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ANALYSIS AND CONCEPT OF DEVELOPMENT OF NON-DESTRUCTIVE
TEST METHODS FOR DIAGNOSING ELECTRIC MOTOR INSULATION

The timely detection of a critical state and forecasting the development of an emergency
situation in the insulation of AM (asynchronous motor) windings is the main direction of
increasing the economic efficiency of electrical engineering systems. One of the methods
of reducing electricity losses is the compensation of reactive power, both complex and lo-
cal. Asynchronous motors consume more than 60% of the produced electricity. Modern
microprocessor devices, which are implemented in the automation of electrical engineering
complexes, enable to combine local compensation of the reactive power consumed by syn-
chronous motors with a diagnostic system for monitoring and predicting the residual life
of an asynchronous motor and detecting a winding circuit in the stator windings of an
electric motor. The purpose of the work is the analysis of the existing non-destructive test
methods for diagnosing the state of the dielectric property of the insulation of AM windings,
substantiating the direction of the development of diagnostic test methods and forecasting
the decrease in the property of the body insulation of AM windings with the use of residual
energy in the conditions of using a capacitor bank. To achieve the goal, the following tasks
were solved: an analysis of the control methods of body and turn insulation was conducted;
for the first time, the energy remaining in the capacitors after their disconnection was used
in non-destructive test methods; it was proven that to predict the residual resource of the
motor housing insulation, the time constant of the capacitor discharge decay can be effec-
tively used as a criterion parameter, similarly, to detect a short circuit in the stator wind-
ings, the periodic voltage decay time on the capacitor can serve as a useful criterion; es-
tablished interrelationships between changes in the resistance of the casing insulation of
the windings and the time constant of the capacitor discharge. The most important result
is the establishment of a unique relationship between the state of the case insulation and
the value of the voltage decay time constant on the capacitor; change in period time and
the number of turned-off turns in the AM stator winding. The most significant result is that
the change in the time constant was used for the first time as a criterion parameter for
predicting the residual life of the dielectric properties of the motor body insulation, and the
change in the time period as a criterion parameter for the detection of a winding circuit.
The significance of the study is that the value obtained after the first disconnection of the

! Dsc (Engineering), professor, National University of Life and Environmental Sciences of Ukraine, Kyiv,
ORCID: 0000-0002-8219-021X, kryvonosov@nubip.edu.ua

2 postgraduate student, National University of Life and Environmental Sciences of Ukraine, Kyiv,
ORCID: 0009-0002-0577-8949, matviienkooleksandrm@gmail.com

3 leading specialist of energy management, National University of Life and Environmental Sciences of Ukraine,
Kyiv, ORCID: 0009-0008-7083-7881, krivonosov.val05@gmail.com

4 PhD (Engineering), associate professor, National University of Life and Environmental Sciences of Ukraine,
Kyiv, ORCID: 0009-0004-0890-5952

5> PhD (Engineering), associate professor, SHEI «Priazovskyi State Technical University», Dnipro,
ORCID: 0000-0002-8108-2575, savenko_o_s@pstu.edu

® PhD (Engineering), associate professor, SHEI «Priazovskyi State Technical University», Dnipro,
skosyrev_v_g@pstu.edu

6


mailto:kryvonosov@nubip.edu.ua

BICHUK ITPUAZOBCBKOI'O JEPKABHOI'O TEXHIYHOI'O YHIBEPCUTETY

2024p. Cepis: TexniuHi HayKn Bumn. 49. T. 2
p-1SSN: 2225-6733; e-ISSN: 2519-271X

electric motor from the network is taken as the basic value of the constant decay time.
Methods have been proposed and software developed for the device, which allows moni-
toring non-phase voltage modes of the network and current circuits during the operation
of the electric motor, and when the electric motor is disconnected from the network — to
control the value of the insulation resistance of the stator windings of the electric motor
and the cable, as well as to predict the residual life of the electric motor.

Keywords: corpus insulation of electric motor windings, forecasting, residual resource,
local compensation of reactive power, discharge time constant, capacitor, software, wind-
ings of electric motor stator windings, transient processes, test diagnostics.

