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ABSTRACT This work presents an analytical methodology to design a permanent magnet transverse flux
generator using a reluctance circuit. Unlike other research, it fully indicates the details to design the rotor,
stator, and the air gap of the machine, with all its geometry. In the design section, special considerations
to determine the outer diameter of the rotor, and the accompanying pole pitch for the U-cores and I-cores
are presented. The proposal of an iterative algorithm using a reluctance circuit to calculate the turns of
the armature winding and curved trajectories of flux tubes to model the leakage flux that will allow the
synchronous inductance calculation also is presented. The proposed methodology allows determining the
performance and the lumped parameters of the generator. Furthermore, it provides evidence that with this
design it is possible to select the values of standard voltage for electric generators of this topology. The
analytical results of the magnetic flux densities, magnetic flux, lumped parameters, electromotive force,
terminal voltage, armature current, power factor, and efficiency are compared with 3D finite element method.
Analyzing these results, it is possible to verify the good agreement between them.

INDEX TERMS Analytical design, reluctance circuit, 3D finite element method, permanent magnet

synchronous machines, synchronous inductance, transverse flux permanent magnet generator.

I. INTRODUCTION
The first work which analyzed the permanent magnet trans-
verse flux generator was issued in 1986. The author, H. Weh
refers to it as a special topology with high torque density
and high-power density, which are ideal for low-speed direct
drives. The focus is on the operation as a motor searching for
the production of a high-power density rotor. Additionally,
it reviews all the simple topologies, double stator, U-core,
I-core, V rotor, and intermediate rotor [1]. The already men-
tioned work does not specify the design and does not com-
pare the results with the Finite Element Method (FEM).
To summarize, it deals with an electric machine with per-
manent magnets in the rotor, ferromagnetic core (rotor and
stator), an armature coil, and a path of excitation magnetic
flux which is characteristic of this particular machine.

The denomination of electric machine of transverse-flux
topology appears eleven years later [2], [3]. From that
moment on, the authors focused on the operation as traction
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motors, coinciding with the proposal of possible types of coils
for the different types of cores, simple and double (U, C, E,
I, and claw pole) trying to obtain high-density torque [4]-[7].
Summarizing, it is studied the transverse topology to operate
as a generator, as compared to other radial and axial flux
topologies [8] and concluding that the transverse flux topol-
ogy has lower cost and higher torque density. Continuing
with the use of this kind of machine as a generator, in [9]
it is compared the transverse flux topology with the tradi-
tional radial flux, establishing four differences, and deter-
mining as the best topology the transverse flux one in terms
of cost, mass, loss of copper, and densities (power, torque,
and cost). Then, it is proposed a reluctance circuit with a
non-iterative algorithm for design a transverse flux perma-
nent magnet generator, TFPMG of low speed, 5 MW, and
2.7 kV. Afterward, and with the intention of extensive use in
wind power generation, light generators are proposed [10].
However, the characteristics of the generator under study are
10 MW, 10 rpm, and 13.89 A. Nothing is said about the
terminal voltage, which should remain within the medium
voltage for the power and current. Besides, the numeric
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validation used 2D FEM, which is not appropriate for this
kind of topology because of the path of magnetic flux, as this
type of machine does not present symmetry axial for a 2D
analysis. Additionally, the model proposed considers perma-
nent magnets installed in the twisted U-core of the stator.
Moreover, the armature coil is also installed in the same core,
making it a complicated construction machine, according to
the authors. Both in [9] and [10] the stator topology is twisted
U-core.

To avoid deformations in the materials near the air
gap region, it is suggested a magnetic flux density of
around 1 T [11].

A prototype of a generator coupled to a wave and tidal
mechanism was built applying the transverse flux typology,
the stator is a C-core with teeth [12]. Although it is also a
permanent magnet direct drive generator, in this particular
case it was coupled to a marine device with a gearbox to
operate in ranges of 5 to 40 rpm, 15 kW, which achieved
an efficiency of 88%. Nothing is indicated concerning the
voltage of terminals and it is a very particular device as
the rotor outer diameter is 6 m, this diameter attends to the
required dimensions for the device coupling. It is interesting
that during the designing process, reluctance networks to
estimate dispersion fluxes were raised and it is used Ampere’s
law to estimate the magnetic inductions and magnetic flow in
specific points.

It is important for this research is the approach of the
elliptical cross-section of the stator U-core, it has been esti-
mated that it reduces the use of materials and it improves the
distribution of the magnetic-flux density vectors in the core
itself [13]. There, what is exposed in [9], selecting one of the
topologies the author suggests, modifying the twisted U-core.
Those authors worked on a 3 MW, 15 rpm, medium voltage
machine.

A transverse-flux typology three-phase generator,
of strange geometry, with terminal variables of 3.5 kW, 280V,
and 12 poles [14] is of particular interest as it is a low voltage
machine with usual nominal characteristics concerning its
low voltage, except for the voltage, but it validates the work
concerning the voltage selected by the authors.

Subsequently, a simpler topology is proposed with a
U-core machine and with a transverse elliptical section and a
flux concentration rotor [15], which the authors denominated
fall-back rotor. It is only shown the resulting generator of a
very low tension on the terminals, 21.95 V and 954.82 W
of power, which is compared to a permanent magnet trans-
verse flux generator, with rectangular cross-section and a
rotor without flux concentration. Lumped parameters or
losses are not considered. Regarding the latter, the research
work [1], [4], [8], [9] does not compare the analytic cal-
culation with FEM. An external fall-back rotor topology,
with similar results, is presented by the same authors
of [15] in [16].

