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l.Introduction

Wind energy is undoubtedly one of the cleanest forms of producing power from
a renewable source. There is no pollution, there is no burning of fossil fuels and the
electricity is made by kinetic power of the wind.

Small wind turbines are used for wind farms essentially and the installed power
can vary in number from one to hundreds of turbines and generate power to as much as
to several hundred megawatts.

Various wind turbine concept have been developed and built to maximize the
energy harnessed, to minimize the cost, and to improve the power quality during the last
two decades. Such turbine concepts can be classified with a view to the rotational
speed, the power regulation, and the generator system.

The advantage of using direct drive energy converter is that it omits the gearbox
in the system, decreases the part count and operates at lower speed therefore has
reduced wear and tear. The permanent magnet generator represents an excellent
choice in direct drive systems for producing clean energy.

In this paper is proposed a simplified layout of transverse flux machine, for
small wind turbine. A main part of the present work is done for integration the structure
into models which exists already in literature. Thus, numerical and analytical
approaches are adapted accordingly to the proposed structure.

The thesis has 8 chapters. In Chapter | is made a general presentation and is
explained the main purpose of choosing this subject. The second chapter is dedicated
to a general overview regarding different types of wind turbines, their features and for
criteria used in designing a wind turbine.

The simplified mathematical model is based on some magnetic equivalent
circuits, fully described in the Chapter Ill, which allows for the calculation of the main no-
load flux, permanent magnet leakage fluxes, for the sizing magnets permanents and
computer simulation of the generator steady state and dynamic behavior. A verification
of the machine model by using Flux3D environment from CEDRAT is done. Chapter IV
contains a specific designing algorithm (sizing equations, permanent magnet
calculation, iron core sizing, losses in iron core, magnets and winding) for transverse
flux generator. A thermal model is developed for transverse flux generator. The scaling
procedure applied for designing a transverse flux machine family is presented and a
comparison between scaling and designing is done in the end. In chapter V is given a
comparison between one phase and three phase generators. Different variants of the
transverse flux generator base modules are designed. Using the Matlab/SIMULINK
platform is present a wind mill system model (including energy storage system model) in
Chapter VI. In Chapter VIl the developed experimental model, is presented together
with some tests results. The identification of the Lundel generator equivalent circuit
generator parameters are made, which allows for a full comparison between the
simulation results and tests for the wind mill model.

Finally, conclusions and contributions, glossary, bibliography and appendices
are to be found.

lll. Rotational Transverse Flux Machine
The transverse flux machine, in both its variants, with or without permanent
magnet excitation, tends to become a mature machine with a well defined application

domain - the low speed, high torque density drives. A new comer in its modern
construction, supply and control, the permanent magnet transverse flux motor (PMTFM)
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has an achievable torque density two times larger than that of conventional or tooth-
wound winding permanent magnet synchronous motors [W4, V4, H16, W1].

The PMTFM has a particular structure. Each phase is an independent module
with a single armature winding, of circular shape. Even if PMTFM behaves as a PM
synchronous motor, its structure is very different. In order to design and study the
PMTFM, a very specific model should be developed, and a three dimensions finite
element method (3D-FEM) has to be employed. Some attempts to develop a useful
design procedure and to define an adequate mathematical model were made [S1, A3,
A4, and V9], most of them being dedicated to a conventional PMTFM structure, with
claw poles in stator and were combining the 3D-FEM analysis results with analytical
calculations.

The PMTFM has three main breakpoints: small power factor (inherent to larger
torque density), partial PM utilization and a complicated structure. The small power
factor is related to high torque density via high pole mmf and also to PM flux fringing
(leakage); it can be improved, though incrementally, by reducing the latter via improved
rotor topologies.

Having a reduced price and simple technology, the structure proposed in this
paper is derived from a reluctance topology. The only important change is made in the
rotor, where a permanent magnet (PM) is introduced between the two poles of each
pole piece. Thus, from elementary reluctance topology with the same number of stator
and rotor poles, presented in Fig. 3.18, the new structure obtained is presented in Fig.
3.19, introducing in every rotor poles permanent magnets with alternative polarization
(the number of rotor poles becomes double compared with stator one). One phase
structure of the proposed motor is presented in Fig. 3.19, where a linear layout is
depicted.

Stator  ~ —_=— _
B I = Stator
I-'—_-L:\_
Coil | |. _'i Coil
il B
a .:ia.—:_- _Is___ ’_ B Mover
Rotor o '
o PM
Fig.3.18 Stator and rotor poles for a TFRM. Fig. 3.19 PMTFM, novel structure, phase module in

linear layout.

