test case. Such a motor could be fit, for instance, for
small scale propulsion. The RMS value of the phase voltage of
the motor is set to be 230 V. As the characteristics of transverse
flux machines improve with increasing number of poles, they
are typically best fit for low speed applications [3], [4]. This
matter guided the selection of the speed range of this study.
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Themagnets of themachines are mounted on the rotor surface
and each of them covers 70 percent of a pole pitch. The radial
flux designs are of the conventional inner rotor type, the axial
flux designs have a single rotor, single stator construction and
transverse flux machine has a U- and I-core stator layout with
an inner rotor of two separate yokes [3]. Many other configura-
tions exist, too, [4]–[6], but now, for the sake of simplicity, the
concentration is on the basic ones. Furthermore, the radial and
axial flux machines are designed to have a simple single layer
lap wingdings. The armature winding of the transverse flux ma-
chine is a ring-shaped one.

B. Analytical Design and Optimization of Radial and Axial
Flux Machines

The radial and axial flux machines are designed using ana-
lytical in-house tools that are implemented in MATLAB. Both
of these tools are founded on the same basic principles [7], [8].
First, the design task is initialized by setting the main charac-
teristics (output power, speed, supply etc.). Second, the main
dimensions that are the rotor outer diameter and rotor length for
radial fluxmachines and stator outer and inner diameter for axial
flux machines are solved based on the tangential stress or force
density.
When the main dimensions are known, the armature winding

arrangement is chosen and detailed dimensions of conductors
and cores are worked out based on the allowed electric and mag-
netic loadings. The magnetic circuits of the machines are rep-
resented with simple no-load reluctance networks [8], [9]. The
reluctance network of the axial flux machine is adapted from
that presented in [8].
After the electromagnetic designing has been completed, the

machine characteristics, efficiency, losses etc., are solved and
finally, the feasibility of the design that is obtained is assessed
bymeans of thermal analysis. The thermal network of radial flux
machines has been discussed in detail in [8], [10]. The thermal
network of axial flux machines consists of 66 elements and has
been developed using the general cylindrical component that
has been presented in [11].
For finding the most appropriate designs for the task at hand,

the analytical design tools are utilized in combined with the
MATLAB optimization routines.
1) Optimization: An electric machine can be optimized

from various aspects: e.g. efficiency, mass, torque density,
and material costs. Here, the principal aim is to maximize
torque density, but this cannot mean that the efficiency is poor.
Thus, both of these quantities are chosen to be optimized by
multi-objective optimization, and their possible contradictions
are analyzed. However, as the torque is kept fixed, instead of
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Fig. 1. A single phase unit of a transverse flux machine.

maximizing the torque density, the total volume of the motor
is minimized.
In multi-objective optimization, there is no single solution

that simultaneously optimizes both objectives, but one gets a set
of optimal solutions, called a Pareto optimal front. The Pareto
optimal solutions are such that, when trying to improve an ob-
jective further, other objectives suffer as a result.
The NSGA-II genetic algorithm [12] from the Global Opti-

mization Toolbox ofMATLABwas used. As themulti-objective
genetic algorithm in MATLAB does not support mixed integer
optimization, the optimization routine had to be run separately
for different pole pair numbers.

C. Finite Element Analysis of Transverse Flux Machines

The complicated flux patterns of transverse flux machine are
difficult to capture by analytical means. Research on the topic,
however, is rather active and different solutions for representing
the leakage flux paths have been presented [13]. Here, instead of
analytical approach, a simple three-dimensional (3-D) numer-
ical analysis is used for finding the transverse flux machine de-
sign for the comparison purpose.
A three-phase transverse flux machine can be constructed

from three identical single phase units, such as the one given
in Fig. 1. Obviously, for being able to create 3-D model of a
machine, initial estimates for its dimensions must be found by
some means [2], [14]. First, the radial height, , of the mag-
nets is solved from [2]

(1.1)

in which denotes the relative permeability of the magnets,
their remanent flux density, the peak value of air gap flux

density and the air gap length. The peak value of flux density
is set to be 0.8 T, the air gap length and the remanent flux density
of the magnet grade being 2 mm and 0.9962 T, respectively.
While the magnet height and air gap length have been settled,

the value of linear current density for the modeled geometry is
solved from

(1.2)

in which denotes the tangential stress and the ratio
of circumferential magnet width to the circumferential pole
width, i.e. here 0.7. This value is later employed to estimate the
total current density in the phase winding from the dimensions
of the stator. Estimates for the rotor outer diameter and rotor

