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Abstract

The purpose of this study is to determine the signs displaying the insulation ageing process and allow predicting the change in its tech-
nical condition under operation of traction motors in locomotives. In order to choose the indicators of the insulation condition, the meth-
ods of linear electrical circuits were used to analyze the equivalent scheme of frame insulation. In the equivalent scheme, the dielectric
micro- and macro-heterogeneities were taken into account. The most informative parameters of the frame insulation ageing process are
those related to absorption and resorption processes over time. The return voltage has been selected as the main characteristic to deter-
mine the indicators of insulation condition. The analytical dependences for determining the frame insulation condition indicators have
been obtained different from those currently used in the diagnosis of electrical machines. The choice of indicators will allow predicting
changes in the technical condition of frame insulation in operation. The studies will allow us to change the regular preventive mainte-

nance technology to the maintenance based on the facility condition.
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1. Introduction

One of the problems arisen in supporting the traction motors
(TMs) is determining the ageing rate of the frame insulation and
timely adopting measures to maintain its specified quality.

The insulation ageing changes in time the dielectric structure and
affects the process of its destruction. In this connection, the intrin-
sic changes occur in the dielectric-relaxation behavior of the insu-
lation structure. During the discharge in dielectric caused by a
constant voltage, these relaxation processes lead to the occurrence
of a relaxation current, which depending on the ageing mechanism
has different time-current components that can be used for non-
destructive evaluation of the TM insulation condition.

Current methods of the diagnosis of insulation condition in trac-
tion electrical machines of locomotives are ascertaining or de-
structive, but these methods do not give an overall picture of the
actual dielectric condition.

Checking the TM frame insulation resistance with the use of spe-
cial methods and equipment must be carried out regularly during
operation. Having the knowledge of the deterioration of insulation
over time, it is important to predict the reserve of its insulating
ability in the future in order to prevent the TM sudden failure.

The unexpected removal of electrical machines from service is
generally due to the deterioration of some essential components.
Statistics show that over 50% of machine failures are due to insu-
lation damage [1]. It is found that the insulation ageing is the most
important factor that causes the insulation damage. The research
of the insulation ageing has become an important concern to man-
ufacturers and users of electrical equipment, in order to estimate
the life reserve of the equipment. The ageing and degradation of
electrical machine insulation are the phenomena that determine the
lifetime of electrical machines in operation [2].

In (IEC 2011) it is shown that the ageing represents ,,irreversible
changes of the properties of an Electrical Insulation System (EIS)
due to action by one or more stresses”, [3]. For electrical machines
and other equipment the diagnosis of the condition of insulating
components becomes more and more important.

2. Literature Review

The insulation condition is characterized by a number of parame-
ters which values are determined by the processes occurring in the
dielectric (polarization, absorption, conductivity, etc.). These pa-
rameters include: dielectric characteristics of insulation (capaci-
tance, dielectric loss factor); resistance; parameters related to ab-
sorption processes (change of resistance and capacity over time)
[4-6].

The need to predict the TM insulation condition creates the pre-
requisites for determining the reasonable terms of preventive and
regular maintenance and repairs. Such prediction should be expe-
diently based on mathematical models of changes in the insulation
condition. By now, the mathematical models of gradual deteriora-
tion of insulation have been developed, which allow predicting the
change in its technical condition in real operating conditions [4-6].
The mentioned works describe some ageing insulation processes,
but the user is often interested in the predicted moments of the
frame insulation failure. The most complete description of the
wear process of frame insulation and the methods for evaluating
its condition are given in [7-9].

As shown the studies [6,7,9,10], the most informative parameters
of the frame insulation ageing process are those related to absorp-
tion processes (the processes of charging the inhomogeneous insu-
lation with the accumulation of absorbed charge) and the resorp-
tion processes (the processes of measuring the return voltage
caused by the release of absorbed charge) over time.
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3. Materials and Methods

3.1. Main Indicators of Insulation Resistance

Mainly checking the current condition of insulating materials is
carried out using the values listed below [11].

Insulation resistance to direct current R;,s. The presence of coarse
internal and external defects (damage, humidification, surface
contamination) reduces the insulation resistance. The Ry is de-
termined by measuring the leakage current passing through the
insulation when the rectified voltage is applied to it.

The absorption ratio determines the insulation humidification.
The absorption ratio is the ratio of the insulation resistance meas-
ured in 60 seconds after applying the voltage (R60) to the insula-
tion resistance measured in 15 seconds (R15). If the insulation is
dry, the absorption ratio is much greater than unity, while for wet
insulation the absorption ratio is close to unity. The value of the
absorption ratio should differ (downward) from the factory data by
no more than 20%, and its value should not be lower than 1.3 at a
temperature of 10-30 °C. If these conditions are not met, the prod-
uct must be dried.