As for the radial flux topology, there are design books
[17]-[19], from where can be taken some suggestions the
equations for this paper. In [7], [19], both authors explore
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a TFPMG with an outer rotor, where it is indicated that for
design the transverse flux topology, it would be enough to
focus only on one phase. It is possible because this machine
is modular concerning the number of phases, its armature
winding are independent, there is no coupling among phases
and during its construction, they must be properly assembled
to achieve the angular displacement among phases.

The present research proposes an analytical methodology
to design a TFPMG of 380 V (220 V per phase), 10 kW,
and 300 rpm. The main contribution of this paper is an
iterative algorithm that uses a reluctance circuit to calculate
the turns of the armature winding and curved trajectories of
flux tubes to model the leakage flux. This algorithm allows
the calculation of synchronous inductance, magnetic flux
densities, and magnetic flux considering the core saturation.
Furthermore, with the magnetic flux densities, it is possible to
obtain the losses and the efficiency of TFPMG. The algorithm
also determines the resistance and the mass of the generator.
In addition, geometrically, the external diameter of the rotor
is calculated taking into account the geometry of the cross
section of the U-core. In this methodology, both the U-core
and the I-core are proposed not considering the total extension
of the polar pitch. The I-cores are considered to improve the
performance of the generator [20].

Besides, it is important to notice that the design tension
level, in contrast to the studies already mentioned, is of a
standardized level for electric machines [21]. Finally, the
analytical results are compared with the 3D-FEM ones.

The application of this TFPMG (380 V, 10 kW and
300 rpm) is for renewable energy, such as energy from
sea waves, specifically [22], or small-scale hydroelectric
turbines.

Finally, and compared to [1], in table 1 we highlight the
novelty in comparison with the other reviewed works.

Il. TOPOLOGY AND DESIGN OF THE TFPMG

A. GEOMETRY OF THE MACHINE

The design of electric machines is not only an art but also a
science [18]. The TFPMG geometry proposed in this paper
for one phase of generator is illustrated in Fig. 1. The stator
is formed by the armature winding, U-cores, and I-cores. The
rotor, on the other hand, consists of the rotor yoke which has
Permanent Magnets (PM) attached to its surface.

The machine shown in Fig. 1 has 20 poles, each pair of
poles is formed by a U-core, an I-core and two portions of
the rotor of two PM each. Besides, each of these pieces have
an outer diameter of the rotor, D,,. Additionally, in Fig. 2 itis
displayed a pair of poles with their magnetic symmetry and
the path of magnetic flux which is denominated transverse
flux. This geometry will be modeled using 3D-FEM and the
results will be compared with the results obtained with the
analytical equations.

As can be seen in Fig. 2 the rotor with attached PM on the
surface, has two rings. Furthermore, the consequent PM are
perfectly aligned one opposite the other.
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TABLE 1. Novelties of this work compared to other reviewed papers.

Previous papers [1] In this work References
Motor. Generator. [1]-[5], [9].
Medium tension, MW, Standardized low ten- [10], [21].

non-iterative algorithm,
and 2D-FEM.

Wind turbines.

Wave and tidal mecha-
nism, very large external
diameter of the rotor (6
m), efficiency less than
90%, Ampere’s law, does
not indicate induced emf
or terminal voltage.

Design guidelines.

Low tension and very
low tension.

Without FEM.

U-core with rectangular
or square cross-sections.

No information.

Rectified trajectories of
flux tubes were used to
model the leakage mag-
netic flux.

sion, kW, iterative algo-
rithm, reluctance circuit,
and 3D-FEM.

Sea waves or small-scale
hydroelectric turbines.

Sea waves or small-scale
hydroelectric  turbines,
the external diameter
of the rotor calculated
considering the cross-
section of the U-core,
known terminal voltage.

Detailed design.

Standardized low ten-
sién.

Using 3D-FEM.

U-core with elliptical
cross-sections.

U-core and I-core not
considering the total
extension of the polar
pitch.

Curved trajectories of
flux tubes were used to
model the leakage mag-
netic flux.

[6]. [8]-[11], [13],
[19], [23], [24].

[12], [22].

[71. 191, [10], [13],
[18]-[21], [24].

[14]-[16], [21].

(11 [4]. [81]. [9].
[13], [15], [16].

[26].

Armature
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p

FIGURE 1. Topology of the TFPMG.
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An important magnitude for the symmetric distribution of
the rotor and stator elements is the pole pitch angle (z,), see
Fig. 1. Such angle is determined considering the number of
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FIGURE 2. Magnetic symmetry for a pair of poles.

pole pairs (p), as indicated in eq. (1):
. 360°
P T
The angle that includes every PM of the pole pitch (tpyr)
is determined with the constant kpys, shown in eq. (2):

€]

PM = kpM‘L'p. (2)

The value of such constant, of machines with radial flux
topology, varies between 0.66 and 1 [17], [19]. This consid-
eration is assumed as valid in the design proposed, since in the
analyzed literature, concerning transverse topology machine
nothing is mentioned about the accompanying values of the
PM polar pitch [1], [7], [9], [10], [13], [15], [17]-[19], more-
over, the rotor magnetic circuit has the same functionality as
machines with radial flux topology. Thus, the rotors have the
PM attached to the surface or buried, supplying through the
PM the excitation of the magnetic field, and by the rotor yoke
a closed high permeability way for the circulation of the main
magnetic flux.

Figure 1 shows the characteristics angles for the TFPMG
that are intended to size in the present work. In Fig. 3 it
is presented all the remaining dimensions for the magnetic
symmetry of a pair of poles of TFPMG, plus its magnetic
circuit considering an infinite permeability core, without con-
sidering leakage fluxes.

