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This paper presents the results of an examination of function stability of high-voltage asyn-
chronous motors exposed to ambient strain caused by combined neutron and gamma radia-
tion. This problem appears in practice when a high-voltage asynchronous motor is used in nu-
clear power plants where it can be exposed to this type of ambient strain. The failure of the
engine's operation under such conditions may have unexpected consequences. As more than
50 % of failure (malfunction) of high-voltage asynchronous motors is caused by damage to
stator insulation, the focus of the paper was on testing the effects of combined neutron and
gamma radiation on stator insulation. The tests were carried out under well-controlled labo-
ratory conditions on samples taken from both new and used factory coil windings. Two-layer
samples were used to record partial discharge threshold voltage and breakdown voltage. By
comparing the experimentally obtained results with the applicable mathematical-statistical
procedure, an estimate was made of the aging acceleration of stator insulation and the time
duration of reliable operation of high-voltage asynchronous motor was determined by life-

time exponent.
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neutron radiation, gamma radiation

INTRODUCTION

Production, partial transmission and electricity
consumption nowadays cannot be conceived without
electrical machines. Electrical machines have gained
such broad application thanks to their simple construc-
tion, design, maintenance and high reliability in opera-
tion.

The existing efforts in the development and pro-
duction of electrical machines are reflected in the in-
crease of unit power obtained from the same dimen-
sions of active material (every 15 years the unit
strength nearly doubled). Such significant advance
was considerably contributed to by general technical
development, but primarily by the development of in-
sulation materials in terms of their dimensional reduc-
tion and improvement of their dielectric characteris-
tics. It is believed that it is possible to produce an
asynchronous motor of up to 100 MW. Such large
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units (and often smaller ones) are installed at vital
spots in hydro, thermal and nuclear power plants.

Any unplanned outage from the operation of such
capital units causes unpredictable consequences, and
the costs incurred can exceed by several times the value
of the electrical machine itself. This means that at the
present stage of development it is necessary to find the
optimum between the tendency to use more (load) ac-
tive material in the electrical machine and to provide
sufficient duration of their reliable exploitation.

Based on the data available in the literature, it is
evident that the most common source of electrical ma-
chine failure is the insulation of the stator. Accord-
ingly, the efficiency, reliability and lifetime of an elec-
trical machine can be improved most effectively by the
development of testing methods and by close monitor-
ing of the condition of stator insulation. In this sense, it
is necessary to develop a method for efficient monitor-
ing of insulation state while in operation, as well as a
method for prediction of this state by laboratory tests
on comparable models [1-3].
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STATOR INSULATION OF HIGH-VOLTAGE
ELECTRICAL MACHINE

The stator insulation of an electrical machine
consists of grooved supports with previously formed
coil windings of a particular shape incorporated into it,
fig. 1. The coil winding insulation is the basis of stator
insulation [4, 5]. The coil winding insulation is mostly
influenced by the technological process of its manu-
facturing [6, 7].

The technological process of coil winding manu-
facturing proceeds in the following steps: 1— formation
of coil winding body, 2 — stretching of coil winding, 3 —
fixing of the conductor, 4 —isolating of the conductor, 5 —
forming of a multilayer conductor, 6 — pressing and poly-
merization of the multilayer conductor, 7— forming of the

Figure 1. High-voltage asynchronous motor winding
(zomes L, I1, III marked)

Figure 2. Coil winding cross-section

of a high-asynchronous machine stator

(1 — copper conductor, 2 — inner LGGL
insulation, 3 — outer

mica-resin-polyester insulation);

Uy is the edge breakdown voltage and

Uy, is the central breakdown voltage £

-4mm

final appearance of coil winding, 8 — external isolating of
the obtained coil winding. Figure 2 shows the cross-sec-
tion of a completed coil winding.

During the manufacturing of coil winding, its
lifetime is mostly affected by the insulation of the con-
ductor. The commercial name for this type of insula-
tion is lacquer-glass-glass-lacquer (LGGL). Although
this insulation can be exposed to a voltage of a few
hundred volts in operation, and its breakdown voltage
is close to ten kilovolts, the breakthrough of this insu-
lation is nevertheless the one that causes most frequent
failures of electrical machines while in operation. The
insulation system weakens due to the aging of the ma-
terial especially by strain during operation [8, 9].