Kpueonocoe B.E., Mamesicuko O.M., Kpueonocoe B.B., Ilpyonixoea H./[., Caese-
ko 0.C., Cxocupee B.I. Ananiz ma Konyenyis po3eumxy HepyiHI6HUX MeCMO8UX Me-
mooie diaznoCmy6annsa i301auii eneKmpoosuzyna. Ymoeu pobomu acuHxpoHHO20 08U-
eyHa (A/l) nos’sa3amni 3 HEAKICHOIO HANPY20I0 MePediCi HCUBNEHHS, NIOBULEHOI 3aNULeHi-
CMI0, 80J102ICINIO A KUCTIOMHICMIO HABKOIUUHBbO20 Ceped0sULyd, MeXHON0TUHUMU A BU-
NAOKOBUMU CIMPYMOBUMU NEPEHABAHMANCEHHAMU, WO € HACTIOKOM 3HUNCEHHS 81ACMUBO-
cmi i3onaYii ma Henepedbauenux asapitinux cumyayii. Ll[opiuno 0o 80% asapiiinoeo eu-
x00y A/l 3 1ady npunadae na nowKoONHceH s 130aYii K Kopnychoi 0o 20-25%, maxk i mi-
2CBUMKO080I, Ha doto sKoi eunadae 0o 80%. Ceocuacte GuAGIEHH KPUMUUHO20 CIMAHY |
NPOSHO3YBAHHA PO3GUMKY asapitiHoi cumyayii izo1ayii oomomoxk A/l € 2ono0enum Hanpsam-
KOM RIO8UUeHHsI eKOHOMIYHOI eghexmuenocmi eneKmpomexuiunux komniekcie. OOHum 3
Memo0i8 3HUINCEHHA 8MPaAm eNeKmpoeHepzii € KOMNeHCayis peakmugHoi NOMYHCHOCI K
KOMNJIEKCHA, MAK I J1OKAIbHA. ACUHXPOHHI 08u2yHU cnoxcugaroms Oinvue 60% eupobuio-
6anol enexmpoenepeii. 3acmocy8ants ACUHXPOHHUX OBUSYHIB V HePecYTbOBAHOM) eleKn-
Pponpugodi ckradae 00 75% 8id ycvboeo napky erekmponpugody. Lllopiuno agapitinuii 6u-
Xio 3 excnayamayii A/] cmanogumo 0o 20-25%, a 6 deaxux eunadkax — 0o 30%. Cyuacni
MIKpONpOYecopui npucmpoi, Axi 6NPoBadAICYIomvbCs 8 a8MOoMamu3ayito ereKmpomexHiy-
HUX KOMNJIEKCi8, 00380AUNU NOEOHAMU TOKAbHY KOMREHCAYII0 peaKkmueHOi NOMY#CHOCMI,
WO CROJHCUBAIOMb ACUHXPOHHI 08USYHU, 3 0iACHOCHMUYHOIO CUCTHEMOIO KOHMPOIO Md NPO-
2HO3YBAHHS 3ATUUKOBO20 PECYPCY POOOMU ACUHXPOHHO20 O8USYHA MA GUSGNICHHS GUMKO-
6020 3AMUKAHHSA Y CMAMOPHUX 0OMOmMKaXx elekmpoosucyna. Memorw pobomu € ananiz ic-
HYIOYUX MeCmOBUX HEPYUHIBHUX Mem00i6 OIacHOCIY8ANHI CIAHY OleleKMPUYHOL 61ACHU-
socmi 30751l 0OMmomox AJ], 00TpyHMY8aHHS HANPSIMKY PO3GUMKY MEmMOOié mecmo8oi Oi-
ACHOCMUKU MA NPOSHO3YB8AHHS 3HUNCEHHS 81ACMUBOCTI KOPNYCHOT i3015yii obmomox AJ]
i3 3ACMOCY8AHHAM 3ATUWKOBOI eHepaill 8 YMOBAX BUKOPUCMAHHA bamapei KOHOeHCamopis.
s 0ocsienents memu @upiuteni maxi 3a80aHHA. NPOBEOEHO AHANI3 MemOo0i@ KOHMPOJIO
KOPNYCHOI ma eumxosoi i30/14yill, enepuie enepeiio, AKa 3aIUuacmscsi 8 KOHOEHCamopax
nicis ix 8IOKIIOUeHHs, BUKOPUCIAHO 8 MeCMOBUX HePYUHIBHUX Memooax, 008e0eH0, o
0Jis1 NPOCHO3YBANHA 3ANUUKOBO20 PECYPCY KOPNYCHOI i301ayii enekmpoosuayna 6 aKocmi
KpUmepianipeHo20 napamempy 0OYiibHO UKOPUCHOBY8AMU NOCMILIHY YACY 3aMyXAHHI PO-
3ps0y KOHOeHcamopa, a 0Jisi GUABTIEHHS BUMKOB020 3AMUKAHHA 8 CIAMOPHUX 0OMOMKAX 8
AKOCMI KpUmMepiaibHo20 napamempa O0YiIbHO BUKOPUCTIOBY8AMU 4aC nepiody nepioouy-
HO20 3aMYXAHHA HANpy2Uu HA KOHOEHCAMOopi, 6CMAHO8IEHI 83AEMO38 A3KU 3MIHU ONOPY KO-
PRycHoi i301ayii 06MOMOK ma NOCMIUHO 4acy po3psady KoHOeHcamopa. Hatisasicnusi-
WUM pe3yIbmamom € 6CIMAHOBIeHHA 0OHO3HAYHO20 83AEMO38'A3KY CIMAHY KOPNYCHOI i30-
JAYii ma eenuyunYU ROCMIUHOT 4acy 32acants Hanpyeu Ha KOHOeHcamopi,; sMina 4acy nepi-
00y ma KitbKocmi GUMKHYmMUX 6UmKi8 y cmamopHitl oomomyi A/]. Hatibinow cymmesum
Pe3yIbmamom € me, wo 3MiHy NOCMIUHOL 4acy enepuie BUKOPUCAHO K KPUMepianbHUlL
napamemp 078 NPOSHO3VB8AHHS 3AUUKOB020 pecypcy OleeKMPUUHUX 81ACTNUBOCHEN KO-
PRYCHOT i30118Yii e1eKmpoOBUSYHA, A 3MIHY YACy Nepiody — K KpumepianbHuil napamemp
BUABNCHHS BUMKOB020 3AMUKAHHS. SHAUUMICINIO OOCNIOMNCEHNs. € me, W0 OA308UM 3HAYECH-
HAM NOCMIUHOL 4acy 3eacants NPUUMAEmMbCsl 3HAYEHHS, OMPUMAHe NICTISL ReEPULO20 GLOKIIO-
YeHHsl eleKmpoOsUsyHa 8i0 mepedici. 3anponoHo8ano mMemoou i po3poodieHo npocpamue
3abe3neyents Oisl NPUCPOIO, WO 00360JIA€ KOHMPOIIOGAMU HENOBHODA3HI pedcumu
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Hanpyau Mepesici ma cmpymogux 1aHyiozie 8 nepiod pobomu e1ekmpoosucyta, a npu 6io-
KIHOUEHHI eeKMPOOBUSYHA 810 MepediCi — KOHMPONIOGAMU GeIUYUH)Y ONOPY 13045Yil cma-
MOPHUX 0OMOMOK eleKMpPoO8UYHA I Kabenr, a maKoic nPOcHO3Y8aAmu 3aIUUKOGUL pe-
cypce excnayamayii enekmpoosuzyna.

