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Abstract: This paper presents a prototype of a low-cost two-phase axial-gap transverse flux generator,
in which the magnetic and electric circuits have been made of reused materials, and the stator housing
has been manufactured by 3D printing of plastic. Therefore, this work presents as a novelty the
combination of the novel transverse flux topology and two challenging trends in electrical machines
manufacturing, such as reusing of components and additive manufacturing. Axial-gap transverse flux
machines potentially enable the combination of two of the main advantages of axial flux machines
and transverse flux machines, i.e., short axial length and a high number of poles. The two-phase
arrangement with shared air gap is of great interest in order to reduce further the axial length while
avoiding the use of magnetic materials in the rotor, such as iron or soft magnetic composites. However,
the equivalent air gap might be large, with significant leakage and fringing effects as the magnetic
flux closes through the air. Therefore, in this paper the accuracy of the analytical equations and the
magnetic equivalent circuit is firstly investigated. The two-phase axial-gap transverse flux machine is
prone to misalignment between phases and rotor imbalances that alter the air gap length, so these
effects have been included in the simulations with the finite element method. Experimental tests have
been conducted throughout the investigation, from the prototype characterization to the steady-state
operation, both with no load and with resistive loads.

Keywords: transverse flux machines; prototype; 3D printing; additive manufacturing; electric
generator; finite element method

1. Introduction

Transverse flux machines (TFMs) have been proposed in the electric machinery lit-
erature for many low-speed, high-torque applications, from electric vehicle powertrains
to wind power generation [1,2], with particular interest in direct-drive systems [3]. TFMs
enable the allocation of a high number of poles, due to the decoupling of the magnetic
and electrical loadings, thus resulting in a high torque density. However, TFMs are still
challenging in terms of manufacturing (tolerances and materials) and control (high torque
ripple and low power factor).

Most of the electric machinery design methodologies are based on some basic steps:
definition of the machine specifications, selection of the topology, analytical and/or finite
element (FE) modeling, optimization, and finally prototyping and experimental tests. The
prototype construction and testing are key stages, as they serve in most cases to validate
the design methodology or to go further in the analysis.

In the field of TFMs, some remarkable TFM prototypes can be found in the recent
literature. In [4], a TFM with a claw-pole stator is proposed and experimentally validated as
a motor for robotic applications. Several inner- and outer-rotor TFM prototypes are deeply
analyzed and tested in [5–7]. The authors of [8] propose a two-phase TFM with skewed
permanent magnets (PMs) and shared-border pole stator, showing a 2.6% error between
the FE and the experimental effective value of the back electromotive force (back-EMF).
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A TFM with a single-row of magnets (i.e., with half the magnets of conventional TFMs)
is proposed in [9]. Under no load, the magnetic equivalent circuit and tests show a 9%
discrepancy in the back-EMF, but FE analysis and tests show a perfect agreement. Under
load, the FE versus experimental error becomes higher, and the same conclusion is drawn
in [10].

In [11] two double-stator, flux-concentrating TFM prototypes with E- and quasi-U-
shaped cores and variable air gap are tested after FE-based optimization—for cogging
torque minimization—using the Taguchi method. A similar approach is used in [12]
regarding Halbach arrays and stator elements optimization, and the topology is further
investigated in [13] to reduce the cost and improve its thermal behavior. In [14] a passive
rotor, flux-concentrating TFM is optimized with more design variables and objective
functions, thus several well-known approximation models are used in order to reduce the
computation cost. In this case, the errors in the generated power lie between 13 and 20%
when comparing FE analysis and experiments.

According to the literature, there are some manufacturing defects that can affect
significantly the performance of TFM prototypes. For example, in [15] the air gap between
radial and axial cores and the angle error between rotor teeth and PMs result in a back-EMF
peak value deviation around 9% from FE simulations. Moreover, the non-uniformity of
the air gap causes an asymmetry between the fundamental waves of the back-EMF in the
three phases, and the misalignment of the rotor elements is associated with angular shifts
between phases other than ideal (120 electric degrees for three-phase machines) [16]. In [17],
the PMs weakening and the increase in the armature winding due to heat are also pointed
out as potential sources of error.

