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The use of printed windings in electric machines with permanent magnets and axial magnetic flux allows to reduce their
axial size and significantly to increase the current density in the windings. Experimental studies of printed windings for
heating confirmed that at a current density of J =22 A/ mm® the steady-state temperature of the printed windings does
not exceed 80 °C. For given dimensions of an electric machine with axial magnetic flux, permanent magnets and
multilayer printed windings (outer diameter of the stator, axial length of the stator), numerical studies were carried out
and the optimal thickness of the permanent magnets was determined at which the maximum value of the
electromagnetic torque is reached. Also, as a result of numerical studies, it was found that the presence of teeth on the
stator allows you to increase the electromagnetic torque of the electric machine by about 25% compared with the
version of the magnetic system without teeth on the stator. A prototype of an electric machine with multilayer printed
windings was made and the dependences of voltage and power in the generator mode were determined when
connecting the windings through the rectifier diode bridge to the active load. The computational model of the generator
adequately describes the physical model. The difference discrepancy between the calculated and experimental values

does not exceed. It is shown that the average difference discrepancy between the experimental and calculated values

does not exceed ¢ =5.5%. The characteristics of the studied generators are calculated in the Simcenter MagNet
and Simcenter MotorSolve software packages. References 10, figures 7, table 1.

Key words: permanent magnets, printed windings, electromagnetic torque, external characteristics, experimental
sample.

Introduction. Nowadays electromechanotronic actuators with printed windings and axial magnetic
flux (disk type) for various applications are being intensively developed. This type of design of the
electromechanical actuator be composed of printed windings that are fixed in the stator, and the rotor with
permanent magnets that are fixed in a special holder. A stator with a printed winding simplified the design of
the electromechanotronic device and allowed to significantly reduce the axial length of such a device.
Another positive property is small thickness and correspondingly large widths and coil conductors.
Therefore, the cooling of the printed conductor is much better. These factors can increase the current in the
conductors and reduce the size and weight of the electric machine.

For example, in [1], the results of a study of an electromechanical device based on a brushless direct
current electric motor with an axial magnetic flux and a printed winding for a low-power vortex pump are
presented. In [2], the design and analysis of an electric motor with a printed winding, permanent magnets and
axial flux for use in nanosatellites are presented. In [3], a miniature motor design with a diamond-shaped
printed winding and axial flux is proposed, the axial length of which is only 3 mm. In [4, 5], a methodology
for designing engines with printed windings and axial flux is presented, which is used as miniature engines
for computer hard drives. In [6], studies are presented of a high-speed electric motor with an axial flux and a
printed winding and permanent magnets on the rotor, the magnetization vectors of which have a direction in
accordance with the Halbach concept. The small axial length of the electric motor with printed windings
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allows it to be embedded in the wheel hub of a vehicle [7]. In [8], an original layout of a permanent magnet
motor with an axial magnetic flux and a two-phase wave printed winding was proposed. This configuration
of the printed winding allows you to increase the number of pole pairs and the frequency of the motor.

The motors listed above are used for actuators and, as a rule, have a low power. However, the
technology of printed windings is being used in industry for electric motors and generators with permanent
magnets of high power. One of such already proven technologies is the technology developed by ThinGap,
which is based on a special structure of windings made by printing [9].

Due to the high use of the working volume in which the process of electromechanical energy
conversion takes place, this technology is an attractive alternative to traditional cylindrical machines.
ThinGap, a company that implements this technology, has achieved high results, and its products are
brushless motors based on a patented progressive technology with cylindrical printed windings. The
windings of ThinGap engines are manufactured with high precision and due to this and the small gap, such
machines have large specific torques and powers (per unit mass) compared to traditional machines.

The purpose of the work is to study an electric machine of low power (up to 2 kW) with axial
magnetic flux, multilayer printed windings and permanent magnets with variations in the geometry of the
stator magnetic system and the thickness of permanent magnets, as well as a comparison of the calculated
and experimental characteristics obtained when testing a prototype of an electric machine.

The heating study of the printed winding. The using of a printed winding can significantly
simplify the design, increase manufacturability and reduce the axial length of the electric machine. Another
positive quality of printed windings is the ability to work at higher current densities compared to a traditional
winding due to more efficient heat removal from the surface of the printed winding. Therefore, at the first
stage, experimental heating studies of multilayer printed windings were carried out and the nominal current
density at which the printed winding was heated to a temperature of not more than 80 ° was determined.

