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Abstract. Based on the analysis of the transverse flux machine designs, they were found to have a
relative design simplicity and a high-power density. The purpose of this work is to determine the
optimal height of a permanent magnet and to define its effect on the induced EMF value in the stator
coils and the cogging torque, as well as to define the picture of the magnetic flux leakage between the
stator poles. To achieve these goals, the 3D model of a low speed generator was studied. The
electromagnetic analysis was carried out using a modern software, which allows us to determine the
magnetic field distribution in the 3D, as well as the induced EMF value and the rotor cogging torque.
The criterion for the optimal calculation is the highest EMF value at the minimum value of the rotor
cogging torque. The parameters of the permanent magnets, such as the width and length, remained
unchanged, whereas, the height varied from 1 to 8 mm at a 1-mm step. The corresponding
dependencies are obtained for each height. The most significant result of the work is the conclusion
that the height of the permanent magnet should not exceed the 3-mm value. The significance of the
obtained results is that the used methodology allowed finding the optimal height of the permanent
magnet, since a further increase in its height leads to no growth in the EMF value, but rather
significantly enhances the negative effect from the rotor cogging torque. In addition, the simulation
results were supported experimentally.
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Rezumat. in baza analizei proiectelor de masini cu cAmp magnetic transversal, s-a constatat ci acestea au o
simplitate relativa de proiectare si o densitate mare de putere. Scopul acestei lucrari este de a determina inéltimea
optima a unui magnet permanent si de a determina efectul acestuia asupra magnitudinii tensiunei electromotoare
(EMF) induse in bobinele statorului si a cuplu cogging, precum si de a determina modelul de dispersie a
campului magnetic intre stilpi de stator. Pentru a atinge acest obiectiv, s-au efectuat studii pe un model
tridimensional al unui generator cu viteza redusd cu cdmp magnetic transversal. Analiza electromagnetica a fost
efectuatd folosind un soft modern care permite determinarea distributiei campului magnetic in 3D 1n nuclee si in
spatiul de aer al masinii, precum si magnitudinea EMF indusa si a cuplurilor de franare. Criteriul pentru calculul
optim este cea mai mare valoare a EMF la valoarea minima a momentului dintilor rotorului. Rezultatul cel mai
semnificativ al lucrarii este stabilirea faptului ca Indltimea magnetului permanent nu trebuie sa depaseasca 3 mm,
la care inductia magnetica in golul de aer corespunde cu 0,75 T. Semnificatia rezultatelor obtinute constd in
faptul ca tehnica utilizatd a facut posibild determinarea inaltimii optime a magnetului permanent, deoarece o