The generator iron core can be made out of steel laminations or soft magnetic
composite (SMC) materials. The rotor poles of the proposed PMTFG should be made
out of SMC materials, since it allows a 3D flux pattern. The stator core can also be
made of SMC due to the less complicated construction technology. In the case of SMC,
the initial permeability and the saturation are smaller than that of a good steel
lamination.

3.3.2 Analytical model based on equivalent magnetic circuits

The magnetic equivalent circuits are constructed for different situations, in order
to calculate the no-load main flux, the armature reaction flux and the most important
leakage fluxes. In the case of no load fluxes, when there is no current in armature
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winding, the magnetic equivalent circuit considered, one rotor pole piece in aligned
position, is the one given in Fig.3.3.4.

Fig.3.3.4 No load PMTFG magnetic equivalent circuit.

The following notations are used:
o Pgg1, Dog2 - No-load air-gap main fluxes

o Qg - side to side leakage flux (Fig.4)
o @y - air-gap leakage flux (Fig.5)
e &, - side pole leakage flux (Fig.4)
o @ - rotor pole bottom leakage flux (Fig.5)
* Rpu, Ross, Rog, Ros, Rop - reluctances corresponding to the @py, Pyss, Pog, Pos,
Dy fluxes
e Rys - air-gap reluctance under rotor pole in aligned position, (pole 1 in Fig.6)
e Ryo - air-gap reluctance under the unaligned rotor pole, (pole 2 in Fig.6)
e Rrees - one stator pole piece reluctance
e Fc = Hc'lpw, where Hc is the PM’s coercitive field value and Ipy the PM’s length
5/ 1// \\\\ : //// \\\ \l‘ /"go.'g_‘\
BNt B —
L[ @os Do |
PRI R S
ber/2 bw/2 ¢ab
Fig.3.3.1. Rotor pole, side and side to side Fig.3.3.2. Rotor PM’s air-gap and bottom
leakage flux leakage flux



| |
| |
1 bps ' bss bps
| |
| |
} bsr| | bpr
|
Qpr
1 2
>
aps apR

Fig.3.3.3. Air-gap configuration in aligned rotor position

In the magnetic equivalent circuit given in Fig.3.3.4, the considered own leakage
fluxes of one PM presented in Figs.3.3.1&3.3.2, are substituted by an equivalent flux,
the reluctances’ equivalence being given in equation (3.3.2).

1 :1+1+1 (3.3.2)
Rev Ry Rs Ry
where the reluctances Ry, Rosand Rop correspond to the fluxes @qg, @ys and Pgp.

The magnetic equivalent circuit given in Fig.3.3.4, 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 machine poles’ configuration is given in Fig.3.3.3, one rotor pole being in
aligned position, the initial position considered for air-gap reluctances, Ry; and Ry
calculation.

The magnetic equivalent circuit constructed to calculate the armature reaction
flux with a rotor pole piece in aligned position, respectively with the rotor pole pieces in
unaligned position are given in Figs.3.3.9, 3.3.10. In the magnetic equivalent circuit from
Fig.3.3.10, due to the perfect rotor symmetry, the ®'squ, is considered half of the total
stator flux produced in unaligned position @sgyp.

) RSJ Rrer Rpu
NG E—
/ | |
R
gun
FS RFeS
¢sa
Rga Rga
R
B Rrer Rpw J gun
—
Fig.3.3.9 Magnetic equivalent circuit, armature Fig.3.3.10. Magnetic equivalent circuit,
reaction rotor pole piece in aligned position armature reaction, rotor pole pieces in

unaligned position

In both magnetic equivalent circuits, Figs 3.3.9, 3.3.10, the total stator windings
leakage reluctances, Rys is defined as:



_ Ros! ) Roa
R +Ra
where Ryg and Ry, are the slot leakage and respectively the air leakage reluctances
associated to the slot leakage flux @,y and air leakage flux ®,,, which is circling the
stator winding in the air portion between two consecutive stator pole pieces.
The signification of the notations made in Figs.3.3.9 and 3.3.10 are the following:
s, Gsun — stator flux in aligned, respectively unaligned rotor position
Dsga, Psqun— air-gap flux in aligned, respectively unaligned rotor position
Fs = NI — stator phase mmf (N — phase number of turns, / — phase current)
Rga, Rgun — air-gap reluctance under a rotor pole in aligned, respectively
unaligned position
Rres Rrer — stator and rotor pole reluctances
Rpm — permanent magnet reluctance
The aligned air-gap flux, @sgais given by the equation:

Fs

R, (3.3.13)

O, = : 3.3.16
% (2R, + Ry 1+ Rees / Re, )+ Rees ( )

where R’y represents the sum of PM and rotor pole reluctance:

1 1 1 1
= + + (3.3.2)
9%aPM ERO'S mcg mcb
The unaligned air-gap flux, @sgun is:

F (3.3.15)

(DSgun = : S

0.52Ryp + Ry JL+ Rees / Rex )+ Rees

The armature reaction fluxes ratio is considered equal to the main inductance ratio:
Do | Py =My I M, (3.3.24)

The stator phase leakage inductance is:

L, = quSNZ(Pg bys + b '”(21'5)j (3.3.26)

T

where the slot leakage permeance Py is:

P, :£+&"{%J (3.3.20)
3Ws WS_IO I0

Qs is the number of stator pole pieces, b,s and bss are the stator pole, respectively inter
pole length, hs and [, are the slot height, respectively opening part of the stator,
unoccupied by conductors.

The no-load induced emf maximum value can be calculated with the flux ®os
obtained by solving the magnetic equivalent circuit given in Fog.3.3.4, the same flux
allowing for electromagnetic torque calculation.

Supposing that the resulting no-load air-gap flux density varies sinusoidal, its
maximum value being Bgmax, the peak value of the cogging torque produced by one
phase module is estimated by:

g'Bgmax

Mo

T

YA
cgmax — XS

(3.3.49)

where g is the actual air-gap length.



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,

Dy, > Do, (3.3.32)

From (3.3.32) results a condition for the minimum PM’s length to avoid its
demagnetization once all other dimensions are given.

Oga

3.4. The checking of the analytical model through the FEM analyses.

In order to check the analytically obtained results, a three dimensions finite
element method (3D-FEM) analysis was employed. Due to PMTFG symmetry, only two
rotor and one stator pole pieces were modelled in a manner that allows automatic re-
meshing at different rotor position. A 3D-FEM package from CEDRAT was used and a
bunch of results were obtained. Two support planes were constructed in the model, at
midway between two neighbouring pole pieces and in the radial middle plane pf the
PMs, more details being given in [S6], in order to calculate the PM’s main and leakage
fluxes. All the calculation were done for a 1.2kW, 300rpm PMTFG with 15 stator pole
pieces and an average air-gap diameter Dy = 0.161m. The stack length for one module
is L = 0.038m, and the PM'’s axial length is /s,y = 0.008m. Both the stator and the rotor
cores are made of SOMALOY500 with absolute permeability pre = 6.283:10*H/m. A
comparison between analytically and 3D-FEM analysis results for the no-load fluxes are
given in Table 3.4.1.

Table 3.4.1. The no-load fluxes [10'4 Vs]

Flux dpm1 dog1 Opm2 dog2 dos Doss
Analytical 2,34 1,3 1,6 0,6 0,7 0,9
3D-FEM 2,0 1,1 1,7 0,7 0,4 0,7

The differences look impressive, mainly in the case of @, but, to separate this
one from other PM’s leakages is quite difficult, and even the 3D-FEM results might
contain some errors. It is obvious, as shown in [S6], that the side to side leakages, Pgss
are larger than the air-gap flux for the shifted second rotor pole, and they must be
reduced by decreasing the side rotor pole area or by employing anti-Hallbach arrays
[S6].

Electromagnetic torque peak value for the same sample PMTFG and square
rotor pole side area is 18.2Nm from the 3D-FEM analysis results, respectively
18.617Nm via analytical calculation. The peak value of the cogging torque is 6.8Nm via
3D-FEM and 5.994Nm by analytical method. These values evince the fact that the
simplified proposed model is satisfactory covering the phenomena. By using the
simplified model, a sizing design procedure can be developed easily and some
interesting results can be obtained.

The influence of the iron core material, high quality steel slides or SMC, or of the
PMs’ dimensions on the PMTFG performances can be studied too using the analytical
model, together with the influences of many other factors as ratio or average air-gap
diameter to stack length (the aspect factor).

5.4. Different designed variants for the transverse flux generator base module.

The base module variants have the found with a rated power of 8 kW and 11
respectively. The different designed variants have different number of poles, different
rotational and different dimensional coefficients. One example for dimensioning is
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presented in Tables 5.4.1 and 5.4.2. The data sheet are for a transverse flux generator
with rated power of 8 kW, 30 stator rotor poles and rotational speed between 2 and 4
rot/sec. The tables contain several information such as output values, and main
dimensions for two variants of iron core material (steel laminations and SMC
respectively)

Tabelul 5.4.1. Transverse flux generators of 8kW, Qs = 30, outside values.