For this, samples of printed windings (coils, Fig. 1, a) were made. Each winding consists of 18 layers
of copper, the thickness of one layer is 0.05 mm. Between the even layers of copper there is an insulating
layer “core”, the thickness of which is 0.13 mm, between the odd layers of copper there is an insulating layer
“prepreg”, the thickness of which is 0.062 mm. Three coils with different prepreg layer thicknesses were
made: two layers /) = 0.124 mm; three /3p) = 0.186 mm; four h,) = 0.248 mm.
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Tests for heating were carried out as follows. The tested winding was connected to a current source,
a certain current value was set, and after a given period of time, the temperature on the surface of the coil
was measured. In fig. 1b shows the temperature on the surface of the printed windings as a function of the
current density in these windings. Analyzing the heating data of the printed windings, it should be noted that
the double-layer windings prepreg (h(p)) are the most heated. Coils with three layers of prepreg (hp)) and
four (hy), respectively, are heated almost the same. Therefore, it is proposed to use the variant with three
layers of prepreg to make a prototype of an electric machine. As a result of heating tests, it was found that
printed with three layers of prepreg (/) heats up to a steady temperature of 80° in a time t = 10 min and a
current in the winding /.,;=2.9 A, which corresponds to a current density of J=22 A/mm?®. For short-term
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heating (t=2 min), the current density can be increased to J=38 A/mm?. Therefore, in further calculations, the
current density J=22 A/mm” was assumed to be nominal for a printed winding with three prepreg layers.

Numerical studies of various configurations of the magnetic system. At the next stage of research
using computer simulation in the Infolitica Magnet package, a study was made of the influence of the
configuration of the magnetic system on the maximum value of the electromagnetic torque. For the given
dimensions of the electric machine (the outer diameter of the stator, the axial length of the stator), three
options were considered: model 1 — (18 coils, 24 magnets); model 2 — (27 coils, 24 magnets); model 3 — (18
coils, 20 magnets). The simulation results showed that the best performance has a 3 — model (18 coils, 20
magnets). Therefore, this model was taken as the basis for further research. In fig. 2 shows a computer model
of the investigated electric machine, the main parameters are in table.
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The rotor of this electric machine consists of a steel core /, on which cylindrical permanent magnets
are fixed 2. Multilayer printed windings 3 are fixed on the stator 4. Modeling was carried out both for the
magnetic system with teeth 5 on the stator, and without teeth. For the convenience of displaying the stator
teeth, two printing coils in Fig. 2 are not shown and Fig. 2 on the right shows fragments of the magnetic
system with teeth on the stator and without teeth

The calculations of model 3 were carried out by the finite element method in the Infolytica Magnet
package in a three-dimensional setting. The dependence of the electromagnetic torque on the angle of
rotation of the rotor was calculated for the time when the current in phase 4 is maximum and conditionally
positive A(+), phase B and C are conditionally negative and equal to half of the maximum B(-0.5) and
C(-0.5). Thus, when calculating the magnetic field and electromagnetic torque in the model under study, the
current density in phase A was set equal to J,=22 A/mm’, and in phases B and C it was set Jg=Jc=11 A/mm”.

As a result of previous studies [10], it was found that in electric machines with axial flow it is
advisable to use cylindrical permanent magnets instead of trapezoidal ones. The electromagnetic torque for
cylindrical magnets is approximately 10% less than in an electric machine with trapezoidal magnets,
however, the manufacture of a rotor with cylindrical magnets is greatly simplified. It should also be noted
that the cost of cylindrical magnets is lower than the cost of trapezoidal magnets, and the holes for the
magnets can made with a standard mill at one pass. Thus, the use of cylindrical magnets for electric
machines with axial magnetic flux is preferable to trapezoidal magnets. Therefore, in further studies, the
option with cylindrical magnets was taken as the basis. Two models were studied: without teeth on the stator
and with teeth located in the inner part of the coils (Fig. 2). The simulation results showed that the magnetic
system is saturated only in the corners of the stator teeth, while in the back of the stator there is no saturation
of the magnetic system, the induction does not exceed B=1.1 T.

We investigated models with a magnet thickness /,,=5, 4,,=10 and 4,,=15 mm and a working gap
of 6=1.5, =3 mm. The dependence of the electromagnetic torque acting on the rotor on the angle of rotation
of the rotor for the models under study was calculated in the range from the d axis (the field of the
corresponding rotor poles is directed according to the field created energized stator phases) to the ¢ axis (the
field of the corresponding rotor poles is directed opposite to the field created energized stator phases) For the
models under study, this range is 18°. The dependence of the electromagnetic torque on the angle of rotation
of the rotor for the thickness of the magnets /,,=10 mm is shown in Fig. 3, a, which illustrates that the
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presence of teeth in the stator can increase the electromagnetic torque of an electric machine by about 25%.
In fig. 3, b shows the maximum values of the electromagnetic torque depending on the thickness of the
permanent magnets, the magnitude of the working gap for the two configuration options of the stator
magnetic system (with teeth and without teeth).