STRAIN TYPES OF STATOR COIL WINDING
INSULATION DURING EXPLOITATION

The most important types of strain are: thermal,
voltage, mechanical, ambient, and combined. In prac-
tice, as arule, the strain is always combined. Due to the
complexity of the interaction (synergy) of these
strains, it is not possible to provide a universal method
for testing the insulation, nor is there a way to deter-
mine its lifetime. In practice, partial impact analysis is
used most often to determine the impact of a strain
type. This simplified method of testing makes the pro-
cess practical and significantly less expensive, but it
has anegative effect on the accuracy and completeness
of results [10,11].

In this paper, the focus was on ambient strain,
more precisely, on one of its forms — the influence of
nuclear (neutron) radiation on the stator insulation of
an electrical machine. Cases where the effects of neu-
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tron influence on an electrical machine can be ex-
pected are rare but the effects of neutron radiation on
insulation can be catastrophic in the event of machine
failure while in operation. Specifically, electrical ma-
chines operating in nuclear power facilities are sub-
jected to a particularly strict monitoring system since
their failure could endanger the safety of the whole nu-
clear plant and thus lead to undesirable consequences.
It should be emphasized that the likelihood of such an
occurrence is extremely small especially with the new
generation of nuclear plants.

EXPERIMENT

The tests were carried out in a field of neutron
and gamma radiation on both new and used samples in
order to predict the condition of coil winding insula-
tion of a high-voltage machine. New samples were
taken from new coil winding in zones I, II, and I1I, fig.
3. Used samples were taken from the same coil wind-
ing zones but after they had spent one, two, five, eight,
and ten years in operation. The samples were taken by
extracting a portion of coil winding from which a dou-

(a)

ble-layer sample was made (copper-insulation-cop-
per), fig. 4. Fifty identical samples of each type were
taken (i. e., from zones I, I, and III). The identity of the
samples was verified by measuring the tangent of the
loss angle and applying the A-test (statistical uncer-
tainty of 5 %) on the obtained results [12-14].

The samples thus obtained, in groups of 50, were
exposed to radiation from a Ra-Be neutron source (ac-
cording to information from the -certificate of
Amershaw company, with the activity of 18.5 GBq
and neutron intensity of 7.3-10° ns™!) for 5 days. To-
gether with the tested samples, a gold foil was installed
to determine induced efficiency. Subsequently, by us-
ing the averaged effective cross-section for neutrons
in gold, the neutron flux was determined. In parallel
with the experiment, the same flux was determined by
Monte Carlo simulation. Good agreement was ob-
tained within the range of 1.5 %. The absorbed dose of
neutron and gamma radiation was determined by sim-
ulation based on the neutron flux obtained by Monte
Carlo simulation. Table 1 presents data on the ab-
sorbed dose of neutron and gamma radiation of indi-
vidual parts of the sample and the average absorbed
dose for the whole insulator [15, 16].

Figure 3. Samples taken from
a new coil winding; (a) zone I,
(b) zone 11, (¢) zone I1I

Figure 4. Double-layer test
samples
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Table 1. Absorbed dose of neutron and gamma
radiation

Number of Neutron flux Absorbed do(s}e [Gy]
experiments [em s ] Neutrons** ra di:trircl) rgf**
1033.1
1 - 105(+3 9% +3 9
1.62 - 10°(£3 %*) |5.16 (£3 %) (+0.50 %*)
2 6.17 - 10*(+3 %) |1.55 (43 % 2324
AT 10E3 %) LSS E )4 09 o)
98.2
. 4 430 +3 0,
3 3.50 - 10"(£3 %) (0.70 (3 %) (+1.50 %)

* the percentages in parentheses are the total measurement uncer-
tainty, while with the absorbed dose of gamma radiation they are
only the statistical uncertainty of Monte Carlo;

** the value of absorbed dose of neutron radiation was obtained as
absorbed energy from neutron by using the Monte Carlo program
MCNP-5, after experimental validation for neutron flux (it was as-
sumed that the difference between the measured and simulated
neutron flux is not greater than 1.5 %);

*** the value of absorbed dose from photon of gamma radiation
was obtained as absorbed energy from photon in the insulator by
using the Monte Carlo program MCNP-5 with *°Ra chain in equi-
librium and for the activity ***Ra of 18.5 GBq (according to the
certificate of Amershaw company)