B. ROTOR DIMENSIONS

To design the rotor, it is used a Torque per Volume unit
methodology, TRV [17]. Such methodology establishes the
following:

TRV = ZUFtan, (3)

where oy, 1s the tangential stress of the rotor surface. The
magnitude for synchronous machines cooled with air, may
vary from 19 to 59.5 kPa [18]. Thus, the V. volume where
such torque is exerted is a volume of the imaginary cylinder
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FIGURE 3. Dimensions of a pair of poles and reluctance circuit.
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FIGURE 4. Decomposition of a 3-phase rotor.

where it is geometrically registered as a solid rotor. Such
an imaginary cylinder with a D, diameter (see Fig. 1) is
projected along with the magnitude of the axial length (Lgx)
of the machine. Therefore, the torque per volume unit, TRV,
is executed by this solid rotor, with a D, diameter and Lgx
axial length. However, is required more information to obtain
the external diameter of the rotor and the axial length of
the machine. The torque is implicit in the nominal values
of the machine, the tangential stress is a value known by
the designer. From eq. (3) it is possible to determine the V.
volume rotor. Then, it is needed to consider that the relation
of the axial length and the external diameter of the rotor
kpr, [13], [17], [19], [23] is as indicated in eq. (4), which is a
value selected by the designer.

Lstk
0.1 < kDL = D < 0.27. (4)

er

Thus, it is possible to determine the outer diameter of the
rotor (D,,) as indicated:

4 .| 4v
Der =) _rv (5)
b4 ﬂkDL

where the factor % is proposed by the authors, corresponding
to the relation between rectangular cross-section and ellipti-
cal cross-section. The latter is aimed at moving the external
rotor away to make the elliptic cross-sections of the U-cores
more robust. Then, the result of eq. (5) and considering the
previously mentioned kpy in eq. (4), it is possible to deter-
mine the total axial length of the rotor (L) which will allow
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determining the axial length of every portion of the rotor,
considering the number of phases of the machine (m).

Lot = 2%, ©)
2m

The value obtained in eq. (6) is possible to be seen in Fig. 3
and Fig. 4. The height of PM (%,,) is a choice of the designer
and the height of the rotor yoke (hy,) will be calculated from
the resolution of the magnetic circuit indicate in Fig. 3, as it
is necessary to know the value of the air gap magnetic flux,
ideally, divided into two parts in the rotor yoke. Thus, the
magnetic circuit in Fig. 3 it is necessary to consider that is
the reluctance of a PM in front of a U-core, with a surface is
Spuy, Npagi 1s the reluctance of a PM in front of an I -core,
with a surface, Ry, is the reluctance of the air gap in front of
a U-core, g, is the reluctance of the air gap in front of an
I-core and its surface is half as compared to NRg,. Nppy, is the
reluctance of a PM in front of a U-core, with a surface is Spy,
Npyi is the reluctance of a PM in front of an I -core, with a
surface is S’%M. ¢y 18 the remanent magnetic flux of the PM in
front of a U-core and ¢,; is the remanent magnetic flux of the
PM in front of an I-core. For the magnetic circuit of Fig. 3
it is possible to determine the magnetic flux of the air gap,

given by:

SpuPC (Br + NI —“%‘:”)

PC + [rec

where Spy is the surface of a PM in front of a U-core, PC is
the permeance coefficient of the PM (chosen by the TFPMG
designer), B, is the remanent flux density of the PM (given
by the PM manufacturer), N is the number of turns of the
winding armature (in the following sections), / is the nominal
current, (o is the vacuum permeability, i, is the relative
recoil permeability of each PM and 4, is the height of the
PM. During this phase, to determine the magnetic flux, the
designer of the TFPMG may consider or not, the coil current.
The number of turns is determined at a later stage, thus, in that
instance, it is possible to go back to eq. (7) and eq. (8) to
correct the height of the rotor yoke:

hy = 2 —. ®)

2Berstkl
where ¢ is the value of the magnetic flux of the air gap,
Ly is the length in the axial direction of the rotor yoke, and
By, is the magnetic flux density in the rotor yoke. This value
is chosen by the designer, along with the material. Its usual

values are between 1 and 1.5 T [18].

¢:

, (N

C. AIR GAP
The air gap length of the machine (/;) is determined by two
designing factors, namely the height of the PM (4,,) and the
permeance coefficient of the PM (PC), see eq. (9) [17]:
hm
lg = PC ®

The air gap, eq. (9), it is not obtained in the same way

as in [24].
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D. ELECTROMOTIVE FORCE

The definition of electromotive force is related to the equiv-
alent circuit by phase of a synchronous machine and it is
given by:

E,=kg,V, (10)

where kg, is a constant value chosen by the designer of the
generator; 1 < kg, < 1.4, and V is the nominal voltage
per phase. In the concentrated parameters models for syn-
chronous machines, the electromotive force is no more than
1.4 times the base voltage per unit [25].

Now, it is determined the linked flux of the armature
coil (Ap):

: (11)

where E, is the electromotive force of one phase of the
generator, defined in eq. (10), wj is the angular velocity and p
is the number of pole pairs of the TFPMG. The linked flux for
the armature winding is calculated to determine its number
of turns, determining in the first place an initial number of
turns N©:

NO = Integergreater (%) . (12)
In eq. (12) the magnetic flux must be evaluated according
to eq. (7) considering / = 0 and this result will be noted
as ¢, Then, an iterative process begins to obtain the total
number of turns, as indicated in Fig. 5.
Now, it is defined the electromotive force Ej:

Ey = (1 — kaip)osp* N, (13)

where kg, is a per-unit value that indicates the magnetic flux
quantity which leaks along the trajectory of each pair of poles
of the TFPMG, chosen by the designer.