TABLE I
DEPENDENCIES BETWEEN DIMENSIONS OF STATOR U- AND I-CORES, ROTOR

CORES AND PERMANENT MAGNETS

length are defined first based on the tangential stress acting on
the rotor. The dimensions of stator U- and I-cores and rotor
cores depend on those of permanent magnets as shown in
Table I, in which , , , and denote the cir-
cumferential widths of the stator U-core teeth, the stator U-core
yoke, stator I-cores, and permanent magnets, respectively.
Furthermore, denotes the axial length of the stator U-core
teeth, the height of the stator U-core yokes, the height
of the rotor cores, the height of the stator I-cores and
the axial length of the permanent magnets. The axial length of
the stator phase coil is adjusted according to the dimensions of
the stator U-cores. The slot height is then defined based on the
allowed current density in the slot. Here, the current density
in the stator coil should not exceed 3 . A rather low
limit for the current density is given in order to ensure that the
magnets do not overheat.
After the initial estimates of the dimensions are known, a

multi-static FEM solution of the magnetic field , for a rotor
positions that cover one pole pair, is executed. Magnetic vector
potential , such that , is solved from

(1.3)

in which denotes reluctivity, coercive field strength, and
current density. The torque production capability of themachine
is solved from the field solution. If needed, the dimensions are
adjusted and the multi-static analysis repeated until the target
torque value is reached.
Comsol Multiphysics is used to compute the magnetic fields

[15]. The approach taken to the designing of the transverse
flux machine is an approximate one and the optimization and
more detailed analysis of this machine type is a topic of further
investigations.

III. RESULTS

A comparison between the radial and axial flux designs is
presented in the first section. These designs were obtained by
looking a maximum torque density with a good efficiency,
preferably above 0.92. In the second section, the torque density
of 20-pole-pair radial, axial and transverse flux machines is
discussed.
The design process of all the machine topologies was carried

out keeping the tangential stress constant, its value being 14000
Pa. During the optimization of radial and axial flux machines,
the peak magnetic flux density in the air gap, the current density
in stator conductors, , i.e. the ratio of axial length to rotor
outer diameter, , i.e. the ratio of stator inner diameter to
its outer diameter, and air gap length were allowed to vary as
tabulated in Table II. Table II summarizes the input parameters
that were used for designing the transverse flux machine, too.
Throughout the study, the total volume was evaluated from

(1.4)
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TABLE II
INITIAL CONDITIONS OF DESIGN AND OPTIMIZATION

TABLE III
AND FOR THE DIFFERENT TOPOLOGIES

Fig. 2. Pareto optimal fronts of efficiency and total volume for radial flux
topology. Legend denotes the number of pole pairs in the machine.

in which denotes the outer diameter of the motor, the
total axial length of the machine. Definitions of and for
the investigated topologies are given in Table III, in which
denotes the stator outer diameter, the rotor outer diameter,

the length of end winding, and the core length.

A. Pareto Optimal Fronts of Radial and Axial Flux Topologies

Total-volume versus efficiency Pareto optimal fronts for ra-
dial and axial flux machines are shown in Fig. 2 and Fig. 3, re-
spectively. It can be seen from Fig. 2 that if a compact yet suf-
ficiently energy efficient radial flux machine is aimed at, for the
given specification, the pole pair number should be between 8
and 10. With lower pole pair numbers, a good efficiency is ob-
tainable but at the expense of total volume. If, again, the pole
pair number is above 10, the efficiency starts to descend. This
is partly due to the increasing supply frequency as the operation
speed was kept constant throughout the study.
The fittest axial flux designs in terms of efficiency and size

have 10 to 12 pole pairs. As in the case of radial flux designs,
it is possible to attain a sufficient efficiency with lower pole
pair numbers but not a very compact size. This originates partly
from the low supply frequency. In addition, the end windings of
the lower-pole-pair designs become lengthy in comparison with
those of the higher-pole-pair ones. With a pole pair number 16
and above, the losses in the core of the machine become more
dominant due to the increased frequency.
In general, the results shown in Fig. 2 and Fig. 3 support the

known fact; increasing the size of a machine is a straightforward

Fig. 3. Pareto optimal fronts of efficiency and total volume for axial flux
topology. Legend denotes the number of pole pairs in the machine.