In multiphase stacking arrangements, the axial gap between phases can also affect
the back-EMF amplitude [18]. The authors of [19] present a four-single-phase TFM with
combined teeth, i.e., with no axial gap between each single-phase module. This topology is
a flux-concentrating TFM with soft magnetic composite (SMC) cores, and its manufacturing
and materials uncertainties are deeply studied in [20]. On the rotor side, the contact
between PMs and the SMC cores might not be perfect, with small air gaps; the grinding of
the SMC components might create a conducting skin; and the rotor body, made of titanium,
could behave as an electrical conductor even though ideally it is not in the magnetic circuit.
On the other hand, de-burring of the stator SMC cores might create more conducting skins,
and segmentation of the stator cores might cause an elliptical outer geometry and small
gaps between the stator segments. Furthermore, the iron losses on the machine SMC cores
might differ from samples used to determine iron losses coefficients. There is a 23.7%
errorbetween the FE and experimental back-EMF due to these manufacturing and material
uncertainties. The authors of [21,22] describe similar problems (parasitic air gaps, oxidation
layer in the SMC poles, and non-uniform air gap), and their experimental and simulation
results show good agreement (the assembly effects are included in the simulation results).

Mechanical stability is also a critical aspect when manufacturing electric machines
with disk-shaped rotors, as the high value of their diameter-to-length ratio make them
to be strongly exposed by the inclined rotor fault [23]. In [24] the vibration and noise
response of the TFMs proposed in [11,25] is measured with the help of an accelerometer
and a microphone. Static and dynamic eccentricities of the TFM proposed in [9] are further
studied in [23], and the severity of a dynamic eccentricity is evaluated experimentally.

Additive manufacturing (AM) has been recently introduced in the field of electrical
machines in order to overcome the limitations of traditional manufacturing techniques
and their effects on electric drives design and performance. In [26], a discussion about
the technical and process challenges using conventional techniques in electrical machines
manufacturing is presented, and several solutions are proposed based on additive man-
ufacturing opportunities. Three main lines of research for AM in electrical machines are
profusely described in [27,28], namely: mechanical assembly and thermal management,
magnetic materials and winding, and insulation materials. The technology maturity is
low at the moment, especially for the active parts (coils, cores, and PMs) when compared
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with the passive parts (thermal and mechanical); however, AM enables further devel-
opment of asymmetrical and special purpose machines against conventional induction
and synchronous machines [29]. Despite the high potential of TFMs as special purpose
machines with high torque density, few attempts have been made to introduce AM in
TFMs construction. Three dimensional printing of plastic has been proven as a flexible and
effective technique for the stator and/or rotor housings construction in some low-cost TFM
prototypes [30–32].

Moreover, the industrial demand of electric motors and generators is constantly
increasing, due to the worldwide expansion of new technologies such as electric vehicles
and renewable power plants. In this context, the circular economy is currently a major
concern for citizens and governments in order to reduce pressure on natural resources. For
example, the European Commission identifies electrical equipment and vehicles as “key
product value chains” in their Circular Economy Action Plan [33].

The electric machinery design models are mainly focused on high performance and
compliance with specifications, and they rarely include design criteria related to sustain-
ability. In [34], some ideas for subsequent recycling of the machines are given, such as
the use of SMC cores, SmCo magnets, and stator segmentation. Specifically, a claw-pole
TFM is proposed as a favorable topology to include these design issues, and it is compared
with a reference machine. Moreover, some electric machines—or at least some of their
components—can be directly reused in a different application: for example, after the end-
of-life-cycle of an internal combustion engine, the rotor of a claw-pole alternator can be
introduced in a conventional stator to build a small PM synchronous generator for wind
energy harvesting [35].

The aim of this work is to present the feasibility of reused components and additive
manufacturing in a novel TFM topology, such as the two-phase axial-gap transverse flux
machine. The TFM prototype is fully characterized through experiments in order to validate
the TFM construction and performance, and the accuracy of the analytical equations, the
magnetic equivalent circuit and the finite element method is also investigated.

This paper is structured as follows. In Section 2, the design process of the low-cost
two-phase axial-gap transverse flux generator (TPAGTFG) is described. In Section 3 the
steady-state operation of the prototype is validated using analytical equations, the magnetic
equivalent circuit, the finite element method, and experimental tests. Finally, in Section 4
the conclusions of this work are presented.

