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a’POIMHAMHYECKON CXEMBI TTOE3/1a, CO3aHUI0
yCJ'IOBI/Iﬁ JJIsI MUHUMHW3allnun pacxona TOIIJIN-
BO-DHEPTETUYECKHUX PECYPCOB U Pa3pPEIICHUIO
poOIeMBbl pecypcocOepekeHns Ha JKeIe3HO-
JOPO’KHOM TPAHCTIOPTE MPOOIEMBI JKENIE3HO0-
POKHOM a’pOAVMHAMHUKHA HE OTPaHUYUBAIOTCS.

BnustHue Bo34y1IHOM Cpeibl Ha MOE3/ MPHU-
BOJIMT B OKCIUTyaTallMH K OTKa3aM B pabote pas-
JIMYHBIX MOACHUCTEM ITIOABMXKHOI'O COCTaBa, BJIN-
SIFOILIMM Ha 0€30I1aCHOCTD JIBUKEHUS (XOI0BBIX
4acTeil, TOPMO3HOTO, DHEPTETHUECKOTO, AJICK-
TPUUYECKOTO U IPYToro 00OPyI0BaHUS, CUCTEM
OXJIaXKXKACHUSA, BCHTUIAIIMHW, CUTHAJIM3alluu,
CBs3U, TeJ'IeMeTpI/II/I nT. H), K BOBHUKHOBCHHUIO
JIOTIOJTHUTENTHHBIX, HEYUYTEHHBIX TIPH MPOCKTH-
POBaHUM, HATPY30K, BIUSIOMIUX HA IPOYHOCTh
IIOABHKHOI'O COCTaBa, YTH)KGJIGHI/IIO IIOABU K-
HOTO COCTaBa M3-3a OCAKICHUS HA HEM TPs3H,
CHETa, JIbJIa U T. I1.; 3arPSI3HCHUIO OKPY KAFOIICH
BO3IYIITHOM Cpe/ibl U BHYTPEHHET0 00beMa rac-
CaXMPCKUX U IPY30BBIX [IOMEILICHUN BaTOHOB.

3akaroueHune

1. CHWXaTh BO3IYLIHOE CONPOTHUBIIEHUE
MOYKHO 32 CYET CO3aHUs KOHCTPYKLUH BarOHOB,
KOTOpBIE ObI CO3/1aBajll HAUMEHBIIEE COMpPO-
TUBJICHUE TPEHUS. DTOTO MOXKHO JTOCTUTHYTh
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3a CUET YMEHBIIEHUSI TOBEPXHOCTEN TPEHUS
BAaroHOB, YJTYYIIEHUS Kau€CTBA UX M3rOTOBJIE-
HUS, a TAKXKE adPOAMHAMHYECKOTO MEPEKPHITUS
MEK/TyBarOHHbIX IPOMEXYTKOB.

2. BeIOOp CXeMBI cOCTaBa, a3POMHAMIYECKAsT
3alIUTa IPY30B Ha OTKPHITOM ITOJIBUKHOM COCTa-
BE€, UX pa3MEIIEHNE HA BaroHE, pallMOHaIbHas
3arpys3Ka, IpUJaHue BarOHaM BBITOJIHOTO COCTO-
SHUSL M T. JI. JAIOT [IUPOYANIIE BO3MOKHOCTH
JUIS. YMEHBIIECHUS BIUSHUSA BO3AyXa Ha MOE3/.

3. IIpu co3naHuM MOJBUYKHOTO COCTaBa
XXI Beka HEOOXOIUMO MPOBEACHHE TITYOOKUX
HAyYHBIX UCCIIEIOBAHUI C 0053aTEIIbHBIM yUe-
TOM BO3JEHCTBHI HA HETO BO3AYIIHOW CPEIBI.
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ANALYSIS OF THE INFLUENCE OF DESIGN FACTORS ON THE WINDING
RELIABILITY OF HEATING ELECTROMECHANICAL TRANSDUCERS

We investigate the influence of the design factors of the capsulated windings of the heating electrome-
chanical transducers such as the slot space factor and the length of the end stator coil on their reliability.

heating electromechanical transducer, winding, reliability, slot space factor, length of the end stator coil,
turn and major insulation, temperature, vibration acceleration

