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Findings. The research proved the expediency of the
effective controlled load consumer operation mode for
mine dewatering plants. The formula for determination
of equivalent resistance of piping system considering the
reduction of inside diameter caused by the mineral sedi-
ments was improved. The dependence of the efficiency
of pump on its operating parameters was specified with
the purpose of its adjustment in case of the pumping unit
technical state deterioration. The dependence of the in-
crease of specific energy consumption for pumping on
the change of technical state of piping system and pump-
ing unit was obtained. The research proved that the most
energy saving mode of pumping in a coal mine can be
achieved by taking into consideration the operating pa-
rameters of equipment of the main dewatering plant dur-
ing the energy modes adjustment.

Originality. The change of specific energy consumption
for pumping is determined through the model dependences
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M.V. Kuvaiev’

and is compared with the actual values. This allows select-
ing the energy efficient operating mode for pumps and pip-
ing system.

Practical value. It was proved that the developed meth-
od of selection of the pumping modes by minimum specific
energy consumption, provided that the payment for the con-
sumed energy is done according to minimum time-of-day
electricity tariff, allows reducing power consumption and
cutting expenses on the power consumed by pumping by
20-25%. It also allows us to control and detect timely the
main dewatering plant equipment technical state deteriora-
tion.

Keywords: main dewatering plant, controlled load con-
sumer, regulation of power consumption modes, energy effi-
ciency, coal mine, specific energy consumption, piping
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ITIOJIEM TA 3 KOHIHEHTPALICIO IIOTOKY

Purpose. To justify the research method for the transverse flux machines (TFM) through the application of the special 3D
FEM simulation. To present a new concept of the linear transverse flux machine (LTFM) with flux concentration, which has
high force and power density and allows mass production with commercially attractive components.

Methodology. Due to the complicated 3-dimensional field distribution in the LTFM, the calculation of this LTFM was
carried out by the 3D FEM simulation of the electromagnetic process inside the machine. The 3D FEM simulation values

were compared with the measured values.

Findings. A new concept of the linear transverse flux machine with flux concentration is presented. The electromechani-
cal parameters of the linear transverse flux machine have been obtained. It has been confirmed that the 3D FEM simulation
measures and the measured values of the linear transverse flux machine are in good agreement.

Originality. The present research method of the linear transverse flux machine through the 3D FEM simulation gives an
opportunity to perform highly accurate and qualitative characterization of the electromechanical parameters of the linear
transverse flux machines, as well as to analyze internal electromagnetic fields without the experimental research of the real
electromagnetic processes inside the linear transverse flux machine.

Practical value. The developed linear transverse flux machine with flux concentration has high force and power density,
and its structure allows mass production of electric machines of this type with commercially available components. The pre-
sented research method for linear transverse flux machines can be used for the design and optimization of a linear transverse
flux machine. This research method reduces costs and time for the development of a linear transverse flux machine.

Keywords: transverse flux machine, LTFM, flux concentration, 3D FEM simulation

Statement of the problem. Since the 1980s, transverse
flux machines (TFM) have been investigated due to their
high force and power density conditioned by the special

© Homne O., KyBaes M.B., 2015

ISSN 2071-2227, HaykoBun BicHuk HI'Y, 2015, N2 2

structure and functionality. In fact, these values can be test-
ed on suitable laboratory samples which are difficult to con-
struct because of the 3-dimensional field guide. In particu-
lar, the lack of a batch production concept for the TFM has
led to the fact that this machine has found little practical ap-
plication so far.

79




EJEKTPOTEXHIYHI KOMNNEKCU TA CUCTEMMHM

In the present research we shall represent and analyze
the example of linear drives and the structure of a linear
transverse flux machine (LTFM), which can be assembled
with conventional and easily available standard components
by means of manufacturing processes known in power en-
gineering. The concept has a strong advantage of flux con-
centration, which leads to further increase in power density.