Gen n permea E Tp P [LHG] Mg Mq ([jﬁrrg N ATemp
' [1/s] bility V] [Nm] [kW] . [mH] [mH] [°C]
e-5 kgl
500 240 639 8,031 | 11,72 12 10 8,65 | 0,889 | 25,09
1G8230 2
2800 239 637 8,006 | 10,69 11 10 8,60 | 0,891 | 24,73
500 240 | 426,8 | 8,046 | 8,755 | 8,009 | 7,231 7,64 | 0,901 26,7
1G8330 3
2800 239 | 4248 | 8,009 | 7,928 | 7,577 | 6,987 7,6 0,902 | 26,4
500 239 | 319,8 | 8,022 | 6,974 | 6,158 | 5529 | 6,86 | 0,907 | 28,01
1G8430 4
2800 241 | 321,7 | 8,085 | 6,501 | 5,899 | 5419 6,9 0,908 | 28,04
Tabelul 5.4.2. Transverse flux generators of 8kW, Qs = 30, main dimensions.
Gen n permea |\ Dy L lbr bor bps Ipm hpm Ws hs
' [1/s] | bility [m] [m] [m] [m] [m] (m] | [mm] | [m] [m]
500 67 | 0,345 | 0,069 | 0,031 | 0,013 | 0,025 | 7,67 | 0,040 | 0,015 | 0,094
1G8230 2
2800 64 | 0,345 | 0,069 | 0,031 | 0,013 | 0,025 | 7,4 | 0,040 | 0,015 | 0,094
500 62 | 0,301 | 0,06 | 0,027 | 0,011 | 0,022 | 7,11 | 0,034 | 0,015 | 0,094
1G8330 3
2800 60 | 0,301 | 0,06 | 0,027 | 0,011 | 0,022 | 6,82 | 0,034 | 0,015 | 0,094
500 58 | 0,274 | 0,055 | 0,024 | 0,010 | 0,020 | 6,37 | 0,031 | 0,015 | 0,094
1G8430 4
2800 56 | 0,274 | 0,055 | 0,024 | 0,010 | 0,020 | 6,46 | 0,031 | 0,015 | 0,094
Some results are presented in Figs.5.4.1, 5.4.2
. .
= — 1G830 — 16112
iE= - - 16840 ] — 1Gs4
= ~ — 1G1130 04
S 10 |
= - .
3 - T —_
=] —_— .E.DBS
5 - T g
& = m— —
£ - - T —
in T (k] == —1
5 - -
D ]
" 25 3 35 4 025 g n pE 5
Turatie de sincronism [rotis] Qs

Fig.5.4.1 The density torque variation to the
rotational speed

Fig.5.4.2 Diameter variation to the
polar pieces number
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The computed values are: The main dimensions are:

maximum induced EMFf E[V];
torque per Tp [Nm];

leakage induction L [H];

the leakage induction d,q -
parameters My and Mg [H];

torque density denT [Nm/kg];

o the efficiency n;

¢ the increasing temperature rated to
40°C;

the air-gap diameter Dy [m];

rotor length L[m];

rotor pole width byr [m];

stator pole width bys [m];

magnet permanent length Ipy [M];
magnet permanent height hpy [m];
slot width ws [m];

slot height hg [m];

6. Features of the wind turbine equipped with transverse flux generator for small

wind turbines.

A small wind turbine could be equipped with a transverse flux generator for a
small power wind mill. The system has no gearbox and the main structure is presented

in Fig. 6.1.1.
The storage
| system
P Fﬁ*}f |; | =
| x________ jf —, l_____NEhﬂNK
I - S = C 1 ";hu
ontroller
PMTFZ f i—————
Convertor Inverter
I —_—
Load

Fig.6.1.1. Wind turbine structure

The wind gust used in the application is predetermined one and the shape is
presented in Fig. 6.2.9. The wind turbine answer is presented in Fig.6.2.10.
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Fig. 6.2.9. The shape of the considered wind gust.
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Fig. 6.2.10. the answer of the wind turbine

In Fig.6.4.3, 6.4.4 and 6.4.5 the results presented considering different

situations, like introducing a filter in the system.
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Timpl[s]

b)
Fig. 6.4.5. a), b The inverter voltage variation without and with filter

Timp[s]

a)
Developing a thermal model of the generator;

An analytical model in developed allowing for all fluxes computations and for
dimensioning the permanent magnet;

A transverse flux generator simplified structure was proposed in the paper

for wind turbines applications;

8. Contributions.
Some important aspects need to be named:



Scaling procedure used for designing transverse flux machine;

Different designed variants for the transverse flux generator base module;
Creating in Matlab/SIMULINK a wind mill system model;

Developing a laboratory wind mill model.
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