2. Design of a Low-Cost Transverse Flux Generator Prototype

The TPAGTFG proposed in this paper is designed to be built exclusively with reused
materials, except the 3D-printed stator housings, so this is the only component of the
prototype cost. The introduction of reused components aims to reduce significantly the
cost—and the amount—of raw materials that are needed, and this can be of particular
importance in TFMs, where cost and materials optimization plays a major role to compete
with conventional induction and synchronous machines. More specifically, the basic U
and I cores that characterize TFMs can be obtained from transformers, as both machines
account for similar magnetic circuits. The application of reused components imposes some
dimensions, therefore adding some constraints to the machine sizing, but it might be the
price to pay for aligning electrical machines design with sustainability and circular economy
goals. Moreover, the constraints imposed by the introduction of some reused components
can be compensated by the flexibility of new additive manufacturing techniques that open
the way to new geometries and materials.

In this work, the stator iron cores proceed from six small transformers previously used
in old-fashioned halogen spotlights (Figure 1a) that have been recently replaced by LED
technology. The windings and the central iron column have been removed with cutting
tools from the initial iron blocks, then the U and I cores needed for the TFM construction
are obtained (Figure 1b). The welds between the U and I cores have also been eliminated
by cutting. Moreover, the stator copper, the PMs, the rotor housing (made of methacrylate),
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and the mechanical support (axis, bearings, pulleys, and belt) come from different academic
end-of-degree projects and master’s theses, and the drive motor is a starter DC motor from
an old car. Finally, the stator housing is manufactured by 3D printing using polylactic acid
(PLA), a widely used filament material in the field of 3D printing that is recyclable and
biodegradable. Figure 2 shows an overview of the TPAGTFG prototype.

(a) (b)

Figure 1. (a) Reused transformer from a halogen spotlight. (b) Main dimensions of the transformer
cores, with removed winding and central iron column.

Figure 2. An overview of the TPAGTFG prototype.

2.1. Discussion on Transverse Flux Topologies

Figure 3a depicts one pole pair of a basic TFM in its linear version. The U-shaped stator
core guides the magnetic flux from one PM to another, embracing the coil. Moreover, TFMs
sometimes include some magnetic shunts, also named I cores or bridges (Figure 3b), that
reduce the “negative flux” of the inactive magnets (those magnets that are not below the U
cores in a given time). From this basic structure, a plethora of multi-pole and multi-phase
TFM arrangements can be defined.

Figure 4 shows the most common transverse flux topologies for one pole pair and one
phase stack, regarding the stator, rotor, and air gap arrangements. Double-sided stators
require complex supports, and the assembly of many small pieces may become intricate,
so these topologies are initially dismissed for the low-cost prototype of this work. Among
the single-sided arrangements, the flux-concentrating options and the surface-mounted,
radial gap options are also dismissed because they need a magnetic path through the
rotor, thus iron or SMC pieces are required, increasing the number of small pieces and so
the complexity of the assembly process. Therefore, single-sided, surface-mounted, and
axial-gap TFMs are selected for further research. As there is no iron or SMC path through
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the rotor, synthetic materials such as glass or plastic can be used exclusively for the rotor
manufacturing, at the cost of a higher equivalent air gap (air plus magnets). However, such
rotors may be lighter than the conventional ones.

(a) (b)

Figure 3. Basic TFM structure of one pole pair: (a) with no magnetic shunt and (b) with mag-
netic shunt.

Figure 4. TFM topologies for one pole pair and one phase.

In this work, the starting point for the generator design are six transformers from
halogen spotlights, as previously shown in Figure 1a. Each transformer core is made up
of 64 iron sheets of 0.5 mm thickness, as shown in Figure 1b. Table 1 shows different
combinations of the number of phases (m) and pole pairs (p), based on the available
materials. According to (1), the number of U cores (u) is related to the number of “cuts”
per transformer (c), i.e., the number of iron sheet “bundles” that are taken from each
transformer core. Each iron sheet bundle has an axial length (Lu) given by (2). Moreover,
there are different combinations of the number of phases and pole pairs, according to (3).
All the proposed options in Table 1 have the same iron mass and torque, as the rated torque
(T) of a TFM is approximately proportional to Lu, m, and p (4). N is the number of turns per
phase, Bg,avg is the average flux density in the air gap, Hul is 10 mm as shown in Figure 1b,
and Iq is the stator current in the quadrature-axis.
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u = 6c (1)

Lu = 0.5ceil(64/c) (2)

p = u/m (3)

T ≈ m
2

p(NpBg,avgLu Hul)Iq (4)