crestere suplimentard a naltimii sale nu duce la o crestere semnificativd a valorii EMF in bobina, iar creste
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semnificativ momentul dintilor rotorului, care afecteaza negativ mecanismul de actionare. Rezultatele simularii
sunt confirmate experimental pe un prototip de lucru al unui generator cu cdmp magnetic transversal.
Cuvinte-cheie: masind cu flux magnetic transversal, magnet permanent, cuplu, analizi electromagnetica,
tensiune electromotoare.
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Annomayus. Ha ocHOBaHWM aHanM3a KOHCTPYKIMH MAIlMH C MONEPEYHBIM MAarHUTHBIM IOJIEM YCTaHOBJIEHO,
YTO OHM 00/IaAal0T OTHOCHTEIBHOM MPOCTOTONH KOHCTPYKIUH M BEICOKMMH TTOKAa3aTeIAMH YAEIbHONW MOIIHOCTH.
Lenpto naHHOW pabOTEHI ABIAETCS ONPEACICHUE ONTUMAIBHON BBICOTHI TIOCTOSSHHOTO MarHUTa M OIIPEACIICHNE €¢
BIIMSIHMS Ha BEJNMYMHBI HaBOIUMBIX DJIC B KaTymkax craTopa M 3yOII0BOrO MOMEHTA, a TaKKe OIpPEACICHHE
KapTHHBI PACCESHHsS MAarHUTHOTO TOJS MEXIy MOJI0CaMM cTaropa. Jis JOCTHKeHHs MOCTaBICHHOW LENn
MPOBEICHBI MCCIEAOBaHNS HA TPEXMEPHOW MOJIETH HH3KOOOOPOTHOTO TeHepaTropa ¢ MONEepeYHbIM MarHUTHBIM
nojseM. DJEKTPOMAarHUTHBIM aHajdM3 IPOBEJCH C IIOMOIIBI0 COBPEMEHHOTO IIPOrPaMMHOIO oOOecredeHwus,
MO3BOJISIIOILETO ONPEACNUTh paclpeelieHne MarHuTHoro noist B 3D B cepleyHHKax M B BO3AYIIHOM 3a30pe
MAIlMHBI, a TaKKe BeTMYUHBI HaBOAUMBIX DJIC 1 TOpMO3HBIX MOMEHTOB. KpHuTepreM onTHUManbHOCTH pacueTa
ciykuT HauOonpuiee 3Hauenue OJ[C mpu MHMHMManbHOM 3Ha4€HHM 3YyOLIOBOr0O MOMEHTa portopa. Ilpu
MOJICTTMPOBAHUH UCIIOJIb30BAIUCH MapaMeTphl NOCTOSIHHOTO MarHuTa Mapku Nd-Fe-B-35, ero mupuna u pmnHa
OCTaBaJICh HEU3MEHHBIMH, a BBICOTAa BapbupoBasnach oT 1 g0 8 MM ¢ marom 1 mm. J{as KaXI0ro 3Ha4EHUs
MOJyYCHbl COOTBETCTBYIOIIME Tpapuku M 3aBUCHMOCTH. CpenHee 3HAUCHHE MAarHUTHOM HWHIYKIUH B
BO3YIIHOM 3a3ope coctaBuwiio 0,43 Tn mys BeIcOTHl nocTositHHOrO Maruuta 1 mm u 0,821 T — anis BBICOTBHI
8 mMm. Hamboree cymecTBeHHBIM pe3yIbTaToM paboThI SBJISIETCS YCTAHOBJIEHHE TOTO, YTO BBICOTA IOCTOSTHHOTO
MAarHuTa He JOJKHA MPEBBIATh 3 MM, IPH KOTOPON MarHUTHAsi HHAYKIHS B BO3AYIIHOM 3a30p€ COOTBETCTBYET
0,75 Tn. 3HaYNMOCTb MOJYYEHHBIX PE3yJIBTATOB COCTOUT B TOM, YTO HCIIOJIb30BaHHAs METOAMKA MO3BOJIMIA
OTIpeNIeNUTh ONTHUMAJIbHYIO BBICOTY IIOCTOSHHOTO MAarHWUTA, IIOCKOJIBbKY JallbHeHIee yBeIMUeHUE ero BEICOTHI He
MPHUBOJIUT K 3HAUUTENFHOMY yBennueHuio BenuduHel DJ[C B KaTylIke, HO 3HAUUTEIBFHO YCHIIMBACT 3yOIIOBBIN
MOMEHT POTOpPA, YTO OTPHULATEIBHO CKa3bIBACTCSA Ha IPUBOJAHOM MeXaHuU3Me. Pe3ynbTaTbl MOZIEIUPOBAHUSA
MOATBEPKJICHBI 3KCIIEPUMEHTATIFHO Ha pabodeM MPOTOTHIIE TeHepaTopa ¢ MOMEPEYHBIM MAarHUTHBIM TTOJIEM.
Knrwouesvie cnoea. ManmHa ¢ MONEPEYHBIM MAarHUTHBIM ITOTOKOM, TOCTOSHHBIM MAarHHT, 3MEKTPOABIKYIIAs
CHJIa, MOMEHT, 3JIeKTPOMAarHUTHBII aHaJIN3, MATHUTHAS MHIYKIUA.