Analyzing these curves, it should be noted that an increase in the thickness of the magnets leads to an
increase in the maximum torque, however, the calculated value of the torque for magnets with a thickness of
hym=15 mm is only 1% higher than the value of the torque for magnets with a thickness of /,,=10 mm,
therefore, taking into account the high cost of permanent magnets, the thickness of the magnets equal to 10
mm was accepted as optimal. It should be noted that the maximum value of the electromagnetic torque for a
model with teeth on the stator and a working gap of 6=3 mm is larger than that of a model without teeth on
the stator and a working gap of 6=1.5 mm. A comparison was also made of the maximum electromagnetic
torque for the model with teeth on the stator and printed windings, the nominal current density of which is J
=22 A/mmz, and the fill factor of the winding window is Kgjj fuctor=0.19 and for the model with a traditional
winding with a round wire (J=5 A/mmz, Kei factor=0.4). The comparison results are as follows: for a model
with printed windings, teeth on the stator and a working gap of 6=1.5 mm, the maximum value of the
electromagnetic torque is M,,=4.7 Nm; for a model with a traditional winding — My,=2.2 Nm. For the size of
the working gap equal to 6=3 mm, the maximum values of the electromagnetic torque are respectively equal:
M,;w=3.9 Nm; M,=1.9 Nm.
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Fig. 3
Name Value Thereby, with the same area of
Stator Outer Diameter — D,, mm 195 the winding window, the use of the
Stator Inner Diameter — D;, mm 144 printed winding, despite a 2.1 times
Magnets Diameter — Dy, mm 25 smaller value of the fill factor of the
Magnet Thickness — Ay, mm 10 winding window, allows you to increase
Number of magnets — nyn, 20 the maximum value of the electro-
Ty%e of mﬁgnets i - N42 magnetic moment by 52% due to a 4.4
Width of the conduct1ye layer.f layer, MMM 12 times higher nominal current density in
The number of layers in the circuit board — Kiayer 18 . .
. . the printed winding.
Thickness of one conductive layer — hjyye, mm 0.05 .
- - o According to the results of
The thickness of the printed winding — h,,,,, mm 3.3 . )
- numerical studies, a prototype of an
The number of turns in one layer — W, 4 lectri hi i il nted
The number of turns in one winding — W4 68 © ?Ctljlc machine with multilayer prlnte.
Coil width in each layer — beg 24 windings on a stator was made, the main
The distance between the turns in each layer — by, mm 0.5 parameters of which are given in the
Area of the one turn in the layer—Sym, mm” (hjayer beoir) 0.12 table. It should be not.ed that the main
Winding window area — S,,, mm?’ 42.7 purpose of manufacturing the prototype
Area of copper in the winding window — S¢,, mm” 8.16 was to compare the calculated and
Winding window fill factor, Key factor 0.19 experimental characteristics of the electric
Coil current density —J, A/mm® 22 machine with printed windings, therefore,
The number of ampere-turns in the coil — IW, A 180 to simplify the design of the prototype,
Phase current in the winding — Iy, A (J =22 A/mm’) 2.64 the working gap between the stator and
Load current — Ijpq, A (J =22 A/mm’) 3.4 rotor was =3 mm.
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Fig. 4, a shows the main dimensions of the magnetic system of the prototype, and Fig. 4, b is a
photograph of a multilayer printed winding (the photo shows half of the winding). The stator winding is
three-phase. Each phase consists of 6 coils. In this case, two coils of each phase are turned on counter to the
other coils. In fig. 4, b schematically shows the directions of currents in the coils of the printed winding,
which can be schematically represented as follows: Al (+), A2 (-), A3 (+), B1 (-), B2 (+), B3 (-), C1 (+), C2
(-), C3 (+), B4 (-), i.e. alternating three coils of each phase. This direction of currents in the coils and their
alternation provides the maximum electromagnetic torque acting on the rotor of an electric machine with a
ratio of (18 coils, 20 magnets). A multilayer printed winding is fixed on the stator core, which is a 10 mm
thick ring core with triangular teeth made of lined electrical steel. The height of the teeth corresponds to the
thickness of the printed winding. The dimensions of the tooth cross section are such that a permanent rotor
magnet with a diameter of 25 mm can completely overlap the stator tooth.