Single-phase topologies have been widely studied in the TFMs literature since the end
of the 20th century, when TFMs started to gain more attention among researchers. Moreover,
single-phase TFMs have no starting torque in motoring mode, as they usually work as
synchronous machines. For these reasons, in this work single-phase TFMs have been
dismissed. Moreover, most of the conventional three-phase TFMs in the literature show
a stacking arrangement, i.e., three equal single-phase blocks that are axially stacked and
circumferentially shifted in order to form an accurate multi-phase arrangement. This leads
to TFMs with a high axial length, and this might not be adequate for some applications
with space limitations, so other configurations should be investigated to address this
problem. Consequently, among the two-phase topologies, the shared-gap arrangement (see
Figure 5a) is preferred against the non-shared gap arrangement (Figure 5b), because the
same air gap serves for both A and B phases, so the axial length of the machine might be
reduced. Moreover, the PMs and the coil do not compete for the same space in a given slot
size, potentially enabling higher electric and magnetic loadings.

Table 1. Available options for the TF generator design.

c u Lu (mm) m p

1 12
2 12 16 2 6

3 4

1 18
3 18 11 2 9

3 6

1 24
4 24 8 2 12

3 8

(a) (b)

Figure 5. (a) Shared-gap and (b) non-shared-gap arrangements for two-phase, axial-gap TFMs.

2.2. Proposed TPAGTFG

The two-phase, axial-gap TFM combines some features of the axial flux machines
(short axial length) and the transverse flux machines (high number of poles), while keeping
a non-zero starting torque due to the 90-degree shift between phases. This topology has
been previously described in [36], but only a computational study was performed. Table 2
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shows the main dimensions and ratings of the proposed TPAGTFG prototype. The rated
speed is 500 rpm, so nine pole pairs have been selected, from among the previous options
shown in Table 1, leading to a fundamental frequency below 100 Hz. At higher frequencies
the iron losses and the eddy current losses in the PMs could become important [37]. The air
gap length has been set to 10 mm in order to avoid excessive cogging torque and vibrations
that could affect the plastic-made stator housing stability and the rotor eccentricity. This low-
cost prototype with reused materials serves only as a first approximation to the topology,
so the air gap length could be reduced in more advanced TPAGTFG models with more
robust materials and precise manufacturing tools in order to increase the machine ratings.
Moreover, the characterization of the PMs is of great importance, since the flux linkage
produced by the PMs significantly affects the machine performance, even under no load.
The remanent flux density of the PMs shown in Table 2 has been measured with the help of
a gaussmeter, resulting in 0.6 T. It is a quite low value for NdFeB magnets, and it can be
attributed to uncertainties, defects, or poor quality during manufacturing.

Table 2. Main TPAGTFG dimensions and ratings.

Number of phases 2 Air gap length 10 mm

Rated speed 500 rpm PMs remanent flux density 0.6 T

Number of pole pairs 9 PMs axial length 12.5 mm

Fundamental frequency 75 Hz PMs diameter 10 mm

Outer diameter 250 mm Number of turns per phase 144

Axial length 150 mm Wire diameter 1.45 mm
(AWG15)

The CAD model of the proposed TPAGTFM is shown in Figure 6. The iron cores of
phases A and B are shifted 90 electrical degrees in order to obtain an accurate two-phase
arrangement. To minimize the rotor eccentricity, two disks made of methacrylate have
been screwed to the rotor housing (see Figure 6a). Moreover, the stator housings have been
divided into four parts due to limited space in the 3D printer plate, so they must be joined
with screws through the ribs, as shown in Figure 6b. Due to 3D printing facilities, it is
possible to leave some holes in the stator housing to improve the air circulation from the
stator coils to the outside.

(a) (b)

Figure 6. CAD model of the proposed machine: (a) exploded view and (b) stator detail.

2.3. Prototyping and Characterization

Table 3 shows the main parameters of the 3D printer setup for the prototype con-
struction. These were based on typical values for PLA and previous experience. It should
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be noted that the mechanical stability of the stator is determined by the printer infill, the
material properties, and the machining precision. Figure 7 shows the TPAGTFG prototype
in more detail. After the assembly and subsequent adjustments, three manufacturing
defects have been detected in the prototype: the electric angle between the phases is higher
than 90 electrical degrees (misalignment), the air gap length is slightly higher in one of
the phases (run-out fault), and the rotor is not strictly perpendicular to the rotation axis
(inclined rotor fault). These kind of defects have been previously found in other TFM
prototypes, as stated in Section 1. More specifically, according to the measurements using a
caliper, the angular misalignment is 4.5 mechanical degrees, the air gap lengths are 9 and
11 mm (eccentricity factor 10%), and the rotor angle with respect to the axis is 89 degrees.
The misalignment and the run-out fault have been included later in the finite element
analysis, and the inclined rotor fault has been neglected. The machine with no defects will
be called “initial design”, whereas the machine with defects will be called “prototype”.