Knwouosi cnosa: xopnycna izonayis o6Momox enekmpoosu2yra, npoesHO3y8aHHs, 3anIUUL-
KOBULL pecypc, T0KANbHA KOMHEHCAYis peakmugHoi NOMY*CHOCMI, NOCMINIHA 4acy po3psaoy,
KOHOeHCamop, npozpamHe 3a0e3nevents, 8UMKOGI 3aMUKAHHA CINAMOPHUX 0OMOMOK efle-
Kmpoogu2yna, nepexioni npoyecu, mecmosa 0la2HOCUKA.

Description of the problem. Over 80% of the total amount of electrical equipment of electric
drives of electrotechnical complexes of industrial and agro-industrial enterprises are asynchronous mo-
tors (AM) with a short-circuited rotor [1]. These motors often operate under harsh conditions, including
low-quality voltage of the power supply network, increased dustiness, humidity and acidity of the envi-
ronment, technological and accidental current overloads, which is a consequence of the reduction of
insulation properties and unforeseen emergency situations [2, 3]. Every year, up to 80% of the emer-
gency failure of AS occurs due to damage to the insulation, both body insulation up to 20-25%, and
inter-turn insulation, which accounts for up to 80% [4]. Timely detection of a critical state and forecast-
ing the development of an emergency situation of insulation of AM windings is the main direction of
increasing the economic efficiency of electrotechnical complexes.

Assessing the technical condition of AM is critical for improving the reliability and trouble-free
operation of electrical systems.

A promising direction for assessing the insulation condition of AM windings is the development
of test diagnostics using capacitor battery energies.

In works [5, 6] it was proved that with local compensation of reactive power, by connecting a
battery of capacitors in parallel with the AM, the energy that remained in the capacitors after they were
turned off was used to assess the condition of the casing insulation of the AM windings [7]. The energy
of the capacitors is used in relay protection to power switches, as well as to improve the starting char-
acteristics of AM [8].