The rotor core is made of structural steel, on which permanent cylindrical magnets are fixed; a
multilayer printed winding is mounted on a stator with teeth made of lined electrical steel.

36.3

b
Fig. 4

Numerical and experimental studies. At the next stage, the prototype of electric machine in the
generator mode with active load was studied. The research mode is as follows: the phases of the generator
are included in the "star", an active load is connected through a rectifier bridge with six diodes (Fig. 5). In
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this case, 6 windings of each phase were
connected in series. Tests of the prototype
and numerical simulation of the
corresponding computer model were
carried out. In numerical and experimental
studies, the following values of the rotor
speed of the generator were set: n=1250
rpm; #=1500 rpm and several values of the
active resistance of the load: Rjp.=22, 45,
67, 1000 Ohms.
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Fig. 6, a shows the dependences of the voltage at the load, and Fig. 6, b — power in the load from the
load current at the rotor speed of 1250 and 1500 rpm. Analyzing the results shown in Fig. 6, it should be
noted that the average discrepancy between the experimental and calculated values does not exceed £=5.5%.
At a nominal phase current equal to /,,=2.64 A, the current in the load is /,,,¢=3.4 A. At this current and
rotation speed n=1500 rpm, the power in the load was equal to P,,c=780 W, the current density in the
windings at this current was J=22 A / mm’. However, with such a high current density, intense heating of the
printed windings was not observed; the windings did not heat above 80 °C. Short-term (up to /=2 min) the
current density can be increased to J=38 A/mmz, in this case the power at n=1500 rpm is Pl,qc=1000 W.
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Fig. 6

The discrepancy between the calculated and experimental values does not exceed 5.5%. This
indicates the adequacy of the calculation models and the calculation results can justifiably be applied to other
power values of generators with a different configuration of the magnetic system and its other sizes.
Additional numerical studies of an electric machine with printed windings in the generator mode were
carried out with a working gap of =1 mm and a rotational speed of n=3000 rpm.

Fig. 7 shows the dependences of the voltage and power of the generator on the phase current of the
model without teeth and with teeth on the stator at a rotor speed of #=3000 rpm. With a nominal phase
current equal to /,;=2.64 A, the nominal phase voltage for the model without teeth is U,,=175 V, the rated
power in the generator mode for this model is Pj,,¢=1470 W. For the model with teeth, the nominal phase

voltage is significantly higher than U,,=250 V, and

Upp V o P W the power is Pio,¢=2000 W. Thus, the use of a stator
300 3000 with teeth made it possible to increase power by
& = 27%.
200 T === o _ - L e 2000 Conclusions. The proposed models will
™ . .
REL I -=- allow to fulfill calculations of electromechanical
100 P 1000 processes in an electric machine with axial flow,
g s a3 T g permanent magnets and multilayer printed
: windings. For given sizes of an electric machine
0 1 2 3 4 5 Iy A : . : Y .
with multilayer printed windings (outer diameter of
= = = Uy, Noteeth Uy Teeth L the stator, axial length of the stator), numerical
— =P Noteeth =eeeee Pioag: Teeth studies were carried out and the optimal thickness
Puc. 7 of permanent magnets was determined at which the

maximum value of the electromagnetic torque is

reached. Also, as a result of numerical studies, it

was found that the presence of teeth on the stator allows you to increase the electromagnetic torque of the

electric machine by about 25% compared with the version of the magnetic system without teeth on the stator.

A prototype of an electric machine with multilayer printed windings was made and the dependences

of voltage and power in the generator mode were determined. The discrepancy between the calculated and

experimental values does not exceed 5.5%. This indicates the adequacy of the calculation models and the