Table 3. Main parameters of the 3D printer setup.

Printing speed 20 mm3/s Bed temperature 70 °C

Infill 30% Nozzle temperature 200 °C

(a) (b)

(c) (d)

Figure 7. Detailed views of the TPAGTFG prototype: (a) overview, (b) the two stators with 90 electrical
degrees shift, (c) one of the stators and the rotor during the assembly, and (d) stator and rotor with
the iron cores, before and after removing the central iron column and the welds.

Furthermore, the B-H curve of the iron sheets has also been measured in a test sample:
the material properties are unknown because the iron sheets come from reused transformers.
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Figure 8a shows the experimental setup, based on a R-C series circuit. The H field in the
secondary winding (H3) can be calculated with (5), i.e., the solution of the magnetic circuit
in Figure 8b for branch number 3. The corresponding B field (B3) is given by the R-C
series circuit connected to the secondary side (6). N1 and N2 are the number of turns of the
primary and secondary winding, respectively; R1 and R2 are the series resistances of the
primary and secondary; UR1 is the voltage drop across R1; L3 and S3 are the length and the
cross-section of branch number 3 in the magnetic circuit; C is the series capacitance at the
secondary winding; and UC is the voltage drop across C. Finally, the experimental B-H
curve is shown in Figure 8c, where the relative permeability has also been depicted.

H3 =
18N1UR1

117R1L3
(5)

B3 =
R2CUc

N2S3
(6)

(a) (b)

(c)

Figure 8. B-H curve measurement: (a) experimental setup, (b) magnetic circuit, and (c) B-H curve.

Copper windings are characterized by its resistance and inductance. The toroidal coil
of conventional TFMs can be defined by the mean fiber diameter (Dc), the cross-section area
(Scs), and the fill factor (k f ), so the resistance (R) is given by (7). For a given characteristic
length of the cross-section (Dcs), and if the wire diameter is Dw, the fill factor depends on
whether the cross-section is circular (8) or square shaped (9). Table 4 shows the experimental
results of the resistance measurement: the square-shaped cross-section adapts better than
the circular one to our handmade winding, and in fact the fill factor is quite close to the
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optimal for 144 turns [38]. The synchronous inductance of the proposed TPAGTFG cannot
be calculated analytically with great precision, because the leakage and fringing effects
might be significant in the air gap, so it has been measured with an impedance meter.

R = N2 ρπDc

k f Scs
(7)

k f c = N
(

Dw

Dcs

)2
(8)

k f s =
π

4
k f c (9)

Table 4. Coil parameters.

Mean fiber diameter 145 mm Resistance (calculated) 0.667 Ω

Characteristic length 17 mm Resistance (measured) 0.662 Ω

Fill factor (square section) 0.823 Synchronous inductance
(measured) 7.76 mH

Optimal fill factor for
144 turns 0.837 Synchronous reactance at

500 rpm 3.65 Ω

3. Validation of the TPAGTFG Steady-State Operation

The TPAGTFG prototype has been validated during steady-state operation, using
analytical equations, the magnetic equivalent circuit (MEC), and the finite element method
(FEM). The phases misalignment and the rotor run-out fault have been included in the
FEM model to analyze their influence. Moreover, experimental tests have been conducted
throughout the investigation, both with no load and with several resistive loads. The MEC
has been solved with MATLAB-Simulink, and the FEM software is Flux3D, from Altair.

3.1. Analytical Equations

If the flux density distribution in the air gap is assumed to be rectangular, the peak
value (Bg1,pk) and the mean value (Bg1,avg) of the first harmonic can be estimated by (10)
and (11). Br is the remanent flux density of the PMs, WPM is the axial length of the PMs, G
is the air gap length, and km is the fraction of the poles covered by the PMs. km is different
for the upper and lower PMs, as the circumferential pole pitch increases with the radius,
so the mean value for the upper and lower PMs has been used. Therefore, the PMs flux
linkage (ΨPM) and the back-electromotive force (back-EMF, E0) can be calculated with (12)
and (13), where N is the number of turns, p is the number of pole pairs, SPM is the PMs
cross-section, SU is the U-core cross section, and n is the mechanical speed in rpm. The
analytical results are shown in Table 5.