Introduction

The investigation of winding failures of tra-
ditional electromechanical transducers shows

that the estimation and prediction of their reli-
ability can be based on the quantitative ana-
lysis of changing the properties of insulating
materials under the action of the complex of
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external and internal breaking factors of the
design and operation nature [1, 2]. The results
of the analysis of the influence of the opera-
tion factors on the reliability of the heating
electromechanical transducers (HEMTs) lead
to the same conclusion. They also show that
the temperature and the operating time have
the determining meaning. The temperature and
the operating time are actually linearly con-
nected with the faultiness of the turn and major
insulation [3]. The use of the capsulated stator
windings in the HEMTs reduces considerably
the influence of the vibration strains and hu-
midity on the reliability indexes. This allows
to achieve the influence of the design data on
the reliability of the windings during the de-
sign stage taking the operational factors into
account. First of all, we consider the variable
design values such as the slot space factor
(K, and the length of the end stator coil (1).
These values determine the processes of the
defect formation in the most stressed unit of
the HEMT which is in the turn insulation of
the capsulated stator.

1 Mathematical model

The analysis of the foreign and domestic
literature shows that there is no approbation
information on the qualitative and quantita-
tive indexes of the reliability of the capsulated
windings. Therefore, we use the method of an
experimental design in order to construct a
mathematical model of the defect formation in
the turn and major insulation of the capsulated
windings while changing their design para-
meters. We take the slot space factor, the length
of the end stator coil and the wire diameter d as
the input factors determining design features of
the manufacture of windings. The performance
criteria (the temperature of the winding and the
level of vibration acceleration) have been cho-
sen according to the purpose of the transducer
and its operation mode.

To obtain the experimental data in order to
calculate the factors of the mathematical mo-
del Y4 of the replica of the composite rotatable
second-order design for five factors have been

realized, two of them (the temperature and the
vibration acceleration) being operational. To
obtain the response in the form of the time ex-
plicit function we vary the factors determining
the dynamics of wear process of the electrical
insulation and we estimate the rate of the wear
process flowing by determining the response
arguments in some successive points of time
which gives the chance of obtaining and ana-
lyzing the results for each point of time and
varying the experiment duration.

In the ageing process under the effect of
the investigated factors we take the rate of the
defects growth in the turn insulation / as the
argument of the response in the design of the
experiment. The rate of the defects growth in
each point of the design of the experiment at
the fixed levels of acting factors should be the
value of the constant magnitude and it is deter-
mined by the following equation:

gy
Bj -7 >
1

where A 5 1s the faultiness of the turn insulation
during the ageing process; A, is the faultiness
of the turn insulation at the beginning of the
ageing process, T is the ageing time.

The mathematical check of this supposition
is made by Fisher’s test [4]:

F=S /82,
ag vy

where Sig is a variance, caused by the devia-

tions of the rate of growth of faultiness calcu-
lated in each time point in the i™ experiment
from the average value of the rate of the defect
formation in this experiment; Sy2 1s a variance
caused by an error of the experiment.

2 Analysis of research results

The comparison of the results of the variance
analysis with the critical value of the F-equation
(F8/3 24,07 at a = 0,05) shows that the rate
of the defect formation in the turn insulation at
the fixed levels of factors also remains constant,
which gives the chance to represent the response
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function in the suitable form for the practical
usage and provides the accuracy of the descrip-
tion of the experimental results.

For describing the response surface we take
the average value of the rate of defect forma-
tion H, calculated by the results of the paral-
lel experiments as the response argument. The
visualization of the simulation results is shown
in Figure.
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The analysis of dependences of the rate of
the defects growth in the turn insulation on the
investigated design features of the capsulated
windings and the operation factors shows that
all the chosen factors influence considerably on
the rate of the growth of defects in the turn insu-
lation at its ageing under the action of tempera-
ture. The increasing of the wire diameter leads
to decreasing the number of the elementary
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Dependence of the rate of growing faultiness of the turn insulation on the wire diameter,
the slot space factor and the length of the end stator coil
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wires in the stator slot at the constant cop-
per slot space factor. While manufacturing a
winding made of wires with a small diameter
we can see many crossings in the slot and end
coil parts. These crossings lead to the destruc-
tion of the enamel insulation even under small
forces in the places of a wire crossing under
the influence of temperature or vibration. In-
creasing the wire diameter from 0,25 mm to
1,25 mm leads to decreasing the rate of the de-
fects growth in the enamel insulation approxi-
mately by 14 %, i. e. from 1,478-10° mm'h™'
to 1,298-10* mm'h".