Timely diagnostics of AM conditions can significantly reduce repair costs and loss of working
time of service personnel associated with unplanned repairs and stoppages of technological processes.

Thus, the development of new non-destructive methods of controlling damage to the body and
inter-turn insulation, without taking AM out of operation, with the use of energy-saving approaches, is
an urgent task at the present time, which will increase the reliability of electrotechnical complexes (ETC)
and avoid economic losses.

Analysis of the latest research and publications. In terms of economic expediency, a number
of industrial enterprises are forced to switch from a system of planned and preventive repairs to repairs
and prevention upon detection before an emergency situation. During maintenance according to the
actual condition, the normal operation of the AM is not disturbed due to human intervention. Currently,
the development of methods and means of monitoring the current condition of engines allows the im-
plementation of maintenance technology based on the actual condition [9].

As a rule, the assessment of the state of insulation of the stator windings of AM is carried out
during technological pauses.

There are various methods of detecting damage to the AM insulation. A diagnostic method based
on the analysis of the deformed magnetic field in the gap of the machine [10] or based on the method of
compensation of the field in the air gap is used to detect damage to the turn insulation in the AM wind-
ings. It is shown that when the number of closed turns increases, the ampere-turns in these turns increase,
accordingly, the intensity of the magnetic field in the air gap also increases. The application of the esti-
mate of the reverse magnetic field, which occurs as a result of the turn shorting, is inefficient for a small
number of closed turns in multi-turn windings.

In the works of the authors [11], a method of determining the inter-turn short circuit was devel-
oped, in which the shift between the angles of phase currents and phase voltages during the operation of
AM is controlled. This additional diagnostic parameter controls the asymmetric modes in the AM stator
winding. But in this work, there is no study of the influence of the asymmetry of the phase voltage of
the power supply network on the sensitivity of detecting the number of closed turns.
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In work [12], the authors applied vector analysis when detecting the initial occurrence of a wind-
ing circuit taking into account the asymmetry of the voltage in the power supply network, but with a
dynamic change in the asymmetry the voltage of the power supply network, the reliability of detecting
the initial moment of the appearance of a winding circuit decrease.

In works [13], the method and devices for detecting a winding circuit using the coefficients of
asymmetry of phase currents and the coefficient of asymmetry of the voltage of the power supply net-
work are presented.

In work [14], the most widely used test method for monitoring the body and turn insulation in the
windings of a non-working electric motor is described - it is the millivoltmeter and ammeter method.

In work [15], the authors considered test tests of inter-turn and body insulation of a non-working
electric motor. An impulse voltage of 1000V-2500V is applied to the phase windings, signals are rec-
orded in the form of the amplitude value of the voltage from each of the windings of the electric motor.
Signals are compared during tests of two windings, the information is processed by the Proni method.

The disadvantages of the method are that it is used during tests of a non-working electric motor,
requires a separate high-voltage power source, to ensure sufficient sensitivity requires N - the number
of samples during the test, and does not take into account the discrepancy in the parameters of the electric
motor windings [16].

In the work of the authors Jameson N.J., Azarian M.H., Pecht M. [17] a method for detecting the
degradation of insulation used in low-voltage devices by evaluating the change in the impedance char-
acteristic is presented. It is shown that the impedance of the coil changes differently under different load
conditions, which reflects signs of insulation deterioration due to different damage mechanisms. This
method can be used to estimate the insulation life of electromagnetic coils during preventive mainte-
nance.

Existing diagnostic methods for monitoring the occurrence of pre- and emergency situations re-
quire additional equipment and do not always have sufficient sensitivity. In known scientific works, it
is not enough to consider the methods of non-destructive test diagnostics of control and forecasting of
the decrease in the property of case insulation from the use of technological equipment, for example,
static compensators of reactive power. The development of new methods allows to automate the moni-
toring of the condition of the housing insulation of electric motors

Purpose and task statement. Analysis of existing non-destructive test methods for diagnosing
the state of the dielectric property of insulation of AM windings, substantiation of the direction of de-
velopment of diagnostic test methods and forecasting the decrease in the properties of body and turn
insulation of AM windings with the use of residual energy in the conditions of using a capacitor bank.

Methods. The electrical method of the influence of the voltage of the charged capacitor U, on the
change of the functional parameters of the transient process and the integral analysis of the dependence
U. = f(7), periodic and aperiodic components of the voltage decrease on the capacitor in time — .