Fig. 4. Masses of active parts of 10-pole-pair radial flux machines in the Pareto
optimal front of Fig. 2.

Fig. 5. In the optimized results, masses of active parts of 10-pole-pair axial
flux machines.

approach to improve its efficiency. Therefore, the efficiency and
torque density are contradicting qualities.
The masses of the active parts for the radial and axial flux de-

signs, from the Pareto optimal fronts, with a pole pair number
10 are depicted in Fig. 4 and Fig. 5, respectively. Evidently, the
amount of copper correlates with the efficiency; themore copper
the lower current density and the less resistive losses in the stator
windings. A larger winding occupies a greater space that in-
creases the amount of stator iron in the machine, too, as seen
from Fig. 4 and Fig. 5. The masses of magnets and rotor iron,
instead, are pretty fixed. Clearly, an optimum for the magnet and
rotor iron mass is found.

B. Torque Density of 20-Pole-Pair Radial, Axial and
Transverse Flux Machine Designs

Next the torque density of 20-pole-pair radial, axial and trans-
verse flux designs is discussed. A high pole pair number was
chosen for this comparative study because the characteristics
of transverse flux machine improve with increasing number of
poles. Based on the previous results, this selection is not in favor
of the two other topologies but is justified by the fact that the
transverse flux design is not a result of any optimization process.
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Fig. 6. Torque density of 20-pole-pair, 10-kW, 200-rpm radial, axial and trans-
verse flux machines. Left: the most compact radial and axial flux designs from
the Pareto optimal front of Fig. 2 and Fig. 3. Right: The bars of radial and axial
flux machine, from the most energy efficient 20-pole-pair-designs.

The torque densities that were evaluated based on the total
volume, (1.4), are presented in Fig. 6. Both the most compact
and most energy efficient 20-pole-pair designs of the radial and
axial flux machines were chosen for this comparison from the
results that are depicted in Fig. 2 and Fig. 3. It can be seen from
Fig. 6 that with the given initial conditions and approach of anal-
ysis, the radial flux topology yields the highest torque density.
Interestingly, this is the case for even if its size is not the op-
timum. When comparing the axial and transverse flux machine,
the most compact axial flux machine outperforms the transverse
flux design whereas for the most efficient axial flux machine the
opposite is true.

IV. DISCUSSION AND CONCLUSION

In this work, the properties and particularly the torque density
of radial, axial and transverse flux machine topologies was as-
sessed studying a single 10-kW, 200-rpm examplemachine. The
radial and axial machines were designed by means of in-house
analytical tools in combined with genetic multi-objective op-
timization. Only a single transverse flux machine design was
considered. The reason for this is that the complex flux patterns
of this machine type are rather difficult to capture with analyt-
ical reluctance network based approaches and 3-D analysis of
magnetic field quickly comes into question. More detailed in-
vestigation of the characteristics of transverse flux motors is a
topic of further research.
Based on the Pareto optimal fronts it could be concluded that

the best radial fluxmotor designs in terms of efficiency and com-
pactness have a pole pair number from 8 to 10. The axial flux
topology was found to perform the best with pole pair numbers
10–12. The lowest pole pair numbers were found to be the least
feasible when a compact yet energy efficient solution is sought
after. In general, whereas compactness is aimed at the efficiency
may become compromised.

The most compact and most efficient 20-pole-pair radial and
axial flux designs were extracted from Pareto optimal fronts
and compared with the 20-pole-pair transverse flux design.
According to the results, the radial flux topology yielded the
highest torque density with the given initial conditions and
constraints. Based on the previous literature published on
the matter, the torque density of the transverse flux machine
appears to be low. There is, however, a natural explanation for
this result. The transverse flux machine was designed for the
same total tangential stress as the other topologies. This was
done in order to investigate the differences originating from
the orientation of the windings and cores and consequently of
the main flux. As higher tangential stresses may typically be
allowed in transverse flux machines than in radial and axial
ones, the transverse flux design that was presented could be
enhanced further in terms of its compactness.
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