Bg1,pk =
4
π

Br
WPM

WPM + 2G
sin
(

km
π

2

)
(10)

Bg1,avg =
2
π

Bg1,pk (11)

ΨPM = NpBg1,avg
SPM + SU

2
(12)

E0 =
1√
2

n
2π

60
pΨPM (13)
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Table 5. Results of the analytical calculations.

Average flux density in the air gap (Bg1,avg) 0.093 T

PMs flux linkage, peak value (ΨPM) 0.0113 Wb

Back-EMF, RMS value (E0) 3.77 V

3.2. Magnetic Equivalent Circuit

Magnetic equivalent circuits (MECs) are generally used in electric machines design
and optimization due to their low computational cost, but their precision is lower than
that of the FEM. When dealing with axial flux machines and transverse flux machines, the
magnetic flux path is divided into volumes (prisms, cylinders, spheres, rings, and fractions
of them) and the conductances (G) are calculated using classical formulae [39]. In this work,
the following conductances have been used: prism with cross section wL and axial length
g (14), half-cylinder of axial length L (15), quarter-sphere with diameter g (16) and half-ring
with axial length L, inner diameter g, and width w with g < 3w (17). µ is the magnetic
permeability.

G = µ
wL
g

(14)

G = 0.26µL (15)

G = 0.077µg (16)

G = µ
L
π

ln
(

1 +
2w
g

)
(17)

Figure 9 illustrates the leakage, fringing and “back-coupling” conductance paths that
have been adopted in the proposed MEC of the TPAGTFM, based on preliminary FEM
simulations. Notice that the cylindrical PMs have been firstly transformed (18) in an
equivalent square prism (side LPM) with the same cross-section that the original cylinder
(diameter DPM). The back-coupling path corresponds to the rear faces of the PMs that are
not facing the iron core in the maximum linkage position: in these faces the magnetic flux
closes through the air. Furthermore, each of the flux paths is associated with a volume, as
shown in the left corner of Figure 9, where the half-cylinder and the quarter-sphere have
been depicted. Proceeding in a similar way with the rest of the flux paths, the MEC depicted
in Figure 10 is proposed. The flux paths of the TPAGTFM are decomposed as shown
in Table 6, and the reluctances of the MEC are calculated with (19)–(26): back-coupling
paths (RBC), permanent magnets (RPM), self-leakage of the PMs (RPM,LS), mutual-leakage
of the PMs (RPM,LM), U- and I-cores (RU , RI), gap (RG), and gap fringing (RG,F). The
magnetomotive force (HL) of the PMs is calculated with (27). Therefore, the flux Φ through
the air gap (the ammeter in Figure 10) and the flux linkage ΨPM can be obtained (28).
The MEC solution of the initial design is presented in Table 7. It is shown that the flux
linkage and the back-EMF obtained through the MEC are slightly lower than the analytical
calculation (Table 5). Here the leakage, fringing, and back-coupling paths have been
included in the model, and they have a non-negligible effect in the proposed TPAGTFM,
where the equivalent air gap is large and the magnetic flux closes through the air.

LPM =
DPM

2
√

π (18)

RBC =
1

GBC,1 + GBC,2
(19)

RPM =
1

GPM
(20)

RPM,LS =
1

4GPM,LS,1 + 4GPM,LS,2
(21)
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RPM,LM =
1

GPM,LM
(22)

RU =
1

GU
(23)

RI =
1

GI
(24)

RG =
1

GG
(25)

RG,F =
1

4GG,F1 + 4GG,F2
(26)

HL =
Br

µ
WPM (27)

ΨPM = NpΦ (28)

Figure 9. Leakage (left), fringing (center), and back-coupling (right) paths for the PMs and the
air gap.

Table 6. Decomposition of the flux path in volumes to calculate the conductances.

Group Nomenclature Conductance

Back-coupling paths GBC,1 Half-cylinder
GBC,2 Half-ring

Permanent magnets GPM Prism
GPM,LS,1 Half-cylinder
GPM,LS,2 Quarter-sphere
GPM,LM Half-cylinder

Iron cores GU Prism
GI Prism

Air gap GG Prism
GGF,1 Half-cylinder
GGF,2 Quarter-sphere

Table 7. Solution of the MEC for the initial design.

