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Abstract—A simple construction of a modular transverse
flux generator with permanent magnets in the rotor is
proposed in the paper. The specific technology is detailed
and an analytical design algorithm is developed. A
simplified model to calculate the machine heating is
proposed too and three dimensions magnetic flux calculation
via finite element method (FEM) is carried on to check the
main generator characteristics.
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I. INTRODUCTION

The transverse flux (TF) machine, which is quite
similar to the claw pole alternator, has two important
advantages, larger power density than the conventional
machines and a modular construction [1,2,3]. The TF
machine has a complicated structure and large leakages
due to its homopolar armature pattern, which leads to a
low power factor. Since the TF machine modularity is an
advantage that does not occur in the case of conventional
machines, a TF generator would be a very good solution
for micro and mini stand alone electric power plants if its
construction would be less complicated and consequently
will cost less.

In this paper, the construction and the design procedure
of a permanent magnet (PM) excited TF generator
(PMTEFG), of a simple structure, is presented.

An algorithm for the sizing-designing procedure is
developed in the paper, and a simplified model to
calculate the machine heating is proposed. A three
dimensions finite element method (3D-FEM) analysis is
carried on to calculate the main machine characteristics,
as magnetizing and leakage fluxes and electromagnetic
torques.

II. PMTFG CONSTRUCTION

The PMTFG structure proposed here comes from the
usual TF reluctance machine with passive rotor and the
only change is made in the rotor by providing it with
PMs. A TF reluctance machine elemental structure which
stays as the basic for the actual PMTFG is shown in
Fig.1. It has a usual stator topology, the rotor pole piece
being made out of steel laminations without PMs or coils

of any type. A three dimensions (3D) view of the PMTFG
one phase module is given in Fig. 2.

Stator

Fig. 1 A basic structure of a TF reluctance machine

Fig. 2 3D view of the PMTF phase module

The stator and the rotor poles of the PMTFG can be
made out of steel sheets or soft magnetic composite
(SMC) materials. SMC materials allow a 3D flux pattern
since they have the same magnetic properties in all
directions. Usually the rotor poles of the proposed
PMTFG should be made out of SMC, but the stator core
can also be made of SMC due to the less complicated
construction technology. The stator core must be made
for each pole pair of two separate parts in order to
facilitate the machine manufacturing technology, even if
this will lead to an extra air-gap.
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The stator and rotor case must be provided with special
holes where the pole pieces will be introduced to ease the
machine assemblage and to consolidate the whole
structure.

The proposed PMTFG can have one or more phases,
and more than one module, the modules being connected
in parallel. This is an important advantage in the case of
large production, since a wide range of power can be
covered for the stand alone plants. It has to be mentioned
that the stand alone plants must have an AC/DC/AC
converter and an energy storage device, like a bulk of
lead acid batteries, for example.

III. PMTFG DESIGN PROCEDURE

Basically, an electric machine designing procedure
must follow four compulsory steps:

1) Sizing-designing step when the main dimensions
and characteristics are estimated;

2) A 2D or 3D - FEM analysis to check the
electromagnetic  performances of the previously
calculated machine;

3) Loss and heating calculation via 2D or 3D —FEM,
or other accurate method;

4) Computer simulation of the machine behavior,
embedded with its driving system.

Within this paper, the specific sizing-designing
procedure of the proposed PMTFG is presented, extra
attention being paid to the PM’s magnetization and
leakage flux calculation via equivalent magnetic circuits.
The 3D finite element method (FEM) is employed to
check the accuracy of the results obtained via the sizing-
designing procedure.

The thermal analysis of the PMTFG is conducted by
using a thermal equivalent circuit and the simplifying
assumptions that the heat transfer through radiation is null
and that the machine body consists of parts which are
homogenous as far as the heating-cooling process is
concerned are considered.

Since all the PMTFG parameters are calculated within
the sizing-designing procedure and some of them are also
checked via 3D-FEM analysis, the computer simulation
of the entire stand alone power plant can be easily
performed once its structure is defined, but this was not
an objective of the paper.