If eq. (13) is evaluated with NO| see eq. (12), it is
obtained Eéo). Thus, it is possible to pose the following
iterative process, starting with ¢(0), N® and Eflo). The iter-
ative process proposed is shown in Fig. 5. Once the iterative
process converges, it is possible to update the rotor yoke value
hyr in eq. (8).

E. WIRES AND SLOTS

To characterize the armature-coil conductors, firstly it is nec-
essary to calculate the winding currents since such current
determines the section of the conductors. This current is
calculated by:

[ P
B «/§Vcos<p ’

where P is the power of the TFPMG, V is the voltage in the
generator terminals and cos¢ is the nominal power factor. The
values indicated are designing values, which are intended to
verify in the proposed designing guidelines.

(14)
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FIGURE 5. Iterative process flow diagram.

The conductors of the armature winding housed in the slot,
have a cross-section S, which will be determined by eq. (15):

Se= 7 15)

where [ is the nominal current of the TFPMG, and J is the
current density of the conductors housed in the slot. In air-
cooled synchronous machines, the current density is a value
between 4 and 6.5 A/mm? [18].

As it is a low voltage machine, the armature winding has a
ring form, and it is supposed that the conductors have a circu-
lar cross-section. Thus, the conductor diameter is given by:

4
D. =28, (16)
T

With the results obtained from eq. (15) it is possible to
determine the quantity of copper in the slots. The cross-
section of the slot is given by:

Scu = NS... (17)

Therefore, it is possible to determine the equivalent
diameter of copper in the slots:

[ 4
Dcy =/ =Scu- (13)
T

Then, with the equivalent diameter conductor D¢, deter-
mined by eq. (18) it is possible to define an isolation safety
distance [;5, that jointly define the slot diameter. The slot
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diameter D,,;, obtained by eq. (19) and the component that
forms D¢y, and I;5, are shown in Fig. 3.

Dygn = Dcy + 21is0' (19)

Finally, the total area of the slot Sy, is calculated based on
the diameter of the slot D,;,:

D>
Sylor = —Lan . 20
slot 4 lem ( )

In the total area of the slot Sy, indicated in eq. (20) it can
be seen that it is filled with copper from the armature winding
and also with air, that is why that factor kg, is considered,
which varies from 0.4 and 0.6 [19]. The air is necessary for
ventilation purposes.

F. CORES
In this section, it is calculated the size that characterizes the
U-cores and I cores, according to what is shown in Fig. 3.

In the same way that it is calculated in the angle range,
every PM from the pole pitch. The present research proposes
as an innovation, that the U-cores and I-cores could partially
accompany the pole path. Thus, the angles t, and t;, shown
in Fig 1, are the fractions of the pole path that accompanies
each core. These angles are determined by:

Tu = KnuTp, (21)
T = km“l.'p, (22)

where k,;, and k,; are the accompanying fraction of the pole
pitch. It is a constant number and less than 1.

The depth of the U-core, t,,, is a chord of the angle arc 7,
immediately after the air gap:

tpu = (Der + 2g) sin - (23)

Similarly, it is possible to calculate the depth of the I-core:
T

tpi = (Der +2L,) sin=. (24)

In eq. (23) and eq. (24), D, is the outer diameter of the
rotor, /g is the height of the air gap, T, is the angle of a U-core
that accompanies the pole pitch, and 7; is the angle of an
I-core that accompanies the pole pitch.

Now, it is possible to determine the height of the leg parts
of the U-core, hp,:

Sslot Dran
Zstor 7,
Dyap 8
where Sg;,; is the total area of a slot and D,,, is de diameter

of the slot of the separation of the U-core legs.
Finally, the height of each I-core (h);) is determined by:

2¢
Bpi (Der + ZIg) T ’
where ¢ is the magnetic flux, By; is the magnetic flux density
in the I-core, D, is the external diameter of the rotor, /, is the
air gap, and t; is the angle of the i-core that accompanies the
pole pitch.

i = (25)

hpi = (26)
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For design purposes, it is suggested to consider that an
I-core is equivalent to a stator yoke, thus, the magnetic flux
density can be between 1 and 1.5 T [18], a value that is chosen
during the design phase.

lll. LUMPED PARAMETERS OF THE TFPMG

In the topology that the rotor presents, with PM attached
to the surface, it is possible to consider that the air gap is
uniform, as the relative coil permeability . of the PM
is a dimensionless value extremely close to one. Thus, the
passive elements of the TFPMG can be characterized by the
resistance of the armature R, a synchronous inductance Lg
in series, as traditional in synchronous machines of smooth
rotors.

A. ARMATURE RESISTANCE
The resistance of the armature is characterized by the average
diameter of the ring of the N-turn copper conductors:

N (Der + 21y + 2hp,) 7

R, = , 27
a p— 27

where N is the number of turns of the armature coil, D, is the
rotor external diameter, [, is the air gap, hp, is the leg height
of the U-core, oc, is the copper conductivity and S, is the
cross section of a conductor housed in the slot.

B. SYNCHRONOUS INDUCTANCE

To determine the synchronous inductance Ly, it should be
considered as a first base the ideal magnetic circuit of Fig. 3.
When observing such a circuit, it will be considered the
geometry of the pieces, their separation, and localization.
Thus, the reluctances are inserted and they represent the
leakage flux trajectories, very similar to what is shown in [26]
but we have considered the curvatures of some of their tra-
jectories. Then, the new reluctance network is established as
indicated in Fig. 6. In that figure and as compared to the
ideal magnetic circuit of Fig. 3 four reluctance elements are
inserted expecting that the trajectories that will consider the
magnetic flux leakage will be established.