Summary of the main material. Winding insulation by the method of non-destructive test diag-
nostics is based on the formation of artificial disturbances on the body insulation and windings of AM
during the technological pause and the analysis of the functional parameters of the transition process.

According to the electrical scheme of the discharge of the capacitor on the active-inductive re-
sistance (fig. 1).

dea

—— Ccs

Fig. 1 — Electric scheme of the discharge of the capacitor on the active-inductive resistance
9
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The equation of the voltage change at the capacitor terminals was analyzed
E=1-R;—Ucg, 1)
d?l | Rg dlI 1
ae Viggae Voo O @)
where X, 44 — inductive resistance of the stator winding AM, R, — active resistance of the stator
winding or body insulation AM, R,, X, — active and capacitive components of cable line insulation
resistance and AL, C.g — capacity of a capacitor bank (CB) with residual voltage after its disconnection
from the network.

The solution of this equation is known and given in [17].

The nature of the transient process occurring in the circuit depends on the ratio of the resistance
parameters of the active and inductive components.

The results of mathematical modeling shown in fig. 2, made it possible to establish the humerical
values of the CB discharge speed and to develop an energy-saving method and device for diagnosing
the power supply network in operating mode and the state of the case insulation when the AM is dis-
connected [18, 19], which use the energy that remained in the capacitor after it was disconnected from
the power supply network.

'.ﬁ.-np - T X

[ . __g&_lu'-w@ﬁ ol =
6B PLeL ARE DA%

aEDRPH AGE BAST b

.(‘m o iz
8B RLL ABB PAST ik

4

Fig. 2 — Simulation results: a) the discharge rate is 0.1 v/s; b) the discharge rate is 0.5 v/s,
¢) the discharge rate is 0.01 v/s

Figure 3 shows a structural model of information support for assessing the quality of insulation
and power supply network modes with local compensation of reactive power.

1. In AM operating mode, local compensation of reactive power is carried out and changes in
phase voltage values are measured at the CB terminals, in the absence of one- or two-phase voltages,
the presence of incomplete phase modes or short circuits in the power network is determined.

2. At the moment of disconnection of AM from the network, the maximum value of the voltage
at the terminals of one of the capacitors is determined. The capacitor with the highest voltage is con-
nected to the «phase-body» terminals of the AM and the CB discharge rate is measured on the resistance
of the body insulation. Different values of the rate of change of voltage at the capacitor terminals corre-
spond to different values of the insulation resistances of AM.

The development of this test method made it possible to develop a method and a device for diag-
nosing and predicting a decrease in the property of the body insulation of the stator windings of AM
[20, 21].
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Fig. 3 — Structural model of information support for assessing the quality of insulation and
power network modes with local compensation of reactive power

The method consists in the possibility of predicting the remaining service life of AM. The scheme
of the laboratory installation, presented in Figure 4, allows to analyze the transient processes of the
capacitor discharge in the circuit «complex resistance of the AM winding + capacitor capacity + com-
plex resistance of the housing insulationy.

L1
L2
L3 g
o o
<| o
—i |
< a0
XSC1

Ext Trig

% t e
A B

71 +7- RL1

Fig. 4 — Schematic electrical diagram used for simulation and research of transient pro-
cesses

11



BICHUK NPUA30BCBKOI'O JEP2)KABHOI'O TEXHIYHOI'O YHIBEPCUTETY
2024p. Cepis: TexniuHi HayKn Bumn. 49. T. 2
p-1SSN: 2225-6733; e-ISSN: 2519-271X

Ris, Cis represent the active and capacitive components of the replacement model of the AM case
insulation. Rp; — variable resistance, which allows to simulate changes in the dielectric properties of
insulation. XSC1 represents an oscilloscope and is a DC power source.

The change in voltage on the body insulation of AM according to (1) and (2) is described by the

expression:
t

Uz, = Ug, (1 - e‘E), (3)
where Tz, — time constant of over-damping discharge 7, = C;R;s and depends on the value of
the active component of the complex insulation resistance.

U, represents the voltage at the terminals of the phase capacitor.

The decay time of the aperiodic capacitor discharge process depends on the active component of
the resistance of the body insulation and the following inequality is fulfilled:

Ty >Tp > T, Ry >Ry >R, 4)
where 1., T3, T, and Ry, Ry, R, are time constants and active components of the resistance re-
duction of the body insulation AM, respectively.