INTRODUCTION production, the TFM becomes increasingly
important [2-5]. Over the past 50 years a large
number of designs and modifications have
been presented in this class of the electrical
machines. The main designs of the TFM are
the external, internal or disk modification of
the rotor, and the stator winding is mainly
manufactured in one-, two- and three-phase
[6-17].

Recently, there has been a tendency to
reduce the size of the electrical machines and
increase their specific power. Also, with the
development of robotics, private vehicles and
private low-speed river and wind generators,
the design and the right choice of the PMs size
is very important for maximum efficiency and
successful use of the electrical machines with
the PMs [18, 19].

It is a well-known fact, that China is a
monopolist in the market of rare-earth permanent

It is commonly known that the electrical
machines with permanent magnets (PMs)
demonstrate higher efficiency, greater reliability
than machines with electromagnetic excitation.
Among the electric machines with the PMs, there
is a separate class of transverse magnetic flux
machines (TFM). Due to the design features of
this TFM magnetic system, the relatively simple
design and creation of the best indicators of the
specific power TFM find wide interest in the
scientific community.

For the first time the TFM was proposed by
V. M. Mordy in 1895 [1].

However, unfortunately, at that time there
were no possibilities for the computer-aided
design systems and production. In recent
decades in connection with the development of
the CAD simulations based on numerical
methods, as well as modern technologies in
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magnets, such as Nd-Fe-B, so the task to find
their optimal size is very important and is closely
related to the price of the electrical machine in
general. Since the TFM has a very large number
of the PMs on the rotor, each additional
millimeter of their size will necessarily lead to an
increase in the total price of the whole electrical
machine. Therefore, finding the optimal size of
the PMs without unnecessary overpayments is an
important task [20, 21].

Today several research groups are actively
involved in the design and production of these
machines. These works showed a high potential
of TFM in terms of energy efficiency with high
specific torque and good weight-to-size
dimensions. In addition, the TFM allows to
implement a multi-pole design (20-60 U-cores
and more), which opens the way to design a low-
speed and high-torque gearless electrical
machines. This type of machines allows us to use
stator windings that are simple, economical and
reliable today [22, 23].

During the design of different TFM
constructions it becomes a matter of getting the
maximum power of the same machine size. The
number of pole pairs is easy to modify in the
TFM, which is a feature for such machines.
However, an increasing number of U-cores in the
stator with a constant diameter leads to a
proportional reduction of the pole width and
therefore to an increase in the magnetic flux
leakage [24].

A study of the TFM in the generator mode
was carried out, and it was determined that the
number of U-cores from 32 to 38 is the best
result for the maximum value of electromotive
force (EMF) in the stator coils. For the motor
mode the number of U-cores must be in the
range from 28 to 34 for the most efficient energy
conversion process. Thus, the TFM design with
32 stator U-cores for one phase is the most
optimal design from the technological and
energy points of view for both generator and
motor modes [25].

An important criterion for selecting the type
of the TFM design for the research is, first of all,
the efficiency and manufacturability of the
design. Therefore, this work will pay attention to
the design with a disk rotor and the PMs based
on Nd-Fe-B type.

However, it is necessary to take into account
the fact that the disk rotor with the shaft must be
rigidly fixed in the bearings. It is important to
avoid skewing and air-gap irregularity caused by
the attraction forces of the PMs on the disk rotor.

This issue is poorly considered in the works
described above, therefore it is relevant, since it
will reduce the effect of the cogging torque
caused by these forces.

However, despite the successful experience in
the simulation and implementation of such
generators in real designs, there are a number of
issues related to the correct choice of the type
and size of permanent magnets, as well as the
scientific substantiation of their application
possibility. These problems have not been
previously considered in the literature and they
are the subject of study in this article.

The purpose of this work was to investigate
the tendency of the influence of the permanent
magnet thickness on the induced EMF value in
the stator coils and the cogging torque value, as
well as to determine the picture of the magnetic
flux leakage between the stator poles.