When circulating through the armature winding, the first
trajectory to consider is the right-hand rule and will be the
first reluctance leakage N through all the legs height of the
U-core:

Dyan

MODmntpu ’
The second trajectory takes into consideration that the

leakage magnetic flux is a magnetic flux that leaks out of the
U-core legs, from both end faces. Thus, N, is defined as:

1 b 2D
( + ran ) ) (29)
wohpy \ 2In2 tou

In eq. (28) and eq. (29), D, is the slot diameter, g is the
vacuum permeability, 7, is the width of one leg of the U-core,
and h,, is the leg height of the U-core.

The insertion of M and N5 in the reluctance network, and
the magnetic flux leakage paths can be observed in part (a)

N = (28)

Ny =
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(3) (3)

FIGURE 6. Leakage flux paths and reluctance circuit to the TFPMG topology.

of Fig. 6. Thus, three reluctances appear in parallel under the
magneto-motive force fount of the armature winding.

Now, between the U-core and the I-core two leakage trajec-
tories can be considered. One trajectory between the end faces
of the U-core and the I-core, thus it is possible to determine
N3 as:

kny kni
N3 = (1 2 T) i 30
N3 = TR (30)

moLsic1in (1 + Der—Jrzlg>

The second trajectory of the magnetic flux leakage to
consider, goes from one leg of the U-core, parallel and under
the armature winding, falling from the superior part of the

I-core. Thus, Ny is determined as follows:
T+ (2 - knu - kni) 152

2L '
2p00Lik1In (1 + De,.+27;k41r2hpi>

N4 = (€28

In eq. (30) and eq. (31), k;, is the accompanying fraction
of the U-core pole pitch, k,; is the accompanying fraction of
the I-core pole pitch, 7, is the pole pitch, g is the vacuum
permeability, is the length of the axial direction of the rotor
yoke, D,, is the rotor external diameter, [ is the air gap and
hypi is the I-core height.

In the reluctance network, the leakage fluxes indicated in
part (b) of Fig. 6 are represented by reluctances N3 and 4.
Thus, in the symmetry of a pair of poles, such reluctances
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are parallel and located symmetrically in the network. Each
is four times as indicated in the reluctance network of Fig. 6.
To determine the total inductance value of the machine,
it is necessary to know the air gap and PM reluctance. The
topology has two air gaps facing the PM and U-core, the
reluctance of each air gap, in front of the U-core, gy is
determined by eq. (32):
21,
/'LOkPM Tp(Der + Zlg)Lstkl .
Four air gaps face the I-cores with the PM in the pair of
poles symmetry, see Fig. 6, such air gaps have a cross-section
that is half of the air gap area which faces the U-Core with the

PM. The reluctance of each air gap under the I-cores Ny; is
determined by eq. (33):

Ry = (32)

B 4l,
wokpy Tp(Der + 2lg)Lstkl

In eq. (32) and eq. (33), [, is the air gap height, o is the
vacuum permeability, kpys is the accompanying fraction of
the PM pole pitch, 7, is the pole pitch, D, is the rotor external
diameter and Ly is the length in the axial direction of the
rotor yoke.

The PM reluctancies under the U-core Rpyy are deter-
mined by eq. (34):

=M. (33)

Ngi

2hpy,

. (34)
o treckppr TpDer Lstk 1

Remu =
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Finally, the PM reluctances under the I-core Npyy; are
indicated in eq. (35). Similarly, concerning the cross-sections
of the air gaps under the I-cores and U-cores, the relation
is the same. So, they have the same reluctance relation
(Rpmi = 2NRpmu):

4hy,
Mo treckpm TpDerLstkl

In eq. (34) and eq. (35), hy, is the PM height, ug is the
vacuum permeability, t . is the relative recoil permeability,
kpp is the accompanying fraction of the PM pole pitch, 7, is
the pole pitch, D, is the rotor outer diameter and Ly is the
length in the axial direction of the rotor yoke.

As stated in eq. (28) up to eq. (34) the reluctance network
is characterized, a least, by the passive elements of its cir-
cuit. Thus, with delta-star transformations and parallel-series
reduction, it is possible to calculate the Thevenin equivalent
reluctance Ny, in the terminals of the armature winding,
source of the magnetomotive force, that with the number
of pole pairs p and the number of turns N resulting from
the iterative process of Fig. 5, it is possible to obtain the
synchronous inductance Lg as shown in eq. (36):

Npmi = =2Npmu. (35)

Ly = o P (36)

IV. EFFICIENCY, VOLUME, AND MASS

In this section it is proposed a methodology to calculate the
efficiency and losses, incorporating the IEC 60034-2-1 [21]
standard for the segregation of the power losses. Finally, it is
indicated the guidelines to determine the TFPMG volume and
mass.

A. EFFICIENCY

The performance calculation can be done as indicated by
eq. (37) [21]:

~ PL+Ps+Pi+ Pr
where Py is the power load of the generator, Pg are the stator
winding losses, Pr; are the additional-load losses, and Pp,
are the core losses. Thus, it is possible to calculate each

component of eq. (37) as follows. Firstly, the power load of
the generator is calculated by:

n 100%. (37)

Py, =3Vyglcosg, (38)

where V14 is the voltage per phase of the generator, / is the
armature current and cosg is the power factor.
Now, the stator winding losses are calculated by:

Ps = 3I°R,, (39)

where [ is the armature current, and R, is the armature
resistance.

According to [18], [21] the additional-load losses are deter-
mined by the assignation method:

Pr = ki P, (40)
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TABLE 2. Correction factors and other parameters to determine total core
losses.

Symbol Magnitude Unit
kFe,legU 2.0

Fe,arcy 1.6
kFe,1 1.6
Py s 1.1 Wikg
m 3
p 10

where kz;, is the loss assignation constant which goes from
0.001 to 0.002 [18], [21], and P is the nominal power of the
generator.