On irradiated and non-irradiated samples, the
following insulator characteristics were measured: tgd
— tangent of loss angle, R, and R, — insulation resis-
tance 1 minute and 10 minutes after ac voltage load, re-
spectively, U, —ac voltage of partial discharge thresh-
old, and Uy, — ac breakdown voltage. Based on the
measured values, it was determined as follows: s — po-
larization index (the ratio of insulation resistance R
after 10 minutes of ac voltage load and R, after 1 min-
ute of ac voltage load), k£ — the coefficient of propor-
tionality between the value of ac breakdown voltage
and the ac voltage of partial discharge threshold and
— lifetime exponent [17, 18]. The tangent of loss angle
was measured according to standards IEC 60502-2
and IEC 60250. The insulation resistance was mea-
sured according to standard IEC 60270. The ac break-
down voltage was measured by a modified standard
[19,20]. Figure 5 shows test circuit for testing samples
with ac voltage. The method of raising voltage was
used to determine the lifetime exponent [21, 22]. All
measuring procedures for the acquisition of measured

Figure 5. Test circuit for

testing double-layer samples

with ac voltage (U. — high-volt-

age supply, Z — filter, C, — test —
object, Cy — coupling capacitor,

Z,i — measuring instrument

input impedance, CD — cou- U
pling device, CC — connecting
cable, MI — measuring instru-
ment, Ry, — grounding shunt)

values were fully automated. The experiments were
carried out under well-controlled laboratory condi-
tions. The combined measurement uncertainty of any
measurement procedure was not greater than 5 %
[23-25].

The obtained statistical samples of 50 randomly
measured values were processed as follows: dubious
measurement results were rejected by using Chauvenet's
criterion; all pertaining random variables of a single sta-
tistical sample to a unique statistical sample were
checked by U-test; random variables of each statistical
sample were tested by x> — test and Kolmogorov test on
affiliation to Gauss (Normal) distribution, 3-parameter
Weibull distribution and to the double exponential distri-
bution, and the first, second and third moment of statisti-
cal distributions from obtained statistical samples were
determined by the method of moments [26-28].

LIFETIME AND LIFETIME EXPONENT

The insulation capabilities of inorganic and or-
ganic insulating materials vary greatly in terms of time
dependence. In the case of inorganic insulating materi-
als, there is little (or no) dependence of insulating abil-
ities on time. In the case of organic insulating materials
(which are increasingly used) there is a pronounced
dependence of insulating abilities on time. The de-
pendence of insulating abilities on time is described by
the characteristic of lifetime, i. e., by the dependence
of breakdown voltage on breakdown time.

In order to determine the lifetime characteristic,
it is necessary to know the statistical distributions of
random variables breakdown time and breakdown
voltage. In order to obtain a reliable characteristic of
lifetime, the statistical samples of the variables break-
down time and the breakdown voltage must meet the
strict requirements of z-distribution. It has been deter-
mined that the cumulative frequencies and functions
of the derivative of random variables breakdown time
and breakdown voltage can be successfully described
by the distribution of extreme values. The 3-parameter

i .\-‘n---——

——— — ——
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Weibull distribution is the most appropriate for this
class of problems [29-31].

To obtain the characteristics of lifetime (i. e., the
distribution functions of breakdown time and break-
down voltage), it is necessary to form a statistical sam-
ple of n values of random variable breakdown time
(obtained by constant voltage Uy;).

The empirical function of breakdown time dis-
tribution, is described by Weibull distribution

S,

t
F(t4.Ug)=1-exp 4 —4— )
1463 g)

where #, is breakdown time, #4635 is 63 % quantile of
breakdown time and 9, is the third parameter of the
Weibull distribution (the so-called Weibull exponent).
The lifetime characteristic is constructed by us-
ing selected quantiles of this distribution. It has been
established that the lifetime characteristic is a straight
line on a double-logarithmic scale [32, 33]. For each
order of quantile p of breakdown time, the lifetime
characteristic is described by the following

Udp :kdptdp_l/r (2)

where Uy, is the breakdown voltage of quantile order
D, tq—the breakdown time, ky, — the constant that char-
acterizes the geometry of the structure, and » — the life-
time exponent dependent on insulating material. Devi-
ations from the straight line of the lifetime
characteristic point out to a change in the mechanism
of aging.