Inequality (4) allows considering the capacitor discharge time constants as a critical parameter
for assessing the state of the dielectric properties of the insulation.

The intensity of the decrease in the dielectric properties of the insulation is characterized by the
parameter «rate of change of time constants» of capacitor discharges during engine operation, which is
determined by the expression:

Trirst—Ti
Vaisci = ;:1 Zti , 5)
where 75,5, is the initial capacitor discharge time when the engine is first disconnected from the
power source;

7; — the capacitor discharge time constant during current disconnections of the engine from the
power source;

At; — engine operation time in the current period;

n — the number of periods of engine operation.

Approbation of the method.

The first disconnection of AM from the power supply network, during which is determined t ;5. 1
— the initial capacitor discharge time, 7y;,.s; — the initial capacitor discharge time constant at the initial
dielectric properties of the insulation of the AM stator windings, 7.,;s: — the critical value of the capac-
itor discharge time constant, at the insulation resistance, R;s = 0.5 MOhm.

During the first disconnection of AM from the resistance network, the resistance Rp; is discon-
nected. Using the Start button Qs, connect a capacitor (for example, a capacitor C;) to the power supply
unit V;, the voltage is 150 V. In this way, we simulate the charge of the capacitor C;, we consider it
charged to the highest voltage. Using the Start button Qg connect the charged capacitor to the «phase +
body» terminals of AM. Fig. 5 shows a graph of the voltage change during the discharge of capacitor
C;.

voltag V

30, 100
taim, sec

Fig. 5 — Graph of voltage change during capacitor discharge C;: tgisc1 = 152.4 sec;
Trirst = 152'4/5 = 30.5 sec
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The initial insulation resistance of the AM stator windings, without taking into account the divider
coefficient in the voltage measurement circuit, is equal to:

T .
Tt _ 10.2 MOhm.

Ry first =
1

We calculate 7.,.;; — the critical value of the capacitor discharge time constant z..;; = 1.5 sec.
The second disconnection of AM from the power supply network. Resistance Rp, = 20 MOhm.
We assume that during operation of AM the insulation resistance has decreased and is equal to:
Rus pirse " Rez _ ¢ ¢ monm.
Ris first+RP2
Consequently, the level of dielectric properties of the insulation decreased by 36%. Suppose that
the operating time of the electric motor was At, = 10 hours. In fig. 6, a graph of voltage changes during
capacitor discharge is given.

Ris, =

voltag V

taim, sec

Fig. 6 — Graph of voltage change during capacitor C; discharge: tg;s., = 104.8 sec;
Taisc2 = 20.9 sec

The rate of change of the capacitor discharge time constant after the second period of AM opera-
tion.
The predicted remaining operating time of AM is equal to:
209—-1.5 3
Thus, if the wear, i.e. deterioration of the insulation properties, will occur at this rate, the AM will
work for another 19.97 hours.
The remaining service life of the electric motor in percent as:

30.5 — 20.9
Rraisee = (1 T 305-15 ) +100% =77%.

The third disconnection of AM from the power supply network. Resistance Rp3; = 5 MOhm . We

assume that during the operation of AM the insulation resistance has decreased and is equal to:
Rigs = Baspirse Res _ ¢ ¢ monm.
Ris rirst+Rp3

Therefore, the level of dielectric properties of the insulation decreased by 70%. We calculate that
the working time of AM was At; = 30 hours. Fig. 7 shows a graph of voltage changes during capacitor
C, discharge.

The rate of change of the capacitor discharge time constant after the third period of AM operation:

Voo 20.9 —10.82 —75.10-5
dise3 = (10 +30) - 6060 '
We adjust the remaining working time of AM, which is equal to:

10.82 —-1.5 5
Taisct = W = 1.242 - 10> = 34.5 hours.

13
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voltag V

taim, sec

Fig. 7 — Graph of voltage change during capacitor C; discharge: tg;s.3 = 54.1 sec;
Taisc3 = 10.82 sec

Thus, if the deterioration of the insulation properties will occur at this rate, the AM will work for
another 34.5 hours.

The remaining service life of the electric motor in percent as:

30.5 — 10.82
Rraisee = (1 T T305-15 ) +100% = 33%.