I. OBJECT, SUBJECT, AND METHODS FOR
RESEARCH

As an object for the research to find the
optimal size of the PMs, the TFM with an
internal disk rotor was chosen. This design has
an aluminum housing, inside which the two
stator phases were located. Each phase consists
of 32 poles, which ensures a rotor speed at
60 rpm. The stator phase magnetic system is
made of M350 electrical laminated steel, its
external diameter is 360 mm, and its axial length
is 180 mm. The stator phase winding is a multi-
turn coil made of insulated copper wire with
207 turns. The disk rotor is located in the middle
of the machine between the stator phases. The air
gap between the stator poles and the PMs of the
rotor is 1.5 mm. The rotor disk is made of St3
type solid steel; 128 permanent magnets are
located on the disk rotor surface and have the
Nd-Fe-B-35 type.

The stator of the machine consists of two
pieces (phases), each phase consists of U-shaped
cores that are evenly located around the stator
and act as magnetic cores (Fig. 1, a). Each
magnetic core consists of two teeth, which are
connected by a yoke (Fig. 1, b). The PMs
number, which are located on the surface of the
rotor, is twice as many as the number of U-
shaped magnetic cores. Their direction of
magnetization is interchanged in a chess order,
perpendicular to the surface of the rotor (Fig. 2).
This is due to the necessity of a change in the
magnetic field in order to satisfy the
electromagnetic induction law in the generator
mode for the TFM. Figure2 shows the
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assembled design of the TFM with a disk rotor
and its housing.

The working principle of this electrical
machine is similar to a permanent magnet
synchronous machine. By connecting the TFM
to the alternative current in the motor mode, will
make a current flow in the stator winding and a
stator magnetic field will be created. The created
magnetic field of the stator will begin to interact
with the magnetic field of the PMs of the rotor
and move them to a position with a minimum
magnetic resistance. Thus, the PMs of the rotor
will be located opposite the teeth of the stator
cores. This process will lead to a torque creating
and to the rotor rotation.

a b

a — one phase of the stator; b — stator pole.
Fig. 1. Design of one phase of the TFM stator.

1 — stator pole; 2 — stator coil; 3 — aluminum stator body; 4 — rotor disk made of solid steel;
5 — permanent magnets with the chess order magnetization; 6 — machine shaft; 7 — friction type bearings.
Fig. 2. Design of 32-cores TFM with a disk rotor, its housing and the shaft.

Regarding the working principle of this
machine in a generator mode: the magnets on the
disk rotor move at a certain speed relative to the
stator poles, and magnetizing them with a
magnetic flux of alternating polarity. Since the
magnets are located in a chess order polarity on
the rotor, the alternating magnetic flux,
according to Faraday's law of electromagnetic
induction, induces the EMF in the stator coil. It

is directly proportional to the number of turns of
the coil and to the frequency of the magnetic
field changing, namely, to the speed of the rotor.

I1. ANALYSIS OF THE TFM MODEL AND THE
METHODOLOGY OF ITS RESEARCH

Obviously, for maximum TFM efficiency it is
very important to have optimal pole sizes, their
number, and the size of the PMs in order to use
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all the resources of the machine rationally. The
size and number of poles are closely related to
each other in the same size of the machine, but
the optimal PMs size was not considered.

As for the width and length of the PMs —
these are dependent parameters and they are
associated with the number of stator poles and
their size. However, the height of the PMs can be
changed, which will affect the residual flux
density of the magnetic field on the surface of
the magnet.

During the research, the width and length of
the magnet remained unchanged, as the main
dimensions of the poles and the diameter of the
magnetic system. However, the height of the
PMs — varied from 1 to 8 mm (Fig. 3) with the
preservation of the air gap value between the
PMs and the stator poles — 1.5 mm.

To carry out this research it was necessary to
analyze the magnetic system of the machine with
variable parameters of the PM height.

h,,,= Var

Fig. 3. The height of the permanent magnet, which
was varied during the research.

As we know, each serially produced electrical
machine has its own methods for calculation its
characteristics and geometric dimensions, based
on a large number of experimental studies,
empirical coefficients and simplifications. TFM
calculations use existing methods for the analysis
of the magnetic field: numerical-field, total
current law, equivalent circuits. The last two
methods have several simplifications in the
distribution of the magnetic field and saturation
of the magnetic system, but they give a picture of
the overall dimensions of the TFM, which are
refined using the numerical-field methods. This
method for calculation the magnetic circuit is
implemented in such programs as the FEMM,
ANSYS Maxwell, COMSOL and others.