Foreword. There is no fundamental difference between
rotatory and linear motion electric machines in their func-
tion and constructive design. Thus all equations can be ap-
plied to both cases: the assumptions for rotating field in ro-
tating machines can be replaced by analogous assumptions
for travelling field in linear motors and vice versa. The fun-
damental difference concerning linear motors consists in the
fact that due to the limited length of the motor, the edge ef-
fects occur. If these effects are particularly short in length,
they have a significant influence on the motor’s characteris-
tics. This effect does not exist in rotating machines because
of their rotational symmetrical construction and the resulting
periodicity.

The main research. Implementation of the linear tra-
nsverse flux machine with flux concentration. It is shown
in [1] that the achievable specific force density £, is ap-

proximately proportional to the current /; and inversely pro-
portional to the pole pitch? ) for transverse flux machines

with classic air gap magnet order. Since this concept requi-
res no space competition between the current and field lead-
ing areas, very small pole pitches can be constructively real-
ized, that then leads to the specific force or power density p,.

Moreover, these expected values can be further in-
creased by the application of the flux concentration as de-
scribed below. The 1-sided LTFM with flux concentration
under consideration is constructed in accordance with an
earlier patent application [2].

The primary part consists of in total 14 (see fig. 1, b), 1,
¢)) linearly arranged pole pairs, while the secondary part is
made of identical sections at a distance of Imas shown in
fig. 1, d. The LTFM having this structure is a prototype be-
ing analyzed in the present research.

The structure of the secondary part, which consists of 2
magnet rows, is particularly interesting. These magnet rows
are shifted in z-direction by 1/3 of the pole pitch and tilted
by 1 pole pitch (fig. 2). With this offset and correspondence
to the specified skew, an approximately symmetrical three-
phase field in the core regions of the 3 primary-sheet packs
is reached. Since the magnets are as usual magnetized here
in the direction of the small magnet height Ay, the flux in
the subsequent electrical sheet packages is deflected by
about 90 °, so that they form two north and south poles in
alternating sequence on the left and right respectively. As
the magnet width by is defined much bigger than the pole
pitch, and flux densities reaching the saturation flux density
of the magnetic steel sheets are significantly greater than the
remanence of the magnets, they can be achieved by integra-
tion of the flux over the magnet widths (= flux concentra-
tion = flow compression) in the air gap.

Define: B, =flux density in the point of tooth;

b, = width of the point of tooth in z-direction; B, =flux

80

density in magnets; p,, = width of the magnets; & = angle
of skew of the secondary part.

The following approximation is valid for the achievable
air-gap flux density in the tooth region

B, ~ g B,,db,, ~ b—M'BM <cos(a)- B,
b, 70 b,
which, as indicated, is only limited by the saturation flux
density of the used magnetic steel sheets By, Through this
flux concentration, a significantly increased air gap flux
density can be achieved in contrast to versions without flux
concentration. The fact that makes this type of machine ad-
ditionally impressive in terms of force and power is that the
power density in electromagnetic energy converters is pro-
portional to effective flux density.

However, the theoretically possible increase in the pow-
er density by decreasing pole separation is limited in reality
because of increasing leakage effects. In fact, depen-ding on
the chosen design, there is one optimal pole pitch with max-
imum power density. The optimal pole pitch in the concept

introduced here is in the range of 7 ,~10mm.To reduce the

reactive power, as in the present case; the actual pole pitch is
selected usually slightly larger than the theoretically opti-
mum value. Due to the flat trend of the force density curve
in the region of the optimum, the loss of power density is
mostly irrelevant.

Our prototype in particular is designed for air cooling
with the following values, for which the FEM simulations
have been performed.

Primary part:

3UI 90— standard transformer sheets for magnetic core of
the primary part;

M 530-50 A— quality of electrical sheets;

h, =11 mm — height of the individual packages;

N, =200~ number of concentrated windings turns;

14 — individual packages at a distance of 2 * pole pitch;
, =13 mm — pole pitch.