The total core losses Pr,, eddy and hysteresis, are deter-
mined as indicated in [18] but considering the magnetic cir-
cuit topology of the machine and the magnetic flux densities
that are expected to obtain:

B, \*
Pre = E kFe,nPI,S (—> MFe n, (41)
- 1.5[T]

where kr,, is a correction factor for synchronous
machines [18], P s is the material loss density in W /kg
for 1.5 T, B, the magnetic flux density from the part of the
generator in which the core losses are evaluated and mg, ,
is the mass of the generator part in which core losses are
evaluated. Particularly, for calculation purposes, the U-core
is segregated in two columns and an arc.

Then, for this case the total core losses, eddy and hystere-

sis, P, are expressed as:
B, 2
MFe,legy

1.5[7]

PFe = (2kFe,legUP1,5 <

B 2
2
+kFe,achP1,5 <T[T]> MFe.arcy

2
+kpe,1 P15 < ) M )P, 42)

4
1.5[T]

where kpe g, is a correction factor for a leg of the U-core,
P 5 is the material loss density in W/kg for 1.5 T, By is the
magnetic flux density in a leg of the U-core (see Fig. 8),
MFe legy 1S a leg mass of the U-core, kg, qrc,, 18 a correction
factor for a U arc of the U-core, B, is the magnetic flux
density in a U arc of the U-core (see Fig. 8), mpe arc, is the
U arc mass of the U-core, kr, s is a correction factor for the
I-core, B4 is the magnetic flux density in a I-core (see Fig. 8),
mp,,; is a I-core mass, p is a pair poles and m is the number
of phases.

To evaluate the eq. (42) the values shown in table (2) must
be considered.

B. VOLUME

According to the geometry and angles shown in Fig. 1 and
Fig. 3 the expressions for the volume are presented. The
volume of an U-core Vy, is expressed as the sum of the
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volume of one leg plus the arc volume of the U:

2

T T
Vu = ELstkltgu + ? (Dran + Lstk1) Lstkltpw (43)

Although eq. (43) can be reduced a little further, it has
not been done since the first term represents the volume of
two legs of the U-core and the second term represents the arc
volume of the U-core. In eq. (43) Lgy is the length in the
axial direction of the rotor yoke, #,, is the width of one leg of
the U-core, and D, is the slot diameter.

The volume of one I-core is determined by:

. (D, 2 /D 2
VIZZl (( gr +lg+hpi> _< ;r +lg) )(Dran‘i‘sttkl)y

(44)

where 1; is the accompanying angle of pole pitch of an I-
core, D, is the external diameter of the rotor, /, is the air
gap, hy; is the height of an I-core and Ly is the length in the
axial direction of the rotor yoke.

The volume of the armature winding is:

Der
V, = 2m ( SRR h,,u> Scu, (45)

where D,, is the external diameter of the rotor, /, is the air
gap, hy, is the height of one leg of the U-core, and Sc, is the
total copper area of the slot.

Now, it is necessary to determine the volume of the rotor
parts and the volume of the permanent magnet is obtained as
follows:

T D.,,\> (D 2
va=%<( 2”) —({—hm) )Lm, (46)

where tpys is the accompanying angle of a pole pitch of a
PM, D, is the external outer diameter, 4, is the height of a
PM and Lg is the length in the axial direction of the rotor
yoke.

Finally, the volume of a pole pitch of one of the yoke

rotors is:
% ((Der —hm\> (D 2
Vly = Ep ((%) - <% — hy — hyr) )Lstkla
47

where 1, is the pole pitch angle, D,, is the external outer
diameter, £, is the height of a PM, hy, is the height of the
rotor yoke and Lgy is the length is the axial direction of the
rotor yoke.

Thus, the total volume of a TFPMG is:

Viepug =m (p (Vu + Vi +4Vey +2Viy) + Vi), (48)

where m is the number of phases, p are the pairs of poles, Vi
is the U-core volume, V; is the I-core volume, Vpys is the PM
volume, V1y is the rotor yoke volume and V), is the armature
winding volume.
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TABLE 3. Parameter data of TFPMG.

Parameter Symbol Magnitude Unit
Power P 10 kW
Voltage v 380 v
Voltage per phase Vi 220 v
Power factor cosp 1

Number of phases m 3

Pole pairs P 10

Frequency f 50 Hz

TABLE 4. Permanent magnet data.

Parameter Symbol Magnitude Unit
Remanent flux density B, 1.2 T
Permeance Coefficient PC 10
Magnet height hm 5 mm
Relative recoil permeability rec 1.1

C. MASS

To determine the TFPMG mass, it is used the material densi-
ties of each component of the generator. Thus, the mass can
be determined as follows:

Mg=m (p (ore (Vu+Vi+2Viy)+4ppm Vem)+ocuVi) .
(49)

where m is the number of phases, p is for the pairs of poles,
PFe 1s the core density, Vi is the U-core volume, V is the
I-core volume, Vi, is the rotor yoke volume, ppy is the PM
density, Vpy; is the volume of a PM, pc, is the copper density
and V,, is the armature winding volume.

V. TFPMG DESIGN

To design the generator, it is necessary to choose electric,
magnetic, and mechanic variables which define its perfor-
mance. Table (3) presents the parameter data of TFPMG.

TABLE 5. Design values.