IV. PMTFG SIZING DESIGNING

Within the sizing process, the air-gap diameter is
calculated as function of design specifications, some
sizing factors and the machine magnetic and electric
loadings [1,2,3,4,5,6,7]. The detailed general procedure is
presented in [2,3,4,8,9,10]. Specific aspects of the sizing-
designing procedure for the given PMTFG structure are
discussed in [11] and extended in the present paper,
where different magnetic equivalent circuits are
considered in order to calculate the fluxes with or without
current in the armature winding.

When no current is supplied to the armature winding,
the no load operating regime, two consecutive rotor pole
pairs are to be considered, Fig. 3, in order to evince the
side to side leakage flux @, which flows from one rotor
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pole to the neighboring pole, Fig. 4.

One rotor pole pair is in aligned position, pole pair
numberl, the other one considered being adequately
shifted. For each rotor pole pair, the PM’s leakage flux
(D,py) and the main flux (@py,) are considered. The air-
gap flux (Py,) and the resulting flux trough stator core
(®ys) are adequate correlated. The notations for the
magnetic reluctances are the usual ones: Rpy is the PM’s
reluctance, R,py and R, the leakage reluctances, while
R;; , Ry, are the air-gap reluctances calculated for two
rotor pole pieces (the one aligned and respectively the
shifted one).

.
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Fig. 3 Magnetic equivalent circuit at no load (/=0)

The PMs own leakage fluxes composed of side leakage
flux @,,, air-gap P,, and respectively bottom leakage flux
@, and the side to side one P, are evinced in Fig. 4 and
Fig. 5.
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Fig. 5 Rotor PM’s air-gap and bottom leakage flux

The considered leakage fluxes of one PM are
substituted by an equivalent flux, the reluctances’
equivalence being given in equation (1).
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The magnetic equivalent circuit given in Fig.3, for zero
armature current, does not contain a magnetic reluctance
corresponding to the rotor pole, but it can be introduced,
and also the core nonlinearity can be taken into
consideration.

The armature reaction fluxes are calculated in aligned,
Dg,, and unaligned rotor position, Pg,,,, the fluxes ratio

being considered equal to the main inductances ratio:
Dy Py, =M, IM, ®

Equation (2) allows for an easy calculation of the g-
axis inductance, once M, is obtained.

In order to avoid the PM’s demagnetization process,
the air-gap flux produced by PM in aligned rotor position
must be greater than the air-gap flux produced by stator
mmf in the same rotor position,

D). >Py,, 3)

From (3) results a condition for the minimum PM’s
length to avoid the demagnetization once all other
dimensions are given.

Supposing that the resulting air-gap flux density varies
sinusoidal, the peak value of the cogging torque can be
approximated by:
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where Qg is the number of stator pole pieces, g is the
actual air-gap length and B, is the peak value of the
air-gap flux density.

V. PMTFG THERMAL MODEL

Thermal modeling is a very important stage in the
design process of electrical machines whether they are
continuously rated or subject to sparse duty-cycle
operation.

Different analytical methods can be applied in
computing the heat transfer of electrical machines. All
methods employed are based on the assumption that the
machine can be divided in homogenous regions regarding
the heating/cooling process.

The heat transfer between different parts of the
machine or from machine to exterior is taken place
through conduction or convection; the radiation being
small enough to be neglected. Thermal circuit models,
similar to the electrical circuits or magnetic equivalent
circuits, are used in PMTFG thermal modeling, Fig. 6.

