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EFFICIENCY OF APPLICATION OF SEMICONDUCTIVE COATINGS FOR
REGULATION OF ELECTRIC FIELD IN HIGH-VOLTAGE INSULATION OF
ELECTRIC MACHINES

Introduction. Intensification of competition and the desire to reduce the cost of high-voltage electric machines due to a significant
increase in the electrical and thermal loads of the electrical insulation system complicate the operation of anti-corona coatings on
the insulation surface of the stator winding and increase the intensity of discharge processes, which significantly reduce the life
of the insulation in case of failure of the coatings. Purpose. The analysis of the efficiency of alignment of the electric field along
the insulation surface of the stator winding of high-voltage electric machines with semiconductor anti-corona coatings.
Methodology. A method for calculating the electric potential distribution along the surface of the winding insulation during the
use of semiconductive coatings providing alignment decrease the electric field and eliminating the appearance of moving
discharges. The reliability of the calculations is confirmed by experimental studies of the potential distribution over the surface of
the anti-corona semiconducting non-linear coating along the frontal part of the samples of the rod of the hydrogenerator for a
linear voltage of 20 kV. Practical value. The proposed methodology for calculating the distribution of the electric field over the
surface of the insulation and the anti-corona semiconductive coating can be applied to justify the length of the coating in the
frontal part of high-voltage electrical machines depending on the electrophysical characteristics of the coating, electrical
insulation, and thickness. The results of an experimental verification of the stability of the nonlinear properties of coatings
during prolonged electrical and thermal aging of specially made coating samples are presented. References 14, figures 6.

Key words: frontal part of the rod, external partial discharges, electric field, regulation of the electric field, semiconductive
coating, surface resistivity, distribution of electric potential, stability of nonlinear properties, long-term electric and
thermal aging.

Ilpeocmaenena memoouka po3paxynKy poO3noOiLy eneKmpuunoz0 hnoas no NOGepxXHi i3onauii i NPOMUKOPOHHO20
HAnienpoeioH020 ROKpUmMMA 6 10006il YACMUHI CHPUICHA GUCOKOBOIbMHOL eeKmpuuHoi mawunu. Ompumano 6 3anexicnocmi
6i0 NUMOMO20 NOBEPXHEE020 ONOPY HANIGNPOGIOHOZO0 NOKPpUMMA PO3NOOIN eNeKMPUYHO20 NOMeHUianry no NnoeepxHi
HPOMUKOPOHHO020 ROKpummsa ma izonayii. O6rpynmosano 0iana3on 3HaA4eHb NUNOMO20 ROBEPXHEE020 ONOPY NPOMUKOPOHHOZ0
nokpummsa 011 eeKmusHo20  pezynio6anHa  eNeKmpuuno2o hoas. Jlocmogipuicmos  po3paxynkie - niomeeposceHo
EKCRePpUMEHMATbHUMU O0CTIIONCEHHAMU PO3NOOINY ROMEHYIANY NO NOBEPXHI NPOMUKOPOHHO20 HANIGNPOBIOHO20 HENIHINHO20
noKpumms y3008xc 1000601 yacmuHuu 3paskie cmpuoicnie ziopozenepamopa Ha niniiiny nanpyey 20 kB. Ilpeocmaeneno
pe3yiomamu eKcnepumMenmanbHoi nepegipku cmabdinonocmi HeNHIIHUX 61acmueocmeil NOKpUmmie 6 npouyeci mpueanozo
eNIeKMPUYHO20 | MENn08020 CMAPIHHA CREWianbHO 6U20MOoe1eHux 3paskie noxkpumms. Egexkmusnicmv pezyniosanns
eNeKMPUYHO20 NOAA HANIGRPOGIOHUMU HOKPUMMAMU RIOMEEPOIHCEHO pe3ybmamamu 6unpodyeans 3pasKie CHMPUICHIG
2iopozenepamopa CB -1500 / 100-12 ¢ nouamkoeomy cmai i nicia KOMNIEKCHO20 MPUBATIOZ0 GNTIUEY €IeKMPUYHO20 RONA i
memnepamypu. bi6n. 14, puc. 6.