calculation results can justifiably be applied to other values of the power of generators with a different
configuration of the magnetic system and its other sizes.
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DKecnepumenmanvhvle UCCIEO08AHUS NEYAMHBIX OOMOMOK HA HA2Pe8 NOOMEEepOUnu, Ymo Hpu NIAOMHOCHU MOKA
J =22 A’ ycmauosusuwlasacsa memnepamypa nevyamuvix oomomox He npeswviuaem 80 °C. [na 3a0annvix pasmepos
INEKMPULECKOU MAUUHBL C OCEBBIM MASHUMHBIM HOTOKOM, NOCIMOAHHBIMU MASHUMAMY U MHO2OCTOUHBIMU NeYAMHBIMU
oOMOmMKaAMU  (HAPYHCHBIL OuamMemp CMAamopa, ocesas OAUHA CMAmopa) npoeedeHvl UYUCIEHHble UCCIe008aHUs U
onpeoenena oOnMmuMaibHas MOAWUHA NOCMOSHHBIX MAZHUMOG, NPU KOMOPOU 00CMULAEMcsl MAKCUMALbHOE 3HAYEHUe
INEKMPOMACHUMHO20 MomMenma. Takdice 6 pe3yibmame YUCIEHHBIX UCCIEO08AHUL YCMAHOBIEHO, YMO HAluyue 3y0406
Ha cmamope No380JsAem Y8eIuyums 1eKmpOMaAeHUMHbBLIL MOMEHM 3JIeKMPULECKOll MAuuHbl npumepHo Ha 25% no
CPABHEHUIO C BAPUAHMOM MASHUMHOU cucmemvl 0e3 3yoyos Ha cmamope. M3eomogien onvimubli 00paszey
INEKMPUYECKOU MAWUHBL C MHO20CTOUHBIMU NEYAMHBIMU OOMOMKAMU U ONpedeneHbl 3A8UCUMOCIU HANPANCEHUS U
MOWHOCIU 8 2EHEPAMOPHOM pedcuMe npu NOOKTIOYEHUU 00MOMOK uepe3 OUOOHDbIL MOCT 8bINPAMUMEN K AKMUGHOU
Haepyske. Pacuemnas modenv 2eHepamopa adek8amuo onucvieaem gusuueckyro moodenv. Pacxooicoenue medncoy
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3acmocysants OpyKko8aHUX O0OMOMOK 8 eNeKMPUYHUX MAWUHAX 3 NOCMIUHUMU MAZSHIMAMU | OCbOBUM MASHIMHUM
HOMOKOM 00360J5€ 3MEHWUMU IXHIL 0Cb0BOI pos3mip 1 cymmeso 30UIbWUMU WITbHICMb CMPYMY 6 O0OMOMKAX.
Excnepumenmanvui 0ocniosxcenus OpyKo8anux 0OMOmMOK HA HASPIBAHHA RIOMEEPOUnU, wo npu winonocmi cmpymy J =
22 A’ ycmanena memnepamypa opykoganux oomomox ne nepesuwyye 80 °C. [na 3a0anux po3mipie enekmpuunoi
MAWUHU 3 OCbOBUM MASHIMHUM NOMOKOM, NOCMIUHUMU Ma2HIimamu i 6azamouwaposumu OpyKOSAHUMU 0OMOMKAMU
(306HiIWHKIL  diamemp cmamopda, 0cCb08d O06ICUHA CMAMOPA) NPOBEOeHi HUCETbHI OOCHIONCEHH | GU3HAYEHA
ONMUMANLHA MOBWUHA NOCMIUHUX MASHIMIE, Npu AKIill 00CA2AEMbCS MAKCUMANbHE 3HAYEHHS eLeKMPOMASHIMHO20
momenmy. Taxooic y pe3ynomami YucenrbHux 00CriodNceHb 6CMAHOBIEHO, WO HAAGHICMb 3yOYie Ha cmamopi 0ae 3Mo2y
30inbWUMU  eeKMPOMASHIMHULL MOMEHM  eNeKmMpUdHOl Mawunu npubnusno Ha 25% 6 nopieHanui 3 6apiaHmom
MaeHimHol  cucmemu 6e3 3y6yie Ha cmamopi. Bueomoeneno O00cCniOHUU 3pA30K  eNeKMpPUuuHOi MAWUHU 3
bacamouwiapogumu OPYKOSAHUMU OOMOMKAMU | BUSHAYEHO 3ANIeHCHOCMI HANPYeU | NOMYAICHOCMI 8 2eHePAMOPHOMY
pedicumi npu NiOKII0YeHHi 0OMOMOK Yepe3 Oi0OHUU MIiCm 8URPAMIAYA 00 AKMUBHO20 Hasaumadxicenus. Pospaxyukosa
MoOeNb 2eHepamopa a0eK8amuo onucye Qizuuny mooenb. Po30idcHiCmb MidC pO3PAXYHKOBUMU | eKCNepUMEeHMALIbHUMU
3HaYeHHAMU He nepesuwyye & = 5.5%. Po3paxyHoK Xapaxmepucmux OO0CRiON#CY8AHUX 2eHepamopie Npoeooumscs 8
naxemax npoepam Simcenter MagNet i Simcenter MotorSolve. bi6in. 10, puc. 7, Tabm. 1

KoarouoBi cioBa: nocriiiHi MarHité, IpyKOBaHI OOMOTKH, €JIEKTPOMATHITHHUI MOMEHT, 30BHIILIHI XapaKTEPUCTHKH,
€KCIIEPUMEHTAIILHUH 3pa30K.
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