The polarization index shows the ability of charged particles to
move in a dielectric under the influence of an electric field, which
determines the degree of insulation ageing. The measurement
method is based on a comparison of the megohm meter readings
taken in 60 and 600 seconds after the start of the test.

The polarization index is characterized by the following indica-
tors:

« less than 1 — the insulation is dangerous;

* between 1 and 2 —the insulation is doubtful;

« more than 2 — the insulation is good.

These indicators do not allow determining the ageing intensity of
the frame insulation and directly determining the terms of its re-
covery.

3.2. Quality Indicators of the Frame Insulation Condi-
tion Based On Return Voltage

The absorption rate for the frame insulation can be introduced
similarly to the determination of the absorption rate for the dielec-
tric

U = ka Ulest » )]

where k, is the absorption rate; U, is the test voltage; U, is

the return voltage — the maximum value during testing.

The absorption ratio shows how many times the maximum return
voltage is less than the test voltage.

Taking into account the balance of energies accumulated in the
insulation under the influence of the test voltage prior to and after
the transition process, taking into account the macro- and micro-
heterogeneity of the dielectric, [1] shows that the following rela-
tion is true for the absorption rate

ka =—=, )

where W, is the residual energy after completion of the transi-

tion process in the insulation structure; W is the total energy ac-
cumulated in the insulation structure due to the effect of the test
voltage U, -

Expression (1) sets the following physical content of the absorp-
tion ratio: the absorption ratio is the number indicating which part
of the total energy stored in the insulation at macro- and micro-
polarization is returned during recovery. Another part of the ener-

gy W(1-k,) is used for transferring the micro-particles and the

macro-charges during recovery.
Suppose, that before starting to use the electrical insulation struc-

ture, it was found during the measurements that U corresponds

to the test voltage U

ez - Let's consider that this test time is t, . At

this time
u®
@ _ “ret
ka _U(l) : (3)

In some other period of insulation operation, which we assume the
test time t, , we have been obtained U2 for the test voltage U2 .

ret test
Ifu® =y®@

wex =Ugpe (the measurements were made under such condi-

tions), then
(2) — Uﬁezt) (4)
« Tyu@-

O =y? s a constant value.

Absorption ratio subjected to Uy, =U ¢

Let's introduce a new value

o _ K
Sins = K@ : (5)

Let's call this value an indicator of insulation condition. If S® =1,

Ins

then it means that during the operation period At=t, —t, there
was no change in the insulation.
If S® >1, then this new value S is a value indicating how

ns Ins
many times the insulation condition deteriorated over time
At compared to the condition it has under the tests before putting
into operation (for the time t, ).

For insulation structures of small capacity, the absorption ratio
k, is usually used as an indicator of the change in the insulation

condition.

During the operation, not only the value of the absorption capacity
but also the insulation resistance R varies. The change R affects
both the value of the absorption ratio k, and the value of insulation

condition coefficient S

Ins *
If the micro-polarization processes of absorption are neglected,
then it is possible to adopt an equivalent scheme in which the ab-
sorption is simulated by the capacity C, and resistance r, ,
Fig. 1. Mathematical simulation of the absorption process taking

into account leakage currents allowed formulating the following
indicator for the insulation condition of large-capacity structure.

.

Fig. 1: Equivalent scheme used to consider the absorption process taking
into account leakage currents.

In electrical machines with a large capacity of the frame insula-
tion, the change in its condition may be determined by the rise

time of the return voltage t, , U (t,)=Up", Fig. 2.
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Fig. 2: Dependence of the return voltage value from its rise time and fall
time: a) new insulation, TM mileage Lo; b) after a certain period of opera-
tion Ly; c) worn insulation, period of operation L.

It can be shown that insignificant change in the value of C, -r,
under the constant value of R will cause a significant change in
the value of t, . With the advent of lumped defects for large-
capacity objects, the change k, will practically not be felt, and
the process of voltage recovery will extend over time After U
reaching a maximum, the self-discharge of capacity C, will
begin.

During the operation, not only absorption capacity and absorp-
tion resistance but also insulation resistance varies. Therefore,
changes in the macro-absorption and insulation resistance are
best taken into account by the measurement of t,. Change of

insulation resistance during the operation can be assessed by
another indicator of the insulation condition

o _t?
Sins = t(T) ’ (6)
r

where t% is the rise time of return voltage at the first measure-

ment; tSZ) is the rise time of return voltage at the next meas-

urement during operation.
Another value characterizing an insulation condition is the value
of the time t;, of self-discharge to the level of return voltage

Uret (tmid):o's'urr::tax . (7)

It makes sense to track the fall time of return voltage to the value
0.5-UX during the test, because the change in both the dielectric

heterogeneity and its resistance is estimated by the time of self-
discharge

@)

e
S = ®)
tmid

S is an indicator evaluating the change in the insulation condi-

tion.