Secondary part:

b,, =27 mm —magnet width;

1,, =35 mm —magnet length;

h,, =3.3 mm — magnet height;

H, =890kd/m — magnetic field strength of NdFeB

magnets;
i, =1.1- permeability of the magnets;

/

2ges

S =1 mm — air gap length.

In addition, the collector packages have been made of
conventional stamping parts according to fig. 2 in the elec-
trical sheet quality M 530-50 A, and each one has been
screwed as an individual package with the package height
h,, =1,, on the aluminum support of the secondary part.

=1 m — length of the secondary part;

The magnets are inserted into the formed clearances and
fixed there with a cast polymer.

For the transverse flux machine with flux concentration
under consideration, the specific tractive force can be esti-
mated according to [1] from analogous considerations.
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Thereby, the swept pole area at the middle strand is also
counted only once for a better comparability with the data in

[1]. With the amplitude I; or the effective value 7, of the

applied current it can be found that

fatle B 1L L with f=k-f,

C

where k= 0.6 ... 0.8 <1 is the correction factor by which the
average tractive force can be determined through its peak
value and in the case of full load is expected to be specified
in the known range. Due to the significant cogging torque of
this type of machine, & is load dependent and tends to zero
with decreasing average tractive force.

d

Fig.1. Basic structure of the one-sided LTFM in XYZ-coordinates: a — complete segment of motors; b — primary laminations
of transformer standard sheets; ¢ — three-phase winding, forward and return conductors, d — secondary part with gray
aluminum support, black horizontally layered electrical sheets as a flux concentrator, blue / red permanent magnets

with opposite polarity magnetization

z

Fig.2. Secondary magnet assembly with flux concentration

Simulation as a linear generator. Through their spatial
field structure, a 3D FEM simulation is essential in a TFM.
Owing to the periodic arrangement of the 14 identical pri-
mary section pole packages in the z-direction and a second-
ary part, which is extended over the complete movable
length, the simulation can be reduced to one section (fig.1,
a). This saves a great amount of computing time. The calcu-
lated values have to be multiplied by the number of pole
sections, in this case -14. Only the above mentioned minor
edge effects at the package ends are neglected by this sim-
plification in the simulation. It is profitably in such complex
systems to start the simulation with a generative idle run-
ning. Due to the fact that in generative idle running except
the specified rotational speed or the moving speed, no ex-
ternal influences are applied, any errors of the model can be
found in most cases in the trend of the simulated induced
voltage. This voltage, if a prototype is available, can be
measured very easily and can be compared to the calculated
values. If the model seems to be correct during this testing
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phase, the simulation of general load situations can be per-
formed. Fig. 3 shows the induced voltage in the generative
idle running with the predetermined velocity vy = 1.3 my/s,
which corresponds to the operating frequency = 50Hz of the
LTFM. One recognizes, that the voltage values and the volt-
age waveforms are not fully symmetrical, which ultimately
indicates a not fully symmetrical magnetic flux. This small
asymmetry, in particular at the strand located in the center, is
the result of non-identical magnetic resistances of all 3-legs-
core concepts and is observed also in other three-phase de-
signs, such as three-phase transformers. Thereby, the cen-
trally located strand always appears magnetically slightly
favored. Furthermore, the calculated effective voltage values
are shown in fig.3, which can be easily compared with the
corresponding measured values.

Simulation as a loaded linear motor. After this pre-
liminary idling simulation, the actual simulation of the
LTFM as a linear motor can be performed. For this pur-
pose, three phase-shifted sinusoidal currents as a sym-
metrical three-phase system are applied in the three
winding phases and the LTFM is loaded with a tractive
force F. The currents are mainly chosen in a way that the
simulation values are directly comparable to correspond-
ing measurements on the prototype. The measurements
on the prototype have been performed on a special test
bench, so that when applying a constant DC I, in two of
the serial windings of the primary part, the latter slowly
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can move over the fixed mounted secondary part and the
required tractive force can be measured. As a result, the
static force function of the way = pole position is ob-
tained, from which then the important force values such