Kniouogi cnosa: 1000Ba 4acTHHA CTPHKHS, 30BHIlIHI 4acTKOBI po3psiau, eJIeKTpUYHe I10JIe, PeryJIOBAHHS eJeKTPUYHOIO
NoJisi, NPOTHKOPOHHEe HANIBNPOBiIHEe NOKPHUTTHA, NUTOMHIl NOBEPXHEBMIl oOmip, PO3MOALI eJeKTPUYHOIO0 MOTeHUialy,
cTalinbHicTh HeliHIHHMX BJIACTHBOCTEH, TPHBAJIE eJIEeKTPHYHE i TenJIoBe CTAPiHHS.

Ilpeocmaenena memoouka pacuema pacnpedenenus INEKMPULEcKO20 NOAA N0 NOGEPXHOCHU U30TAUUU U NPOMUGCOKOPOHHO20
HOJLYNPOBOOAULEZ0 NOKPLIMUS 6 JI00060I YACMU CHIEPIHCHS 6bICOKO0GOIbMHOU Inekmpuueckoi mawunol. ITonyueno 6
3a8UCUMOCIU O YOENbHO20 NOBEPXHOCIINO20 CONPOMUBTIEHUS NOJIYRPOBOOAULE20 NOKPLIMUA pachpedenenue INeKmpudecKozo
nOMeENHYUanNa no NOBEPXHOCMU NPOMUBOKOPOHHO20 NOKpbimus u uzonayuu. O06ocHosan Ouana3on 3Ha4eHUil y0enbHO20
HOGEPXHOCMHO20 CONPOMUBTIEHUS NPOMUBOKOPOHHO20 ROKPLIMUS 0151 IPPEeKMUGH020 pezynuposanus INeKmMpuecKozo noJisi.
Jocmosepnocme pacuemos nooOmMeepiyHcOeHa IKCNEPUMEHMATIbHBIMU UCCIC008AHUAMU  PACAPEOe]eHUs NOMEHYUAla no
nogepxHocmu NPOMUGOKOPOHHOZ0 ROIYRPOGOOAULE20 HENUHENN020 NOKPLIMUA 600J1b J100080i Yacmu 00pasyoe cmpexyicHeil
2uopozenepamopa Ha JauHeinoe Hanpsaycenue 20 kB. Ilpeocmaenenvl pezynbmamel IKCHEPUMEHMATbHOU NPOGEPKU
CMAadUILHOCMU  HEIUHEHNbIX CGOIUCME ROKPbIMUil 6 npouecce OJIUMENLHOZ0 INIEKMPUYECKO20 U MEn1068020 CHAPEHUs
CREWUANbHO  U320MOGNEHHLIX  00pazyoe  NoKpvimus.  Iekmusnocms  pecynuposanus  INEKMPUYEcKo20  NoOaA
ROYRPOBOOAUWUMU NOKPLIMUAMU NOOMEEPHCOCHA PE3YTbMAMAMU UCHBIMAHUIL 00pa3yoe cmpedcuei zuopozenepamopa CB
1500/100-12 ¢ wucxo0nom cocmoanuu u nOCAe KOMNIEKCHO20 OJIUMENbHO20 8030€liCeuUa I1eKmMpuUiecKkozo noana u
memnepamypui . bubn. 14, puc. 6.

Kniouesvie cnosa: 1060Basi 4acTh CTeP:KHS, BHELNIHHE 4YACTHYHbIE Ppa3psiabl, JJIeKTPHYECKOE TMOJe, peryjinpoBaHHe
JJeKTPHYECKOr0 MOJs, NPOTHBOKOPOHHOE IOJYNPOBOJsINEee NOKPBLITHEe, YyHeJbHOe IMOBEPXHOCTHOE COMPOTHBIEHHE,
pacrnpenesieHne YIeKTPHYECKOT0 MOTEeHINAIA, CTA0MJILHOCTh HeJTHHEHHBIX CBOCTB, JJINTEILHOE YJIeKTPHIECcKOe H TENJI0Boe
cTapeHmHe.