The following thermal resistances are calculated for the
stator and rotor thermal model:

R,c,F. - thermal resistance from coil to the stator iron

core

R, - thermal resistance at the stator poles base
R.. - thermal resistance from stator iron core to exterior

tSa

R, - thermal resistance in air-gap

R p,r - thermal resistance in the stator iron core
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Rz, - thermal resistance from rotor iron core to exterior

R - thermal resistance from rotor to air-gap

R',r,s - modified thermal resistance in the stator iron core
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Fig. 6 PMTFG thermal equivalent circuits a) heat
transfer from stator to rotor and exterior b) heat transfer
from rotor to stator and air-gap

The total thermal resistance when considering only the
stator model is:

" (RtFeS + RZSa ) (R + RrFeR + RrRa )

R[eS = R[CuFe i (5)
RtFeS + RtSa + R[gS + RtFeR + RtRa
The total rotor thermal resistance becomes:
(RtFeR + RtRa ) ’ (Rth +R 'tFeS +RtSa )
Riop = ©

RFeR + RtRa + Rth + R’tFeS +Rtsa
The temperature rise when considering both stator and

rotor losses are:
Aemax = (ij + pPFeS ) RteS + (pFeR ) RteR (N
where p;s and pp. are the stator copper and iron losses

and respectively the rotor iron losses calculated for one
stator and two rotor pole pieces.

VI. 3D-FEM CALCULATION

The 3D-FEM analysis is employed in order to check
the analytically obtained results via the sizing designing
procedure and to obtain a suboptimal PMTFG variant, by
reducing the leakage fluxes, and increasing the
magnetizing one.

Due to the machine symmetry, the 3D-PMTFG
structure contains, for 3D-FEM analysis, two rotor and
one stator pole pieces, as shown in Fig. 7. They were
modeled in a manner that allows for automatic re-
meshing at different rotor positions. A 3D-FEM package
from CEDRAT (Flux 3D) was employed.

To further analyze the rotor PM’s leakage and main
fluxes, some support planes were constructed in the
model, at midway between two neighboring rotor pole
pieces, in the radial axis of the PM and in the middle of
the air-gap. Taking advantage of such an extended 3D-
FEM model, different rotor poles topologies can be
studied, looking for the smallest leakage fluxes and the
largest magnetizing flux for a given PM volume.
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Fig. 7 PMTF machine meshing

VII. CALCULATED RESULTS

To avoid the problems that can appear if the number of
mesh elements is too large and to obtain accurate results
via 3D-FEM analysis, a relatively small power and
dimensions PMTF machine was considered (1.2kW at
300rpm). In Table I, a comparison between analytically
and by employing the 3D-FEM analysis calculated values
of the fluxes is given.

TABLE I. THE NO-LOAD FLUXES (10™ Vs)
Dpui Dy, Dpuz Doy Dy

Analytical 23 1.3 1.6 0.6 0.9

3D-FEM 2.0 1.1 1.7 0.7 0.7

The differences looks impressive, mainly in the case of
D, but to separate this one from the other leakages of
the PMs is quite difficult and the 3D-FEM results might
also contain small errors. In fact, one can see that for 3D-
FEM results, the difference between @y, +®,,, and Ppy, is
larger for both rotor pole pieces than the same values
calculated via the magnetic equivalent circuit.

For the same machine and topology, the peak cogging
torque values are 7.4Nm and 6.4Nm respectively,
calculated analytically and by employing the 3D-FEM
analysis, Fig. 8.

To obtain the results given in Fig. 8, three cases were
considered:

1) The variable reluctance machine when the
PM’s volume was substituted by magnetic
material

ii) The PMTFG at no load /=0, to evince the
cogging torque

iii) The PMTFG operating at rated current

As one can see, the reluctance torque, case i), is
favorable, since it reduces the cogging torque.
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Fig. 8 PMTFG torque per module versus rotor
displacement

VIII. CONCLUSION

The construction and the design procedure for a quite
simple modular PMTFG are presented. Some
technological details are discussed too. The sizing-
designing algorithm is developed, some hints being
given. The thermal and the 3D-FEM models are
presented and some comparative results are given.

As an overall conclusion, it can be pointed out the fact
that the models and the sizing-designing procedure are
accurate enough and that they can be easily extended to
other similar machines.
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