If, by analogy with eq. (1), we adopt the Weibull
distribution

U
FUg:tq )=1-exp {UdJ 3)

d63(1y)

for breakdown voltage U; with a fixed breakdown
time 74, then for the same probabilities F(zg; Uyy) =
= F(Ug; tar)

Ugss (ta)1qr 1777 =Ug L4 Wg N (@)

According to lifetime law, given that the expo-
nent r is applicable to all quantiles, a relation between
the Weibull exponent for the breakdown time and the
breakdown voltage and the lifetime exponent can be
obtained by eq. (2)

Sy
r 5, (&)

As stated, the statistical samples of random vari-
ables breakdown time and breakdown voltage, re-
quired to determine lifetime characteristics, are deter-
mined by the experimental method of constant
voltage. The disadvantage of constant voltage method
is that it is time-consuming. In order to speed up ob-

taining of results, it is possible to apply an experimen-
tal method by increasing voltage. The results obtained
by the method of the increasing voltage can be trans-
formed into the results obtained at constant voltage
[32]. This is achieved by entering the used rates of in-
creasing voltage AU into Uy — t; diagram. The opti-
mum lines passing through the points thus obtained
can be interpreted as characteristics of the lifetime ob-
tained by the method of the increasing voltage.

In order to determine the relation between the
test results obtained by increasing voltage and those at
constant voltage, the method of damage accumulation
is used. Damage accumulation is characterized by the
development of irreversible destruction of the solid
body structure by the magnitude of relative consump-
tion of lifetime y
hy = -

d
where t41s the breakdown time and #, < ¢4 is the dura-
tion of insulation strain. By applying eq. (2) for any
quantile p, the following is arrived at

(6)

ty =kg "l Up)™" (7

For the known values of lifetime exponent 7, eq.
(7) enables conversion of pairs of strain values (U, )
to equivalent strains (U,", ), i. e., strains with the
same lifetime consumption

. U,
Ly :tb[iJ (8)
Uy

This is due to the fact that a strong electrical
strain of short duration can cause the same insulation
damage (the same lifetime consumption) as a weaker
strain with long duration.

If the lifetime model is applied to the whole test
with increasing voltage (U, t4,), the breakdown time
and the breakdown voltage, analogous to eq. (8), can
be calculated for equivalent testing with constant volt-
age (Uy, tq)- If Uy = Uy, the following applies for any
quantile

t
tdk = ds (9)
r+1
and if tak = t4s
U
Udk = - ds (10)
r+1
RESULTS AND DISCUSSION

Table 2 presents the measurement results of tan-
gent of loss angle, tgd, polarization index, s, coefficient
of proportionality, £, and lifetime exponent, 7, depending
on the received dose of neutron and gamma radiation.
The parameter of the presented results is the time dura-
tion of the coil winding in the electrical machine from
which the samples were taken, or more specifically, tab.
2 shows the measurement results of new samples and
samples used for 10 years.
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Table 2. Dependence of; (a) tangent of loss angle, tgo, (b) polarization index, s, (¢) coefficient of proportionality, £, and
(d) lifetime exponent, r, on the received dose of neutron and gamma radiation

Absorbed dose [Gy] tgd, zone | tgd, zone 11 tgd, zone 111
Neutrons Gamma New Used New Used New Used
0 0 53 5.6 5.1 54 4.8 5.3
0.7 98 5.7 6.1 5.6 5.8 5.1 5.5
1.55 259 5.8 6.2 5.9 6.3 5.7 6.4
5.16 1033 6.1 6.5 6.0 6.4 5.9 6.8
(a)
Absorbed dose [Gy] s, zone | s, zone 11 s, zone 11
Neutrons Gamma New Used New Used New Used
0 0 4.08 3.78 4.35 3.90 4.40 4.29
0.7 98 3.96 3.52 4.15 3.81 4.28 4.14
1.55 259 3.72 3.28 3.90 3.73 4.05 391
5.16 1033 341 3.02 3.62 345 3.92 3.68
(b)
Absorbed dose [Gy] k, zone 1 k, zone 11 k, zone 111
Neutrons Gamma New Used New Used New Used
0 0 6.31 5.35 6.41 5.65 7.43 6.75
0.7 98 6.01 5.00 6.10 5.32 7.21 6.58
1.55 259 5.87 5.72 5.95 5.28 7.05 6.32
5.16 1033 5.32 5.15 5.53 5.01 6.87 6.12
(©
Absorbed dose [Gy] r, zone | r, zone 11 r, zone 111
Neutrons Gamma New Used New Used New Used
0 0 12.2 11.2 12.6 11.6 12.8 11.7
0.7 98 11.9 10.9 12.1 11.2 12.6 11.4
1.55 259 10.6 9.8 11.7 11.0 12.1 11.2
5.16 1033 10.1 9.5 10.8 9.6 11.8 10.8
(d)