These programs allow us in a short period of
time to determine the optimal magnetomotive
force (MMF), to analyze the saturation of the
magnetic system of the stator and rotor cores,
and to make parameterization and optimization
of permanent magnets with a preset criterion.
This vastly simplifies the design process for any
electrical machines.

Firstly, in our research a three-dimensional
model of the TFM magnetic system with the

appropriate dimensions was created by using the
KOMPAS-3D software [26]. Further, this model
had to be transferred for the numerical-field
analysis. For this purpose, ANSYS Maxwell
software was chosen. And an electromagnetic
analysis of the TFM was carried out there [27].

In this software, the main properties of
magnetic conductive materials were set, namely:
the magnetization B(H) curve of the materials of
the stator and rotor cores, the direction of the
stator poles stacking factor, winding data, the
direction of the PMs magnetization, their type
and magnetic properties, and other features of
the model.

It should be noted that a very large part of the
time and computer resources is spent for creation
and calculation a model in 3D to find the optimal
PMs value. Therefore, in order to optimally
allocate computer resources and save the time
for three-dimensional calculations, without
reducing the simulation accuracy, it was decided
to use the symmetry conditions for this machine.
Therefore, the analysis was carried out only for
1/8 part of the model, for one phase of the stator
(Fig. 4). The results of such calculation can be
positioned further for the full TFM model using
the appropriate symmetry multiplier.

Fig. 4. 1/8 part of 3D TFM model for analysis.

I1l. THE RESEARCH RESULTS

Magnetic system analysis to find the optimal
height of the PMs was carried out with the preservation
of all the main dimensions of the machine and
the air gap. The rotor speed in the generator
mode was constant and had a value of 60 rpm.

A large number of calculations were carried
out with the 3D model of the TFM and with
different PMs height ranging from 1 to 8 mm.
The initial controlled parameters were: the EMF
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generated in the stator phase coil and the cogging
torque from the PMs attraction force of the rotor,
which fundamentally affects the power of the
rotating machine and the amplitude of its
pulsations. This cogging torque is negative and it
will be a holding torque of the rotor, so the
smaller it is, the easier it will be to rotate the
generator using an external drive mechanism.
Therefore, the purpose of the calculation is to
find the optimal height of the PMs, which
corresponds to the maximum possible value of
the EMF in the coil and with a minimum
negative value of the cogging torque for the PMs
attraction of the rotor. The results of calculations
in the form of the graphs for the EMF value and
cogging torque value depending on the PMs
height are shown in Figs. 5, 6. All results are
given for the whole TFM model and one stator
phase with corresponding symmetry multiplier.
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Fig. 5. Dependence of the PMs height on generated
EMF value in the stator coil.
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Fig. 6. Dependence of the PMs height on the

maximum value of the cogging torque.

As we can see in the graphs, the value of the
cogging braking torque increases almost linearly,
while the value of the induced EMF in the stator
coil does not grow linearly and reaches its
maximum at value of 95-96 V.

The results of calculating the magnitude of
the induced EMF in the coil and the cogging
torque of the rotor for different values of the
PMs height are given in Table 1.

Table 1.
Results of calculation of the EMF value in the
coil and cogging torque of the rotor for different
values of the PMs height

Intzie)a;lrng Increasing
PM Cogging decreasing ()
height,| EMF, | torque, (-) of E 0f Mcog
- rms
hem, |Erms, V| Meog, compared tocompa_red to
mm N'm . previous
previous lue. %
value, % value, vo
1 |613| 6.3 - -
2 | 8l5| 139 +33 % +120 %
3 1938 222 +15 % +59 %
4 |949 | 374 +1.0 % +68 %
5 1963 | 524 +1.4 % +40 %
6 | 944 | 634 -0.9 % +21 %
7 1922 | 715 -2.4 % +12.7 %
8 |923| 804 +0.1 % +12.5%

The dependence described above is explained
by the fact that with increasing the PMs height,
the stator pole, with the magnetic flux density,
reaches its saturation state, and further increase in
the PMs height leads only to an increasing the
magnetic losses and magnetic flux leakage. Also,
with an increase in the PMs value in the space
between the stator poles near the coil, magnetic
field leakage creates a back-EMF in the stator
coil, reflected in the graphs as a small drop in the
EMF value at 6-8 mm of the PMs height.