Introduction. One of the main problems in the slot part of the winding due to the potential difference
manufacture of high-voltage electric machines is the between the insulation surface and the stator core and in
suppression of external partial discharges that occur in the
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the frontal part due to a sharp jump in the electric field at
the exit of the winding from the slot [1-3].

The regulation of the electric field in the insulation
of the stator winding, which suppresses partial discharges
in the air gaps between the insulation surface and the slot
walls and elimination of the sliding discharges along the
insulation surface in the places where the windings exit
the stator slot, consists in the use of conductive and
semiconductive coatings. Intensification of competition
and the desire to reduce the cost of high-voltage electric
machines due to a significant increase in the electrical and
thermal loads of the -electrical insulation system
complicate the operation of anti-corona coatings on the
insulation surface of the stator winding and increase the
intensity of discharge processes, which significantly
reduce the life of the insulation in case of coating failure
[4-9]. In connection with the foregoing, the need arises
for the use of anti-corona coatings that provide effective
regulation of the electric field during operation of high-
voltage electric machines.

The goal of the paper is analysis of the efficiency
of alignment of the electric field along the insulation
surface of the stator winding of high-voltage electric
machines with semiconductive anti-corona coatings.

Problem definition. Case insulation of the stator
winding is the most loaded element, subjected to the
simultaneous influence of an electric field, temperature
and thermomechanical stresses. Particularly high
requirements for modern insulation systems are imposed
in connection with the design and manufacture of
powerful air-cooled turbo-generators. The permissible
working electric field strength of the case insulation (in
the region of the flat side of the rod) reaches values
(3-3.2) kV/mm for insulation made by vacuum-injection
impregnation for conductors with optimized geometry
(with rounded corners) [2, 3]. An increase in the
requirements for the reliability of powerful electric
machines has led to the need to use in the manufacture of
stator case insulation of materials characterized by
increased stability of physico-chemical and electrical
insulation properties. Traditionally, combined mica tapes
are used for this purpose, in which glass tapes are used as
a substrate, and mica papers impregnated with epoxy
resin are used as a dielectric barrier. The increase in the
content of mica in mica paper provides a significant
increase in long-term electrical insulation strength [10].
The level of electric field at which the electrical insulation
of the slot of the rod works depends on the nominal
voltage of the machine, the thickness of the insulation,
and the configuration of the surface of the copper of the
rod and the slot of the stator. As a rule, modern powerful
turbogenerators have slots and rods of a rectangular
shape. With this shape of the electrodes, the maximum
values of the electric field strength [11] occur at the
corners of the current-carrying rod (Fig. 1, curve 5: the
equipotential surface is ¢ = z, the force line number is
w = 0), and the insulation is extremely irregularly loaded
over the slot volume. In the corner of the slot, i.e. for
@ = 0 and y = 0, the electric field strength is 0 (Fig. 1,

curve 3). The degree of alignment of the electric field in
the stator slot is characterized by the coefficient of
electric field non-uniformity K equal to the ratio of the
maximum field strength E,, taking place in the slot to
the uniform field strength E,,;,, i.e. at a sufficient distance
from the angle of the current-carrying rod (Fig. 1, curve 1:
equipotential surface ¢ = /2 and y— ).