The dependence of the rate of the growth
of defects on the copper slot space factor has
a nonlinear character with the clearly marked
minimum in the range slightly overstated as
compared to the recommended range for the
traditional electromechanical transducers. The
increasing of the copper slot space factor from
0,71 to 0,78 leads to increasing the rate of the
defects growth from 1,388-10° mm'h! to
1,931-10°* mm'h !, i. e. almost by 32 %. It is
connected with the fact that the considerable
thermo-mechanical forces act on the insulation
of the capsulated winding when the number of
wires is increased in the slot.

Decreasing the copper slot space factor from
0,71 up to 0,66 (by 5 %) leads to increasing the
rate of the defects growth in the turn insula-
tion from 1,388-10* mm'h ' up to 1,602-10°¢
mm 'h™, i. e. by 15%. It is evidently connected
with the fact that the wires can move in the
slots of the capsulated stator at small values
of the copper slot space factor, which leads
to the degradation of winding reliability in-
dexes. When the winding is being capsulated
the composite material can flow out from the
slots without forming the insulation bridges be-
tween the wires. Thus, we receive an unsolid
winding with bad cementation by the saturat-
ing composite material. The dependence of the
rate of the defects growth on the copper slot
space factor shows that the increasing of this
factor over the range from 0,69 to 0,74 does not
lead to the considerable changing of the rate of
the defect growth (the changing is up to 3 %).
Therefore, when manufacturing the capsulated
stator windings of the HEMT the copper slot

space factor can be increased by 5% (to 0,74)
which corresponds to the increasing of the usa-
ge of an active part of the HEMT by 3,75%
actually without increasing the faultiness of the
turn insulation at the operation.

The increasing of the length of end coils of
the capsulated winding causes a rather conside-
rable influence on the rate of the defect growth
in the turn insulation as well. When the action
of the operation factors such as the temperature
and mechanical vibrations, theoretically there
can be concentrations of mechanical pressures
in the winding insulation. These pressures
influence on the wear rate of the insulation.
While it is ageing the breaking of the insula-
tion is progressing under the influence of vibra-
tion strains. The loosening of the fixing of the
winding both in the slots and in the end coils
stimulates breaking. The thermal and vibration
ageing causes the sharp degradation of the in-
sulation state at the input points of coils from
the stator slots. The mechanical strains acting
on the turn insulation at the input points of coils
from the stator slots increase with increasing
the length of the end coil. It causes the break-
ing of the insulation and appearance of defects.
At changing the length of the end coils of the
winding from 10 mm to 60 mm there can be
seen the increasing of the rate of the defects
growth in the turn insulation from 1,243-10°°
mm'h'to 1,533- 10 mm'h, i. e. by 23 %.

The quantitative estimation of the investi-
gated design factors in the process of the defect
formation in the turn insulation of the windings
shows that the share of their contribution to the
total value of the rate of the defect formation
is: 10% for the wire diameter; 30 % for the
length of the end coil of the winding; 60 % for
the slot space factor.

We can take the results of the investigation
of influence of the design parameters of the cap-
sulated windings on the wear of the turn insula-
tion of the windings in the ageing process as
the basis of the technological normative docu-
ments regulating requirements to the quality
and to the design parameters of the capsulated
windings, so we can use them while designing
and manufacturing the heating electromechani-
cal transducers.
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Conclusion

1. The reliability indexes and the longevity
of insulation of the capsulated windings of the
HEMT in the operational process depend on
the wear of insulation of the windings under
the action of the system of the design factors.

2. The share contribution of the design fac-
tors to the total value of the rate of the defect
formation is: 10 % for the wire diameter; 30 %
for the length of the end coil of the winding;
60 % for the slot space factor.

3. We can use the engineering procedure of
the experimental definition of the rates of the
defect formation in the insulation for the esti-
mation and calculation of the operational reli-
ability and longevity of the capsulated windings
of the HEMT. This procedure makes it possible
to perform the comparative assessment of the
quality of windings and estimate the efficiency
of measures for improving the construction and
technology of their manufacturing.
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