The dependence of the linear growth of the
cogging torque on the PMs height is explained
by the fact that at a higher PM height, the PMs
attraction force with the stator pole also
increases. Mainly it happens at the edges of the
magnet and between the stator poles space. And,
the highest torque value is reached at the
maximum tension of the magnetic field lines in
the position, when the stator pole is situated
between two magnets of the rotor.

Summing up all of the above, we can
conclude that the optimal values of the PMs
height from the point of view of the induced
EMF in the coil — are 3 and 4 mm. However, if
they are compared with the obtained value of the
cogging torque, then the difference between the
PMs height of 3 and 4 mm is significantly
greater than the difference between the EMF
value in the stator coil (68% vs. 1% difference).
Thus, the increase in the PMs height to 4 mm
is not rational from the point of view of the
cogging torque value. More illustrative results of
comparing the differences between 3 and
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4 mm of PMs height is shown in Fig. 7.
Experimental data of this 32-poles TFM

design with the 360-mm external diameter of the

magnetic system was obtained in the laboratory

915 V - is the experimental value of EMF
(Fig.7), 93.8 V —is calculated EMF value for this
TFM design with the 3-mm PMs height and at
the specific speed of the rotor (60 rpm).

and compared with the theoretical data:
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Fig. 7. Comparison of obtained results between PMs height 3 mm and 4 mm.

The calculated error is about 2%, which
indicates the high accuracy of the 3D simulation.
In addition, the average magnetic flux density
value in the TFM air gap for all the PMs heights

of the flux leakage in the space between the
stator poles.
Table 2.
Average magnetic flux density in the air gap

were obtained. '_I'he results qf dgpenden_ce of the PM height, | Averaged magnetic flux density in
average magnetic flu?< den_5|ty in the air gap on hew, MM the air gap, Bs, T
the PMs height are given in Table 2 and in Fig.
8. 1 0.43

6.6 2 0.66

075 [ - 3 0.75

0'60 A 4 0.772
B / 5 0.777
& 0 6 0.788

030 7 0.803

0.15 8 0.821

0

1 2 3 -+ 5 6 7 8
PM_hight, [mm]

Fig. 8. Dependence of magnetic flux density in the
generator air gap on the PM height.

As we can see in the graph (Fig. 9), the
magnetic flux density increases nonlinearly as
the magnitude of the generated EMF in the stator
coil. Slight decrease in the EMF at 6-8-mm PMs
height is connected with the increasing activity

Thus, the average value of the magnetic flux
density in the space between the stator poles
(between PM and the coil) is 0.09 T — for 1-mm
PM height, 0.18 T — for 3-mm PM height and
0.298 T — for 8-mm PM height, which are
significant values of the flux leakage already.
The distributions of these flux leakages between
the stator poles (in the area between the PM and
the coil) for comparison are shown in Fig. 9.
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Fig. 9. Magnetic flux density distributions

IV. CONCLUSIONS

The optimal PMs height from the point of
view of the largest EMF of the stator coil and the
lowest value of the rotor cogging torque — is
3 mm. In addition, an increase in the PMs height
will not lead to a significant increase in the EMF
value in the coil, but significantly increases the
cogging torque value of the rotor, which
negatively affects the drive mechanism of the
generator. For this reason, the increase in the
PMs height in 3 mm is not recommended.

In addition, it is necessary to pay attention to
the flux leakages in the space between the stator
poles and the use of the magnetic shunts for
optimal magnetic field closure through the rotor
and stator poles of the generator with minimal

losses.
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