We can consider the area restricted by the curve of return voltage
as an integral indicator of the insulation condition. Such an inte-
gral indicator is the most full and accurate characteristic of the
current insulation condition. This criterion is based on comparing
the area of accumulated energy of the new insulation, and the

insulation that has already been in operation: £ and =@, Fig. 2.

4. Results and Discussion

Based on theoretical and experimental investigations of frame
insulation in traction motors of locomotives, we have developed
and manufactured a portable device, Fig. 3, capable to determine
the frame insulation condition. With the aid of such device, it is
also possible to diagnose the insulation condition of power electric
cables, insulation of transformers, etc.

)
12

Fig. 3: Device for assessing the frame insulation condition in electrical
machines of locomotives.

Basic requirements for the device:

- the signal protection from external and internal factors;

- the minimum value of the error of received signal
(parameter value);

- the parameter reliability and informational content;

- availability in obtaining the parameter;

- the parameter measuring process must not adversely affect
the insulation condition;

- minimum possible time for measuring the parameter;

- easy processing and visibility of received information;

- self-contained system for conducting studies and simple
in maintenance;

- system safety.

You can use the device to get the following information:
leakage current; insulation resistance; value of return voltage; rise
time and fall time of return voltage; amount of accumulated ener-
gy — integral indicator; absorption ratio; air humidity; air tempera-
ture.

The self-containing feature of the device makes it possible to per-
form the necessary measurements directly on the locomotive dur-
ing maintenance and repair, as well as in locomaotive repair plants.
Application of the device gives the following advantages:
- the ability to detect insulation defects in the early stages of their
appearance;
- no need for long-term and energy-consuming tests;
- no need to use the lifting equipment for moving TMs to the
testing site;
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- ability to equip TMs with suitable anchors and magnetic
systems during repairs;
- the ability to store information for each anchor
(magnetic system) and overall TM;
- no premature destruction of TM insulation.
Device specifications:

- output voltage [V] 500-1500;
- current strength [mA] 10;
- overall dimensions [mm] 200x300%300;

- weight [kg] 4.5 (2.3 without a battery).

The device is made of modern microprocessor components; it
provides interoperability with a portable computer that controls
test modes (stand-alone, programmed). The

experiments  were
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conducted on NB-406 and ED-107 TMs. Fig. 2 shows testing
results of NB-406 traction motors. The discrete values of meas-
ured return voltage were approximated by the cubic spline method
without taking into account the derivative values at the beginning
and end of the observation interval.

The device was tested in the Laboratory of Locomotives of the
Dnipropetrovsk National University of Railway Transport. A
screenshot of the device during the test of the TM frame insulation
is in Fig. 4. Processing of measurement data is carried out in real
time. The left window of the screenshot shows the test voltage,
which is connected to the frame insulation, in the right window the
corresponding return voltage curve is depicted.
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Fig. 4: Scanning of the device screen: test voltage (left), return voltage (right)

The application of the developed system for assessing the quality
of frame insulation makes it possible to assess the current insula-
tion condition, to automate the collection, logging, processing and
analysis of current diagnostic information obtained during the
testing of insulation. With the help of the proposed system, it is
possible to create a data sheet containing necessary parameters for
each individual TM.

5. Conclusion

The degree of internal field inhomogeneity for low-capacity ob-
jects can be estimated by the absorption ratio. In such cases, the

insulation resistance is significant. In this case, we can take the
value S as an indicator of the electrical strength of insulation.
In case of high-capacity insulating structures (for example, when

assessing the insulation condition of electric machines), the use
of absorption ratio is inefficient. The value of S&) characterizes

only the change of insulation macro-condition in the average.
The change of insulation resistance, for example caused by
humidification, is barely noticeable for the value of k, .

Changes in the macro-absorption and insulation resistance may
be taken into account by the measurement of t, (the time

over which the return voltage reaches the maximum value). The
change of insulation resistance during operation (reduction of

electrical strength) should be estimated by the indicator S{2 .
The change in the insulation heterogeneity and its resistance can
be traced by an indicator S{ that depends on the time of self-

discharge 0.5-U >, but this indicator is equivalent to the indica-
tor S

ns
Estimation of the insulation condition by the ratio R, /R, —

(where R, is the insulation resistance at the first test, and R, is

the value obtained at the next measurement) is not efficient. The
value of insulation resistance is strongly dependent on the heteroge-
neity of the internal and external fields of the electrical insulation
structure.

The area restricting the curve of the return voltage can be used as
an integral indicator of insulation strength, which the most fully
characterizes the current insulation condition.

The studies have been carried out in accordance with the Govern-
ment Program of the Strategic Development of the Railways of
Ukraine and the Program of Upgrading the Railway Traction Roll-
ing Stock until 2020.
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