Parameter Symbol Magnitude Unit
Tangential stress OFrtan 17 kPa
Current density J 5.25 A/mm?
Rotor yoke flux density Byr 1.10 T
I-core flux density By 1.15 T
EMF factor kEa 1.25

Leakage factor kaisp 025

Width PM factor kpy 085

Axial length relation to the di- kpr, 0.20

ameter

Slot filling factor ksiot 0.50

Width U-core factor knw 0.90

Width I-core factor kni 0.90

Slot insulation liso 1 mm

Table (4) shows the PM specifications used in the design
and which represent the generator field-circuit. Then, the
table (5) displays the designing values of the mechanics, elec-
tromagnetic and geometric variables that will allow designing
the machine parts, as indicated in sections 2 and 3.

145169



IEEE Access

C. Becker et al.: Design of TFPMG Using Reluctance Circuit

TABLE 6. Design analytical results.

Symbol Result Unit equation
T 18 degrees 1
TP M 12 degrees 2
TRV 34 Nm/m3 3
Der 49735 mm 5
Lgtr1 16.58 mm 6
1.19 mWb 7
Py 32.63 mm 8
lg 0.50 mm 9
E, 275 \ 10
Ao 875.35 mWb-turns 11
E, 277.62 \ 13 and fig. (5)
N 99 turns fig. (5)
I 15.15 A 14
Dcu 19.07 mm 18
Diran 21.07 mm 19
Tu 16.20 degrees 21
Ti 16.20 degrees 22
tpu 70.22 mm 23
tpi 70.22 mm 24
Rpu 28.23 mm 25
hpi 14.69 mm 26
R, 1.030 Q 27
N1 1.13 x 107 1/H 28
Ro 5.84 x 107 1I/H 29
R3 2.63 x 107  I/H 30
R4 1.26 x 10°  1/H 31
Rgu 3.60 x 105 1/H 32
Ryi 7.21 x 10°  1/H 33
Rpmu 329 x 10 1I/H 34
Rpasi 6.57 x 10 1/H 35
Ly 28.31 mH 36
n 91.49 % 37
P 10.00 KW 38
Ps 708.25 w 39
Prr 15.00 w 40
Pre 207.09 w 41
Vi 11.00x10~% m3 43
Vi 2.89 x 10~4 m3 44
Vi 4.98 x 10~4 m3 45
Vem 4.45 x 1076 m3 46
Viy 3.86 x 1075 m3 47
Vrrpma  85.00x10~% m3 48
My 70.34 kg 49

Finally, the geometric, electromagnetic, and performance
dimensions of the TFPMG are presented in the table (6).

Vi. COMPARISON WITH THE FINITE ELEMENT METHOD
The comparison with the Finite Element Method (FEM) for
electric machines poles with axial flux and transverse flux
topologies, is only possible with three-dimensional modeling
since the magnetic flux path does not present symmetric
characteristics to use bi-dimensional modeling.

In the design of the TFPMG was used the 3D ANSYS®
Electromagnetics Suite — Release 2020 R2 finite element
software.

As for the structures, the cores of the U-core, I-core, and
rotor yoke have been considered to be of Alloy — 49 material,
which is included in libraries of the ANSYS®. The BH curve
of the material is shown in Fig. 7. The PM was chosen with
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FIGURE 7. BH curve Alloy-49.

FIGURE 8. Perspective of the TPFMG and points where the Ampére law is
applied.

aremanence of 1.2 T according to what was mentioned in the
designing stage.

Previously, it was solved the Ampere Law, considering the
non-linearity of the Alloy 49 material and posing the two
closed trajectories: 1 —2 —3 — g5 —m5 — 8 —m4 — g4 —
5—g3—-m3—-6—m2—-g2and1 —-2—-3—-g5—m5—-9—
m6 — g6 —4 — gl —ml —7 —m2 — g2. Fig. 8 presents the
points that define these two trajectories.

With the 3D finite element software, it is solved, in the
first place, the magnetostatic problem to compare the mag-
netic flux densities, the magnetic flux, and the synchronous
inductance L; analytically obtained from the model presented
in section 3.

The graphical output of the 3D finite element software is
indicated in Fig. 9. Such figure presents part of the finite
element network which contains 141,298 tetrahedral ele-
ments. Moreover, the diagram with the magnetic flux den-
sities distribution and the coil current density distribution.
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FIGURE 9. Magnetic flux density distribution, and current density
distribution of the coil (top and middle images), and 3D finite element
mesh (bottom image).

Both magnitudes are an output of the 3D finite element
software.

Post-processing the magnetostatic calculations made by
the 3D-FEM software, it is possible to compare the magnetic
flux, according to the points indicated in Fig. 8, and also,
the synchronous inductance L. This is shown in table (7).
In addition, the magnetic fluxes that in table (7) have a differ-
ence greater than 10% in relation to the analytical resolution
of Ampere law, show the leakage paths of the magnetic flux
previously shown in Fig. 6.

Now, we move to the magnetodynamic analysis which
was done with the finite element software, which allows
comparing the electromotive force, see Fig. 10, the armature
current, and the power losses.
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TABLE 7. Analytical and 3D-FEM results.