Average flux density in the air gap (Bg1,avg) 0.085 T

PMs flux linkage, peak value (ΨPM) 0.0105 Wb

Back-EMF, RMS value (E0) 3.48 V
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Figure 10. Magnetic equivalent circuit of the proposed TPAGTFG.

3.3. Description of the Finite Element Model

Figure 11 shows the meshed model of both the initial design and the prototype. The
boundary conditions are: zero magnetic field at infinity (it is set by the FEM software
through an “infinite box” transformation) and, for the initial design model, periodicity
along the pole pairs (see Figure 11a). The prototype model (Figure 11b) has an angular
shift of 130 electrical degrees between phases instead of 90 electrical degrees, so there is no
angular periodicity and the whole machine must be modeled. As the magnetic flux paths
are inherently three dimensional in TFMs, extruded mesh and second-order elements are a
good combination in order to save computation time while obtaining accurate results.
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(a) (b)

Figure 11. Meshed models: (a) initial design with the infinite box removed and (b) prototype with
the air volumes removed.

Furthermore, a mesh convergence analysis has been conducted over the initial design
geometry to verify that the elements size does not affect the flux linkage value. The
element size in a mesh line can be defined as a function of the number of elements in
each coordinate, and subsequently the effects on the results can be analyzed through a
parametric study. Figure 12 shows two cases in which the number of mesh elements along
x, y, and z coordinates has changed. As the mesh has second-order elements, there are no
appreciable deviations in the flux linkage values that are obtained, so the coarsest mesh
can be used in the following simulations, thus saving computation time.

(a) (b)

(c)

Figure 12. Mesh convergence analysis: (a) illustration of the coarsest mesh, (b) illustration of the
finest mesh, and (c) impact of the number of elements on the flux linkage.
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3.4. Magnetostatic Finite Element Model and Experiments

A magnetostatic FEM simulation has been run both for the “initial design” (with no
defects) and the “prototype” (with misalignment and run-out fault) in order to compare
the flux linkage and back-EMF values with the analytical calculations and the MEC. A
parametric study has been conducted to evaluate the effect of the PM flux density, given
by the PM material and the quality assurance in the manufacturing process, on the flux
linkage and the back-EMF. Figure 13 shows the results, both for the initial design and for
the prototype. As the air gap of the proposed TFM is large, the iron is not saturated and the
PMs flux linkage turns out to be linear with the remanent flux density: the same results
have been obtained with FEM with linear and nonlinear iron.

(a)

(b)

Figure 13. Magnetostatic FEM results with respect to the remanent flux density and comparison: (a)
initial design and (b) prototype.

According to Figure 13a, in the initial design and with no defects, the MEC and the
FEM show a very good agreement, and the analytical values are near 12% higher than the
FEM results. Therefore, in the proposed TPAGTFG prototype the flux linkage is mainly
determined by the remanent flux density of the PMs, the PMs volume, and the air gap
length, but the leakage, fringing, and back-coupling paths seem to have a significant impact
on the magnetic field distribution. In any case, their effects have been well captured by
the proposed MEC. The FEM simulation also shows that the flux density in the air gap
(Bg) is not sinusoidal (see Figure 14), as the previous first-harmonic analytical calculation
assumes, and in fact the flux density waveform is not the same in the lower and upper PMs:
the pole pitch length is 1.8 times higher in the upper PMs, and it affects the magnetic field
distribution via leakage and fringing. Moreover, the peak value of the flux density is 12%
higher in the analytical waveform; it is the same deviation as in the flux linkage.
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Figure 14. Flux density distribution in the air gap.

In Figure 13b the results of the FEM model of the “prototype” have been depicted,
together with the experimental results—in the latter case the flux linkage has been calcu-
lated from the no load test with (13). The misalignment and the run-out fault lead to a
deviation from the “initial design” FEM model about 17% in phase A and −10% in phase B.
Moreover, the FEM model of the “prototype” shows good agreement with the experimental
results: −8.5% error in phase A and −3.7% in phase B. The differences between phase A
and phase B in the FEM model with respect to the real prototype could be attributed to
some uncertainty when measuring the air gap in the assembled prototype with the caliper,
considering that the air gap length is both affected by the run-out fault and the inclined
rotor fault. Figure 15 shows a FEM analysis with respect to the air gap length: 9 and 11 mm
were adopted in the prototype characterization, but according the to the FEM model, the
real air gaps of the prototype might be around 8.4 and 10.7 mm.