The fourth disconnection of AM from the power supply network. Resistance Rp, = 0.3 MOhm.
We assume that during the operation of AM the insulation resistance has disappeared and is equal to:
Rigs = Bas pirse Res _ 4 292 monm.
Ris firsttRpa
Therefore, the level of dielectric properties of the insulation has decreased by 100% and further
operation of the AM will lead to an accident. Let's assume that the working time of AM was

At, = 80 hours. Fig. 8 shows a graph of voltage changes during capacitor C; discharge.

voltag V

taim, sec

Fig. 8 — Graph of voltage change during capacitor C; discharge: tg;sc4 = 5.7 sec;
Tgisca = 1.14 sec

The rate of change of the capacitor discharge time constant after the fourth period of AM opera-
tion:

v 20.9 — 1.14 40710~
disct ~ (10 +30+80)-60-60 '
We adjust the remaining working time of AM is equal to:
10.82 - 1.5 .
TdiSCt = W = 2.3:-10° = 0.0083 hours =~ 0.
Thus, with an error of up to 1%, it can be stated that the dielectric properties of the AM stator

winding insulation are exhausted, and the AM requires repair. The remaining service life of the electric
motor in percent as:

30.5—-1.14

Rraisee = (1 T305-1.14

) +100% = 0%.
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Prospects for the development of a non-destructive testing method for detecting a winding circuit
using the energy that remained in the capacitors.

The analysis of expression (1) made it possible to consider the periodic process of reducing the
voltage on the capacitor terminals for testing the winding circuit in the stator windings of AM.

Study of the transient process of the capacitor discharge on the resistance of the AM winding, the
connection scheme of the stator windings «star with neutral point» is shown in Fig. 9.

Q2 Qs Q4

W1 w2 w3

Star-Neutral | +-%2 +- W2 + W3

Fig. 9 — Single-line electrical circuit to investigate damage in AM with the winding
connection as «star with neutral point»: u,, u,, u; — beginning of windings; wy, w,, ws —
the end of the windings; j;, j,, j3 — branching of the oscilloscope in the winding of phase
«Aw; Z4,Z,,Z5 — complex winding supports

According to the differential equation (1), the nature of the transient process occurring in the
circuit depends on the ratio of the parameters C, R;, L; and has a periodically decaying character, and
has a solution

q(t) = Ay - e RLit/2Li . sin(wt + ay), (6)
_ 1 RLi?
w= L;-C; 4Li2’ (7)
= 2—”’ (8)
1 _RLi2
LiC; aL?

where w — oscillation frequency of the contour, A, — amplitude of oscillations, «, — phase, T —
the time of the transition period, g — the electric charge on the capacitor plates, R;; — the active compo-
nent of the resistance of the AM winding and the power cable, L; — inductance of AM winding, C; —
phase capacity of the capacitor bank.

The decrement of damping of oscillations in the circuit is determined by the formula:

Ry
B= ©)
Instantaneous amplitudes of capacitor charge fluctuations:
_tRLI:
A — AO ‘e ZLi — AO . e_.gt' (10)

The change in voltage over time at the capacitor terminals will be determined as:
15
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Uy = Uy - e RLit/2Li - sin(wt + ay).
The initial phase of oscillations «, is determined by the expression

a, = arctg C:RLLiiz -1 (12)

The initial voltage amplitude U, corresponds to the value of the voltage at the terminals of the
phase capacitor when it is turned off from the power supply, while a, = 90°.

The method of monitoring the state of inter-turn insulation, according to [22], is carried out as
follows.

Before stopping AM with the switch Q,, according to the needs of the technology, the phase
capacitors are turned off with the switches Q,, Q4, Qs (Fig. 9) provided that each phase capacitor is
disconnected separately, when a positive amplitude value of the power supply network is reached at its
terminals, thus the equation is fulfilled:

Uy = U = Ugs.

After the AM is completely stopped, the capacitors C;, C,, C5 are alternately connected to the
AM phase windings.

In fig. 10 presents oscillograms of voltage changes at the terminals of phase capacitors.

a)

50

40

30

L]

220
Sio

0o y cam— =

0 " s 10 15 0
10 y F
-
=20
Taims mS
—a—Uv U, v U, v
—®=U¥ _the curve corresponds to the oscillogram a) C, connected to the terminals u;-w,

Y.V _the curve corresponds to the oscillogram b) C, connected to the terminals u,-w,
U, v —the curve corresponds to the oscillogram c) C; connected to the terminals us-w;

Fig. 10 — Oscillograms and graphs of voltage changes at the terminals of phase capacitors

Running of the curves on the graph of fig. 10, related to the discrepancy in the design parameters
of the resistances of the phase windings. As a diagnostic criterion, it is possible to apply the integral
coefficient K;,,defined by the expression:

Kin = [,"'(Uy - e Rut/?11 - sin(wt + ag))dt, (12)
where tg; — the transition time.