Symbol Unit Analytical 3D-FEM  Difference
B T 1.4261 1.3836 -3.07%
Bo T 1.4702 1.4584 -0.81%
Bs T 1.4261 1.3901 -2.59%
By T 1.2758 1.2260 -4.06%
Bs T 1.2758 1.2257 -4.09%
Bs T 1.2051 1.1606 -3.83%
By T 1.2051 1.1593 -3.95%
Bg T 1.2051 1.1611 -3.79%
By T 1.2051 1.1605 -3.84%
Bg1 T 1.1255 1.0849 -3.74%
Bgyo T 1.1485 1.2189 5.78%
Bgys T 1.1255 1.0890 -3.35%
Bgy T 1.1255 1.0839 -3.84%
Bys T 1.1485 1.2188 5.77%
Bgys T 1.1255 1.0846 -3.77%
Bm1 T 1.1607 1.1259 -3.09%
B2 T 1.1843 1.2183 2.79%
Bm3 T 1.1607 1.1233 -3.33%
Bma T 1.1607 1.1242 -3.25%
Bms T 1.1843 1.2184 2.80%
Bme T 1.1607 1.1242 -3.25%
b1 mWb 1.3038 1.2668 -2.92%
b2 mWb 1.3038 1.3291 1.90%
b3 mWb 1.3038 1.2670 -2.90%
b4 mWb 0.6389 0.6319 -1.11%
o5 mWb 0.6389 0.6319 -1.11%
o6 mWb 0.6389 0.6282 -1.70%
b7 mWb 0.6389 0.6279 -1.75%
b8 mWb 0.6389 0.6289 -1.59%
b9 mWb 0.6389 0.6281 -1.72%
bg1 mWb 0.6389 0.5628 -13.52%
bg2 mWb 1.3038 1.2548 -3.91%
g3 mWb 0.6389 0.5623 -13.62%
bga mWb 0.6389 0.5630 -13.48%
g5 mWb 1.3038 1.2567 -3.75%
g6 mWb 0.6389 0.5627 -13.54%
$m1 mWb 0.6389 0.5757 -10.98%
Pm2 mWb 1.3038 1.2851 -1.46%
$m3 mWb 0.6389 0.5763 -10.86%
$ma mWb 0.6389 0.5758 -10.96%
Pms mWb 1.3038 1.2849 -1.47%
$m6 mWb 0.6389 0.5760 -10.92%
Ls mH 28.3149 29.5108 4.05%
TABLE 8. Analytical and 3D-FEM Results.

Symbol Unit  Analytical 3D-FEM  Difference

Eq \Y 277.6158  266.4634  -4.19%

Vi v 220 209.0594  -5.23%

I A 15.1515 15.1499 -0.01%

cosy 1 0.9847 -1.55%

R, Q 1.0284 1.2570 18.17%

P kW 10 9.3600 -6.87%

Losses kW 0.93034 09193 -1.20%

n % 91.4885 91.0536 -0.48%

My kg 70.3359 70.5452 0.30%

The terminal voltage, which can be seen in Fig. 11 is
determined post-processing the electromotive force signal
and the load current signal. The synchronous inductance
(obtained by magnetostatic analysis) and the power losses
analysis (which allows obtaining the coil resistance). Besides,
by constructing the terminal voltage signal and plotting it with
the current signal, it is possible to compare the power factor.
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FIGURE 10. Electromotive force (per phase).
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FIGURE 11. Terminal voltage (per phase) and current.

In addition, the armature current is highly resistive, simulat-
ing the generator connected to an infinite bus. Because of
this, the armature current does not have harmonic distortions
as if it were an isolated impedance connected directly to the
armature terminals.

Thus, it is possible to calculate the load power for the
voltage, current, and power factor indicated in Fig. 11. Thus,
comparing it with the result of the power losses and the finite
element analysis, it is also possible to compare the generator
efficiency.

145172

Finally, in tables (7) and (8) it is shown the comparison
between the analytical and 3D-FEM results, comparing the
design in terms of the lumped parameter, the electromagnetic
performance, and the TFPMG mass.

VIl. CONCLUSION

This paper has been presented the design of a TFPMG,
comparing the design methodology proposed with the 3D
finite element analysis. Such methodology incorporates a
simple, iterative model to determine the number of turns of
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the armature winding, thus complying with the electromotive
force specified during the designing phase. From the results
obtained it is possible to verify that it is feasible to specify the
terminal voltage of the machine, a fact that has been excluded
by many authors according to the bibliographic review.

As for the rotor design, once the configuration is chosen,
it is possible to use the same considerations for the design
of an electrical machine rotor with radial magnetic flux. The
latter has a significant presence in the literature available
[17]-[19]. In particular, for the present work and to determine
the external diameter of the rotor, it has been considered
the insertion of factor %, such value is the ratio between
a rectangular and elliptical cross-sections. Furthermore, the
U-core and the I-core are proposed without accompanying
the entire pole pitch, consequently, it is expected to use less
material in the U-core and I-core just by the approach of the
design methodology.

The present work carries out the comparison with a
3D-FEM. The stated considerations about magnetic flux den-
sities, for the rotor yoke, the I-core, and the upper curved part
of the U-core are compared according to the results obtained,
both analytical and by FEM, the two of them are among the
typical values of a yoke according to what was indicated in
the design methodology. On the other hand, the magnetic flux
density in front of the six air gaps included in the machine
model, faces two types of geometries, but, in the worst-case
situation, is a value around 1 T which is suggested in the
bibliographic review.

According to the numerical validation results with
3D-FEM, it is possible to verify the magnetic flux. It is
enough to observe the numerical results as if they were of an
ideal magnetic circuit, the magnetic flux of the air gaps under
the U-core obtained with the 3D-FEM are not identical. The
same happens if the magnetic flux in the legs of the U-core
and the rotor yoke are observed. The latter is the reason to
pose the reluctance network of Fig. 6 that accurately mod-
els the leakage flux, through curved trajectories. In contrast
to [26] which rectifies the geometries and only considers
straight trajectories. Our leakage flux model, through a reluc-
tance network, allows obtaining a synchronous inductance
with a difference of the only 4.05% between the analytical
model and the numerical variation with 3D-FEM.

The 3D-FEM output of the electromotive force is also an
acceptable value and the output electrical variables of the
machine reasonably comply with the design values.

Finally, by the analytical and 3D-FEM results, it can be
considered that a methodology that successfully designs the
TFPMG of 10 kW in low voltage is obtained, in its lumped
parameters, electric and magnetic variables.
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