Figure 15. Magnetostatic FEM results with respect to the air gap length.

3.5. Transient Finite Element Model and Experiments

Figure 16 shows the test bench for the TPAGTFM experimental validation. No load and
load tests have been conducted, the former to analyze the flux linkage and the back-EMF,
and the latter to obtain the output voltage with different resistive loads (unity power factor
test). In Figure 17, the back-EMF waveforms from the FEM model and the experimental
tests have been depicted. It is shown that the back-EMF is sinusoidal and the peak value is
slightly higher in the FEM model, as previously discussed. Moreover, it is shown that the
there is a shift between phase A and phase B around 130 electrical degrees, thus confirming
the angular misalignment that was detected during the prototype characterization. The
misalignment between phases could be reduced with more precise machining tools or
with a more resistant material against machining. Tables 8 and 9 show the comparison
of the flux linkage and back-EMF results from different methods. The error with respect
to the prototype measurements is lower than 10% in all cases except the MEC in phase
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A and the analytical calculation in phase B, where the error is near 20% and the machine
defects were not considered. Finally, Figure 18 shows the output voltage and current in
the unity power factor test (resistive load). The current density is lower than 0.5 A/mm2,
so the temperature raise due to copper losses does not affect the PLA stability. There is
a significant difference between phase A and phase B outputs due to the eccentricity of
the rotor, and it should be carefully controlled in future models of the prototype with the
use of more precise manufacturing equipment. The synchronous inductance (L) can be
calculated from the no load and load tests using the equivalent circuit of a synchronous
machine (29), and the obtained value is 8.5 mH, similar to the characterization value shown
in Table 4. As the rotor has no iron or SMC poles, the stator inductance is not affected by
the rotor position.

L =
1
ω

√(
E0

I

)2
− (R + Rload)

2 (29)

Figure 16. Test bench for the TPAGTFM experimental validation.

(a) (b)

Figure 17. Back-EMF waveforms of the FEM simulation and the experimental results of the prototype:
(a) phase A and (b) phase B.

Table 8. Flux linkage and back-EMF at 500 rpm: comparison for phase A.

Analytical MEC Magnetostatic FEM Transient FEM Experimental

ΨPM 0.0113 Wb 0.0105 Wb 0.0119 Wb 0.0116 Wb 0.0130 Wb

E0 3.77 V 3.50 V 3.99 V 3.86 V 4.33 V

Table 9. Flux linkage and back-EMF at 500 rpm: comparison for phase B.

Analytical MEC Magnetostatic FEM Transient FEM Experimental

ΨPM 0.0113 Wb 0.0105 Wb 0.0091 Wb 0.0088 Wb 0.0094 Wb

E0 3.77 V 3.50 V 3.13 V 2.92 V 3.13 V
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Figure 18. Output voltage and current in the unity power factor test.

4. Conclusions

The prototype of a two-phase axial-gap transverse flux generator with reused ma-
terials and 3D printing has been validated in this paper using analytical equations, the
magnetic equivalent circuit, the finite element method (magnetostatic and transient), and
experimental tests, with no load and with resistive loads. The prototype has a large air gap
in order to reduce the cogging torque and vibrations for mechanical stability.

After the prototype design and characterization, analytical equations and the magnetic
equivalent circuit have been proposed for the steady-state validation of the novel TPAGTFG
with no manufacturing defects, and they show a good agreement with the FEM model.
The static FEM simulations show that the flux linkage of the TPAGTFG mainly depends on
the air gap flux density and the PMs volume, even though in this topology the flux path
closes through the air. Moreover, the leakage, fringing, and back-coupling paths have a
non-negligible influence on the flux density distribution in the air-gap and, therefore, in
the back-EMF, but these effects have been modeled accurately by the proposed magnetic
equivalent circuit.

The angular misalignment of the phases and the rotor eccentricity (run-out fault and
inclined rotor faults) must be carefully considered during the manufacturing process of
such kind of transverse flux machines, and it requires precise manufacturing tools. Once
the manufacturing defects of the prototype are included in the finite element models, the
computational results show good agreement with the experimental tests.
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