Based on the results shown in tab. 2, it can be
seen that neutron + gamma radiation has much
greater influence on the dielectric characteristics of
the LGGL coil winding stator insulation of
high-voltage asynchronous machines. By comparing
these results with the corresponding results obtained
by irradiation of LGGL insulation by gamma radia-
tion only [34] insulation of the same samples by
other, standard, ambient strains, it can be concluded
that neutron radiation has the most destructive effect
on the coil winding stator insulation of high-voltage
asynchronous machines. This influence is particu-
larly related to the accelerated aging process and the
inhomogeneity of the aging mechanism.

CONCLUSIONS

The examination of the influence of neutron +
gamma radiation on the stator insulation of high-volt-
age asynchronous machine has shown that the pres-
ence of neutron component in radiation significantly
accelerates the degradation processes of LGGL insu-
lation. This occurs most likely due to direct interaction
with the structure of the lacquer and glass, which leads
to cleavage of their macromolecules. Such a process is

significantly more efficient than the impact of solely
gamma radiation which interacts with the system of
electrons, or that of electrons. In most common condi-
tions under which high-voltage asynchronous ma-
chines operate, there is no probability of their being in
the field of neutron radiation. However, if such a pos-
sibility does occur, operation failure of such machines
can have catastrophic consequences, so in that case
the insulation condition of their stator should be con-
trolled more frequently and it is necessary to take into
account the possibility of their much shorter lifetime
(i. e., they need to be overhauled and replaced more
often, and the replaced high-voltage asynchronous
machines should be treated as radioactive waste).
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JETPAJAIIMJA N30JALHUNIJE CTATOPA BUCOKOHAIMOHCKUX ACHUHXPOHHUX
MAIINHA Y IIO/bY TAMA U HEYTPOHCKOI 3PAYEIbA

Y paay je mpHKa3aHO UCIUTHBAMC CTAOMITHOCTH (PYHKIHUje BHCOKOHAIIOHCKOT ACHHXPOHOT
MOTOpa M3JI0KEHOT aMONjeHTATHOM Harpe3amy KOMOMHOBAHOT HEYTPOHCKOT U raMa 3padeta. OBa nmpoo-
JeMaTHuKa [0J1a3u JO u3paxaja y mpakch Kajja ce BUCOKOHANIOHCKU aCMHXPOHH MOTOpP KOPUCTH y HYK-
JIeapHUM MIOCTPOjehbUMa Y KOJUM MOXKe OUTH U3JI0KEH OBOME TUITy aMOMjeHTaTHOT Hanpe3amwa. Mcnaj u3
paja MoTOopa y TaKBUM yCJIOBMMa MOKe fila nMa Hecarjeause nociaeaune. Kako suie o 50% xBapoBa
BHCOKOHAIIOHCKOI' aCHMHXPOHOI MOTOpa foja3d yciuej omTehewa wu3onanuje cratopa, y pajy je
UCIUTHUBAHO [I€jCTBO KOMOMHOBAHOT HEYTPOHCKOT M raMa 3padyeHa Ha u30Jialiyjy cratopa. Mcnutusame je
pabeHo y 1o6po KOHTpOIMCaHNM J1a0OPaTOPHjCKUM YCIIOBAMA Ha y30pIMMa y3eTHM ca (habpuiIKKX HaBoja
(xaHypa) u TO HOBHX M KopuitheHux. Ha ABOCIOjHUM y30puMMa je CHUMaH HAllOH Tpara HnapijijajHor
npaxmema 1 MpodojHn HamnoH. [TopebemeM ekcrepruMeHTamHO AOOMjeHNX pe3yiTara oAroBapajyhum
MaTeMaTUYKO-CTATUCTUYKKM IOCTYNIKOM ypabeHa je mporeHa yOp3ama crapema n3ojamyje cratopa, a
MpEeKO eKCIIOHEHTa BeKa Tpajama ofipeheHo je Bpeme moys3jaHor pajja BUCOKOHAIIOHCKOT aCHHXPOHOT
MOTOpa.

Kwyune peuu: 6UCOKOHAUOHCKA ACUHXPOHA MAWUHA, U30AAUUJA CILAIODA, CIUADeHse, HeYIUPOHCKO
3pauerse, zZama 3paierbe