The slot part of the stator winding section is installed
in the slot of the core freely, the existing irregularities and
the spread in the dimensions of the slot of the core and
section determine the presence of some air gap (not more
than 1 mm) between the insulation surface and the core. A
two-layer insulation system is formed: solid insulation —
gaseous dielectric (air). Breakdown of the air interlayer
(partial discharge), which is under conditions of a strong
inhomogeneous electric field, will occur at a voltage
lower than the working one [11-13].
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Fig. 1. The coefficient of non-uniformity of the electric field K
in the slot of the stator winding of the turbogenerator for linear
voltage of 20 kV:
curve 1 — p=n/2 and y—o0;
curve 2 — p=n/4 and y=0; curve 3 — p=0 and y=0;
curve 4 — ¢=3/4x and y=0; curve 5 — p=n and y=0
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A semiconductive coating electrically connected to
the walls of the slot is applied over the insulation of the
rod. Such a coating with a low value of specific surface
resistance («conductive») provides contact at many
points between the coating and the walls of the slot, that
is, the entire surface of the slot part is grounded. As a
result, the potential difference between the insulation
surface and the slot wall is eliminated. This is usually
graphite-based tape or varnish. On the one hand, the
conductivity of the coating should be sufficient to
eliminate partial discharges in the slot, which develop
when a potential difference occurs between the
insulation surface and the stator. On the other hand, it
should not be less than a certain level at which the stator
sheets are closed, which in turn leads to the appearance
of eddy currents and an increase in losses. The specific
surface resistance of the slot coating ps lies in the range
(10> — 10%) Q, which reduces the probability of
breakdown of air gaps between the rod and the slot wall.

In the frontal parts, the rods with insulation are in a
gas environment. Most of the voltage falls on the gas
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gaps. In this case, the component of the electric field
strength along the surface becomes less than the critical
intensity of the beginning of ionization of air or
hydrogen [11-13]. The slot (conductive) coating extends
beyond the slot to eliminate corona at the exit of the
winding from the slot, where the electric field strength
in the air is high enough for the development of
discharge processes. In the absence of protective
measures at the place where the rod exits from the slot,
there is a sharp jump in the electric field strength, which
can lead to the appearance of external edge discharges
(corona and discharges along the surface of solid
insulation) on the surface of the frontal part of the coil
or rod of the electric machine. To eliminate the effect of
corona, it is necessary to ensure a smooth distribution of
the electric potential over the insulation surface of the
frontal parts of the rods.

Regulation of the electric field in the frontal part
of the insulation of the stator winding of high-voltage
electric machines. An anti-corona coating which has
large values of specific surface resistance (10°-10%) Q is
used in the frontal part [6-8]. In the frontal parts, a
semiconductive layer is applied over a length of 20-25
cm. For this purpose, semiconductive coatings made on
the basis of enamel are used [6-8], in which fillers are
conductive powders: carbon black or graphite with a
linear current-voltage characteristic. The dispersion of
carbon black or graphite significantly affects the
operational properties of anti-corona protection [9].

Most preferred are nonlinear coatings with a
pronounced increasing dependence of the specific surface
conductivity on the electric field strength (Fig. 2).

The coating creates a section of length [ with
specific surface resistance p, (Fig. 3), and the surface
resistance of the coating is much less than the surface
insulation resistance p;,. Because p,<<p;.s; then the
component of the electric field strength Ey, along the
insulation surface at the point O decreases. But at the end
of the coating (at point K), a new region is formed with a
sharply uniform field.
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Fig. 2. Experimental dependence of the electric field strength of
the rectified frequency of the specific surface resistance of the
anti-corona coating based on a nonlinear compound (curve 1)

and the coating in the form of a tape (curve 2)
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Fig. 3. Schematic representation of a fragment of the frontal
Part of the rod with insulation and anti-corona coating

In the absence of a semiconductive coating, the
electric field strength at point O

Ey=U, \/wpinsscs =U, \/wpinss goelh, (1)

where U, is the potential (voltage) at the point O; o= 27f
is the circular frequency; C; = &e& / h is the insulation
capacitance of thickness /# with dielectric permeability &
& = 8.85-1072 F/n is the electric constant.

In the presence of a semiconductive coating, the
electric field becomes equal

Eos=U,op,s9elh 2)
i.e. coating provides a reduction of E,, in /p;. /pg

times.

Capacitive  currents  flowing  through a
semiconductive coating cause a voltage drop along the
coating, resulting in Ex becomes less in comparison with
E,, ie. in the absence of coating. The electric field
strength at the edge of the coating is determined by the
expression

Eg =2U, \Jopinseoe | hexp(—Japsege 1 2h-1, ). (3)

By choosing the values of / and p;, it is possible to
reduce E,, and E to acceptable levels at which there are
no surface discharges.