Uia Uib Uic

as the peak force or the average tractive force can be de-
duced. The situation represented in this measurement
corresponds to a three-phase current at points, when the
current in the non-connected string is 0A.
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Fig.3. Simulated voltages of the idling with voltage RMS values: 1 — Induced Voltage in Phase A (Uy); 2 — Induced Voltage
in Phase B (Uy),; 3 — Induced Voltage in Phase C (Uy); Y(axis): induced voltage, V; X(axis): time, ms

The accordingly applied three-phase current has an ef-
fective peak value of

resp.
2
11 = \/;' IDC :

The forces of LTFM can’t be measured in dynamic
mode or in other three phase current configurations. Fig.4
exemplarily shows the transient simulated trend of the tra-

ctive force and the speed of the motor, suitable for the
measurement with the constant input of DC I, =44,
which corresponds to a peak value of [; =4,6194 at the

three-phase system in the simulation. Accordingly, the re-
spective maximum, average and minimum values of these
variables are presented.

These values are also given in table 1 together with the
corresponding values for the measurement with Ip. = 24
and Ip. = 64, as the comparison of the calculated values
and the measured values shows the impact of tractive
force.
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Fig.4. Simulated development of the tractive force and the motor speed for Ipc=4A; Yi(axis): F, — force Z, kN; Y2(axis):

Vv —speed, m/s; X(axis): time, ms

The speed of the motor fluctuates only slightly accord-
ing to the transient analysis and remains practically con-
stant, averaged over a period, indicating the steady state of
the simulation.

Conclusion. The simulation and measured values are in
good agreement within the usual tolerance limit for FEM
calculations of +/- 10%. There are even some almost identi-
cal values regarding the peak force. There isn’t such a go-
od agreement between the average tractive force, where the
simulation amazingly tends to give smaller values. A pos-
sible reason for the rather unexpected situation could be the
above described realization of the measurement. Due to the
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test bench, measurements have been performed statically
with fixed currents, while the calculation was correctly
done with a transient simulation. The check of the specific
tractive force peak results in a thermally maximum allowed
continuous current of I, = 64 with the measured value

~

fs ® 37, 7kN/m* =3,77 N/ cm®

Despite the flux concentration, this value is slightly
smaller than the expected value from [1] for TFM without
flux concentration. In fact, torque or linear motors are made
preferably with water cooling, which is also considered in
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[1]. On the contrary, the motor presented here, due to espe-
cially good efficiency, is constructed with air cooling.
Therefore, the maximum continuous current is smaller, that
determines the lower specific tractive force.

The expected value for the specific tractive force derived
from the approximated formula f; ~ 4,4 N/cm? is in good
agreement with the simulation and measurement values.

Summary. On the basis of theoretical considerations
one can expect a particularly large force or power density
in the transverse flux motor through the possibility of small
pole pitches, which can be also confirmed with correspond-
ing prototypes. However, the construction of this machine
is very complexdue toits characteristically three-dimen-
sional flux. There is no concept ready for the production of
the most investigated rotating transverse flux motors. This
is most probably the significant reason why these promis-
ing machines have not found practical application yet. The
concept presented in this article is feasible because it over-
comes these disadvantages and allows a serial production
of LTFM with commercially available components. Fur-
thermore, the possibility of flux concentration brings an
additional increase in the force or power density. Using the
example of an existing motor, simulations have been per-
formed and the calculated values have been compared with
the available measurements. The simulation values and
measured values are in good agreement within the usual
tolerance limit for such simulations of +/- 10%, though it
was necessary to create 3D FEM.
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Meta. OOTpyHTYBaTH METOJ IOCIIHKCHHS MAIlWH 3
TIOTIEPEYHNM TIOJIEM 32 JIOTIOMOTOIO CIICIiajIbHOTO IMaKeTa
CHCTEMH aBTOMaTH30BaHOTO TipoektyBaHHA (CAIlp). [pen-
CTaBHUTH HOBY KOHIICTIIIFO JIiHIITHOI MaIlIMHA 3 TOTIEPEYHIM
TI0JIeM 3 KOHIICHTPAIIIE€0 TTOTOKY, [0 BOJIOJIi€ BICOKOIO IIli-
JBHICTIO CHJTH Ta TOTY)KHOCTI, & TAKOXK BiJKPHBAE MOYKIH-
BICTh CTBOpPEHHsI CEpiHOr0 BHUPOOHMIITBA 3 E€KOHOMIYHO
NpHUBaOJIMBUMU KOMITOHEHTaMH.