16



BICHUK NPUA30BCBKOI'O JEP2)KABHOI'O TEXHIYHOI'O YHIBEPCUTETY
2024p. Cepis: TexniuHi HayKn Bumn. 49. T. 2
p-1SSN: 2225-6733; e-ISSN: 2519-271X

The error associated with the discrepancy in the design parameters of the resistances of the phase
windings will be determined as:
AKin = Kina — K- (13)
Fig. 11 shows graphs of the voltage changes at the capacitor terminals (u;-w;) when the AW
windings are turned off. Connection scheme of windings «star with 0».

40

—

20 \ (g |

B 3AW = 145

Q | 1aw =0 |

| [ aaw =22%
'®

(=]

IZAW=9°/0 ]

Voltage, V .

o

10

20

Time, ms

Fig. 11 — Graphs of voltage changes at the capacitor terminals when the AW windings are
turned off, the connection diagram of the windings «star with neutral point»: curve 1 cor-
responds to the oscillogram of Fig. 10a, C, connected to terminals (u,-w,) of phase wind-
ing without damage; curve 2: C; connected to the terminals (u;-w;), j,-j; — closed, which
corresponds to 9% of the winding turns being out of order; curve 3: C5 connected to the
terminals (u;-w;), the terminals j;-j, are closed, which corresponds to 14% of the winding
turns being out of order; curve 4: C5 connected to the terminals (u,-w;,), the terminals j; -
J3 are closed, which corresponds to 22% of the winding turns being out of order

Analysis of graphs (fig. 11) proves that reducing the number of turns in the winding changes both
the amplitude and the time of the period of the transient process.
The time value of the period of transient processes is different and the inequality is fulfilled:
Atyo, > ATgq > ATyp > Atys, (14)
where Aty,,= 11.6 ms — the winding of the electric motor is working,
At,,=8.7 ms —closed AW 9%;
At,,=8.1 ms —closed AW 14%;
At 3=7.4 ms —closed AW 22%.
Discussion of research results. Methods of forecasting the residual resource of AM operation us-
ing both mathematical and natural thermal models are based on the expression:
Toe = To - 2079749), (15)
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It is assumed that T, — the service life of AM insulation at a constant temperature 0 (°C) is 15-25
years. The spread of values T, in the range of (25-40)% and the influence of random factors that lead to
additional thermal effects on the insulation determine the reliability of thermal forecasting methods in
the range of 25-30%.

In the method of predicting the remaining service life of the AM, as the basic value of the dielec-
tric state of the insulation of the AM windings, the constant value of the capacitor discharge time after
the first disconnection of the AM from the network is taken. In the following shutdowns, the rate of
reduction of the insulation properties is determined, due to any factors affecting it. The criterion that
takes into account certain and uncertain factors that reduce the dielectric properties of insulation is the
capacitor discharge time constant. The speed characteristics of the change of capacitor discharge time
constants are given in relative units, which makes it possible to predict the residual service life of AM
with an error of up to 3%, depending on the accuracy class of measuring and converting devices.

The analysis of the curve of the change in the insulation resistance of the AM windings shows
that the time constant of the capacitor discharge depends on the intensity of the change in the dielectric
properties of the insulation. The speed characteristic of the change in constant capacitor discharge time
is a criterion parameter and allows to determine and adjust the remaining resource of AM operation in
online mode.

In the method of detecting a turn short circuit in the stator windings of AM, it is advisable to use
the time of the period of the transient process as a criterion parameter, which allowed to increase the
reliability and sensitivity, compared to other methods, by 3-5%.

Conclusions

1. The energy that remains in the capacitor batteries after their disconnection from the power
supply network allows for non-destructive test diagnostics of body and turn insulation at the time of
disconnection of the AM from the power supply network.

2. A comprehensive approach to ETC energy saving due to the combination of the reactive power
compensation method and the method of assessing the dynamic reduction of the dielectric properties of
the insulation of the stator windings of the AM allows to reduce energy losses up to 8% and increase
the reliability of the ETC due to the prevention of the residual resource of the AM.

3. The speed characteristics of the change in the constant time of capacitor discharge during local
compensation of the reactive power consumed by the AM is a criterion for reducing the dielectric prop-
erties of the insulation, which allows predicting the residual resource of the AM with an error of no more
than 3%.

4. The time of the transient process period when a turn short is detected is a criterion parameter
that allowed to increase reliability and sensitivity by 3-5% in comparison with other methods.
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