The condition for choosing the values of the specific
surface resistance p; of the semiconductive coating is the
inequality Eo, < Eo, which together with expression (1)
for determining the electric field strength at the point O
E,, makes it possible to determine the upper boundary of
the specific surface resistance of the semiconductive
coating

Eoq h
; )

Ps=——""73"
weyeU g,
where U,, is the calculated voltage value, Ey; is the
permissible electric field strength at point O (in air, at the
highest operating voltage of power frequency),
determined, for example, on the basis of the Paschen

empirical law for gaseous dielectrics [13, 14].
The choice of coating length I is determined
from the condition

wpP; o€
> |2 h{wm Pinss£0 J )
wpsepe | Exy h
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The permissible value of the electric field strength
Ex, at point K depends on the thickness of the insulation
h, the electrical characteristics of the insulation and the
semiconductive coating, respectively.

Figure 4 shows the influence of the specific surface
resistance of the anti-corona coating p,; on the potential
distribution over the semiconductive coating (curves 1, 2,
and 3) and over the insulation surface (curves 1', 2', and
3") of the stator winding of the high-voltage electric
machine on the linear voltage U, =20 kV along the frontal
part of the rods. Curves 1 and 1’ correspond to the values
of the specific surface resistance of the anti-corona
coating p; =5-10° Q; curves 2 and 2’ — ps =5-10" Q; curves
3 and 3’ — p, =510 Q (Fig. 4). Higher values of the
specific surface resistance of the semiconductive layers
lead to lower voltages on the insulation of the frontal parts
of the rods (compare curves 1’ and 3’ in the region of
small /; values). An increase in the specific surface
resistance of the coating causes a decrease in the length of
the semiconductive coating.

0.25 0.3

0 0.05 0.1 0.15 0.2 0.35 0.4

Is, m

Fig. 4. Potential distribution over the surface of the anti-corona
coating (curves 1, 2, and 3) and insulation (curves 1°, 2°, and
3), respectively

An increase in p, from 5-10° Q to 5-10° Q leads to
the intersection of the potential distribution curves over
the surface of the anti-corona coating and insulation, i.e.
equality of potentials, with significantly smaller, more
than 25 times, values of the distance /; (compare curves 1,
1’ and 3, 3’ in Fig. 4). The length of the semiconductive
coating, which ensures a decrease in potential at point K
of no less than 10 times relative to the maximum value at
point O, can be taken equal to 27.5 cm and 7 cm for
coatings with specific surface resistance values of 5-10" Q
and 5-10° Q, respectively (see curves 2' and 3' in Fig. 4).
In this case, the voltage on the insulation surface does not
exceed 1 kV. For a semiconductive coating with a specific
surface resistance of 5-10° Q, the electric field alignment
efficiency is extremely low (see curve 1’ in Fig. 4).

The correspondence between the calculated (curves
1 and 2) and experimental (points No. 3—6) results of the
distribution of the electric potential over the surface of the
anti-corona coating along the frontal part is shown in Fig.
5. In the samples of the rod of the hydrogenerator CB
1500/100-12, an anti-corona coating based on a nonlinear

compound (symbols under No. 3, 4) and in the form of a
tape (symbols under No. 5, 6) is used. The applied voltage
of the rectified frequency corresponds to 10.5 kV
(symbols under No. 3, 5 in Fig. 5) and 15.75 kV (symbols
under No. 4, 6 in Fig. 5), respectively. The model
dependencies of the potential distribution over a
semiconductive coating (curves 1 and 2 in Fig. 5) for the
stator winding of a high-voltage electric machine with
linear voltage of 20 kV correspond to a specific surface
resistance of 5-10° Q (curve 1) and 5-10" Q (curve 2),
respectively.