Metoauka. OcKibKH JiHIHHA MalllMHA 3 MOINEPEYHIM
TIOJIEM Ma€ CKJIaJHe TPHOXBUMIpHE MarHiTHE I0Jie, TO PO3-
PaxyHOK JaHOi KOHIICTIITIT JIHIIHOT MAIlIMHK 3 MONePECYHIM
nosieM OyB 3MIHCHEHMI IUIIXOM 3D-MOJIEITIOBAHHS €JIEKT-
POMArHITHHX TPOIIECIB YCepeanHi JTiHIHHOI MAaIlliHU 3 TIO-
niepedHiM TiosieM. laHi 3D-MoeFoBaHH s OyITH MOPIiBHAHI 3
eKCTICPUMEHTAIFHUMH JaHUMIL.

PesyabraTu. IlpenctaBneHa KOHIETINSA JHHIMHOI Ma-
[IWHA 3 TIOTIEPEYHUM TIOJIEM Ta 3 KOHIIEHTPAIEIO TTOTOKY.
OtpuMaHi eNIeKTpOMEXaHiuHi apaMeTpH JIHIMNHOI MalliHA
3 mornepeyHuM mosieM. [TinTBepmkeHa BiIIOBIIHICTh CKCIIe-
PUMEHTAJILHUM JIAHUM PE3YJIbTaTiB 3D-MOICIIFOBAHHSI.
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HayxkoBa HoBu3sHa. [IpeacraBneHa HoBa METOUKA PO3-
paxyHKYy JIHIMHOT MalllMHU 3 TIONEPEYHMM I10JIEM A€ MOXK-
JIMBICTH JIOCHTH TOYHO Ta SIKICHO BH3HAYaTH EJIEKTPOMEXa-
HIYHI TapaMeTPH JaHOTO THITYy MAIMH 1 TOCIIKYBaTH ejIe-
KTPOMArHITHI MPOLIECH, IO MPOXOIATh y HUX, 0€3 eKcrepu-
MEHTAJIGHOTO JOCIIPKEHHSI.

[pakTiyna 3HauuMicTh. Po3pobiiena miHiifHa MarmHa
3 TIOTIEPEYHNM TI0JIEM Ta KOHIIEHTPALIEO TIOTOKY Ma€ BUCOKI
EHepPreTHyHI TIOKA3HUKH, a T KOHCTPYKLS BIKPUBAE MOXK-
JIMBICTH CEPIHOrO BUPOOHMIITBA J@HOTO KIIACY EeJIeKTPHY-
HHMX MallliH 3 €KOHOMIYHO JIOCTYITHUMH KOMIIOHEHTaMHU.
Jlanuii MeTo1 TOCIIPKEHHSI MOXKe OyTH BUKOPUCTAHUH IPH
MPOEKTYBaHHI Ta ONTUMI3aLlii JIHIMHUX MaIH 3 ronepey-
HHMM TI0JIEM, IO 3HAYHO 3JICUICBIIIOE BapTICTh PO3POOKH
3MEHILYE il yac.