Us, V T T

10°

2
10o

0.05 0.1 0.15 0.2

Is, m

Fig. 5. On the reliability of the results of calculating the
potential distribution over the surface of the anti-corona coating
along the frontal part of the rods of a high-voltage electric
machine

Stability of  nonlinear properties of
semiconductive anti-corona coatings during the
process of electric and thermal aging. The stability
verification of the nonlinear properties of the coatings
was carried out according to the results of prolonged
electrical and thermal aging of specially manufactured
samples. Samples of 10 pieces for each type of coating
were subjected to electric aging at electric field of 2.5
kV/cm of power frequency for 220 hours, followed by
thermal aging at temperature of 175 °C for 100 hours.
Electric aging was carried out in two cycles: the first
was 60 hours, the second was 160 hours. In the initial
state and after each cycle of electric and thermal aging,
the measurements of the specific surface resistance were
carried out at the rectified test voltage. Figure 6 shows a
3D diagram of the dynamics of changes in the specific
surface resistance of nonlinear anti-corona coating
samples during aging (p,,) relative to the initial, before
aging, state (p,) depending on the electric field strength.
The numbers in Fig. 6 relate to: anti-corona coating
based on a nonlinear compound — 1, 2, 3; anti-corona
nonlinear coating in the form of a tape in one layer in
the half-overlap — 4, 5, 6 and in two layers in the half-
overlap — 7, 8, 9 after the cycles of electrical and
thermal aging, respectively.
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Fig. 6. Dynamics of changes in the specific surface resistance of
anti-corona semiconductive coatings during the process of
prolonged electrical and thermal aging of samples

For a nonlinear coating in the form of a compound,
an increase in the specific surface resistance after aging
cycles is observed, which is, probably, due to the
additional polymerization of the compound under the
influence of electric and thermal effects, which act as
initiators of the polymerization process. For a nonlinear
coating in the form of a tape after cycles of electric aging,
an increase in the specific surface resistance relative to
the initial state is also noted. After heat aging, there is a
slight decrease in py;. It is important that the nonlinearity
of the specific surface resistance of the coatings is
maintained in the entire range of the electric field
strength. After thermal aging, the lower boundary of p;
corresponds to 107 Q (see Fig. 6, No. 3, 6, 9), which
indicates that the regulation of the electric field is
sufficient (see Fig. 5, curves 1 and 2).

The stability of the properties of nonlinear anti-
corona semiconductive coatings is confirmed by the test
results of the samples of the rod of the CB 1500/100-12
hydrogenerator in the initial state and after the combined
exposure to an electric field of power frequency voltage
of 2.5-U,/3 and temperature of 120 °C for 260 hours. In
the initial state: by the distribution of electric potential
along a nonlinear anti-corona coating along the length of
the frontal part (see Fig. 3). After complex exposure: by
visual absence of glow when applying test voltage
exceeding the nominal voltage by 50%; by visual absence
of sliding discharges when testing the insulation of the
slot part of the rods with test voltage equal to
(3U/N3)+3) kV; by appearance of the coating; by high
values of insulation overlap voltage.

Conclusions. A technique is proposed for
calculating the distribution of electric potential over the
insulation surface along the frontal part of the rods of a
high-voltage electric machine using semiconductive
coatings that ensure equalization of the electric field
strength and elimination of sliding discharges.

The distribution of electric potential over the surface
of the anti-corona coating and insulation in the frontal
part of the rod of the high-voltage electric machine is
obtained with variations in the specific surface resistance
of the semiconductive coating.

The proposed technique can be applied to justify the
length of the coating in the frontal part of high-voltage
electrical machines, depending on the electrophysical
characteristics of the coating, electrical insulation and
thickness.

The calculated data obtained are consistent with
experimental studies of the potential distribution over the
surface of the anti-corona semiconductive nonlinear
coating along the frontal part of the samples of the
hydrogenerator rods for linear voltage of 20 kV.

An experimental verification has been made of the
stability of the nonlinear properties of specially made
coating samples during long-term electrical and thermal
aging, as well as of samples of CB 1500/100-12
hydrogenerator rods in the initial state and after complex
exposure to electric field of 26.25 kV of power frequency
and temperature of 120 °C for 260 hours.
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