Kurouosi cinoBa: nonepeunuii nomix, LTFM, konyenm-
payis nomoxy, 3D-mooeno8ans

ean. O60CHOBATH METO]T HCCICOBAHMS MAIIMH C TIO-
[IEPEYHBIM TIOJIEM NPH MOMOILIM CIELHUAIBHOIO MAKeTa CH-
CTEMBI aBTOMATH3MPOBAHHOTO TpoekThpoBaHust (CAIIp).
[IpeacTaBuTh HOBYIO KOHLIENLHMIO JIMHEHHON MaIIMHBI C 110-
TIEPEYHBIM TI0JIEM U C KOHIIEHTpALMEH MOTOKa, 00J1a/1ato1en
BblCOKOﬁ TIJIOTHOCTBIO CHUJIBI U MOIIHOCTH, a4 TAKXKC OTKpI)I—
BaIOILIEH BO3MOKHOCTb CO3/IaHUSI CEPUMHOIO IIPOM3BOJICTBA
C OKOHOMUWYCCKHU HpI/IBJ'IEKaTeJIbHI)IMl/l KOMIIOHCHTAMM.

Metoauka. [lockonbKy JIMHEHas MallliHa ¢ MoIepey-
HBIM TIOJIEM O0JIaaeT CIIOKHBIM TPEXMEPHBIM MarHUTHBIM
I10JIEM, TO PACUET AAHHOW KOHLETUH JIMHEHHON MallIUHbI ¢
IOTIEPEYHBIM IOJIEM NIPOU3BENIEH ITyTeM 3D-MOJIETMPOBAHHUS
UIEKTPOMArHUTHBIX HpOLECCOB BHYTpU Hee. JlaHHble 3D-
MOJICITUPOBAHNS OBUTH CPAaBHEHBI C AKCIICPUMEHTAILHBIMH
JTaHHBIMH.

Pesyabrarsl. I[IpencrapneHa KOHUENIMS JMHEHHON Ma-
IIIUHBI C nonepequlM II0JIEM U C KOHLI@HTpElIlHCIZ IIOTOKaA.
[TomydeHbl 2MEKTpPOMEXaHUYECKHE TapaMeTpbl JMHEHHON
MAIlIMHBI ¢ TOMepeuHbIM mojieM. [loATBep)KaAeHO COOTBET-
CTBHE SKCIIEPUMEHTAIILHBIM JJaHHBIM PE3YJIbTaTOB 3D-Mo/Ie-
JIMPOBAHUSL.

Hay4ynasi HoBu3Ha. [IpencraBneHHass HOBasi METOIMKA
pacyera JMHEHHON MallMHBl C IMONEPEYHBIM IOJIEM JAET
BO3MO>KHOCTh JIOCTATOYHO TOYHO M Ka4E€CTBEHHO OIIpesie-
JISITh AJIEKTPOMEXAaHUYECKHE MapaMeTphl JAHHOTO THIA Ma-
LIMH U UCCIIEI0BAaTh JIEKTPOMAarHUTHbIE MPOLECCHI, POXO-
JISIHE B HUX, 03 9KCIIepUMEHTAIBHOTO MCCIICIOBAHTIS.

IpakTuyeckast 3Ha4uMOcTh. Pa3paboTtanHast IuHen-
Hada MalirHa ¢ nonepequM I0JIEM U C KOHHeHTpaHHeﬁ 110~
TOKa 00J1a71aeT BHICOKUMU SHEPTETUUECKUMU MapaMeTpamu,
a e€ KOHCTPYKIMSI OTKpPBIBAET BO3MOXKHOCTH CEPUIHOTO
MIPOM3BOJICTBA JTAHHOTO KJacca JJIEKTPUUECKUX MAIlMH C
SKOHOMHYECKU JOCTYITHBIMM KOMIIOHEHTaMH. J[[aHHBIN Me-
TOJI MICCIICTOBAHUS MOYKET OBITh MCIIONB30BAH TIPH TIPOCKTH-
POBaHHU U ONTHUMHU3ALMH JIMHEHHBIX MAIINH € NOIEPEYHbIM
TIOJIeM, YTO 3HAYHTENHHO YICHICBISIET CTOMMOCTh pa3padoT-
KU U YMEHBILIAET €€ BpeMsl.

KuoueBble cioBa: nonepeunsviti nomox, LTFM, KOH-
yenmpayusi nomoka, 3D-mooenuposanue
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