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DIAGNOSTICS OF GLASS-EPOXY INSULATING MATERIALS

Summary. In the present work we introduce new diagnostic methods that were verified'in laboratory 
conditions with glass-epoxy insulating materials. We describe the principle of these methods, test 
objects, the experiment itself and its evaluation, including the discussion of test results.
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1. INTRODUCTION

Recently, the enhanced requirements for the economy and life of electrical machines have 
brought about increasing demands on the output of electrical machines. This fact is associated 
primarily with the increased stress of an insulating system of electrical machines that becomes one 
of the machine parts showing the highest failure rate. Malfunctions of insulating systems are mainly 
caused by breakdown, which results in losing their insulating properties. As the life of any system is 
determined by the life of its weakest element, we focused attention on the problem of the 
diagnostics o f insulating materials for the winding o f electrical machines. Our primary objective is to 
find such diagnostic quantities that would reflect the condition o f any insulating system monitored in 
a non-destructive and simple way.

If a diagnostic method has to be able to provide enough information, it has to be based on the 
knowledge o f the physical nature of ongoing processes. The present work is concerned with the 
method for estimating the critical voltage of thermal breakdown, the method of the temperature 
dependence of internal conductivity, and the method of the activation energy of dominant 
polarization processes. This results in deriving diagnostic quantities in the form of factors UK, Bv and 
Ba, and in analysing them with regard to their suitability for achieving our objectives. Therefore, in 
the present work we describe the principle of the methods used, test objects, the experiment itself 
and finally its evaluation, including the comprehensive discussion of test results.

2. PRINCIPLE OF THE DIAGNOSTIC METHODS USED

The method for estimating the critical voltage of thermal breakdown, derived from the 
temperature dependence of insulation resistance, is based on the analysis of the equation which 
describes the balance between the heat generated due to dielectric loss and the heat dissipated 
into the environment. This equation may be expressed in the form

where E is the intensity o f an electric field, J is current density, G is the internal energy of 
the element o f volume, t  is time, and W z is dissipated power. It Is very difficult to solve this equation 
exactly as both the internal energy and dissipated power are given in the form o f very complex 
expressions. They consist of several terms that are in close relation to the internal structure of a 
material. A  general theory, based on the above equation, may be constructed provided that these 
two quantities, G and Wz, are simplified. Hlrivka concerned himself with the solution of equation (1) 
and derived a relation for the critical voltage of thermal breakdown of a thin plane plate in the form
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e  j  = 4 r  + Wz dt
o )

(U)2 = a Rk (Tk - To ), (2)
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where a is cooling constant, RK is internal resistance at critical temperature, TK is the critical 
temperature o f thermal breakdown, and T0 is ambient temperature. The critical voltage represents 
an asymptotic value of the voltage-time characteristic. Therefore, it may be considered a quality 
suitable for evaluating the state of insulation. The estimate of this value, determined on the basis of 
measuring the temperature dependence of insulation resistance, may be used in diagnostics. As it 
is quite difficult to determine the value of cooling constant a (which involves several factors that can 
be determined exactly for some o f the elementary arrangements only), in order to determine the 
degree of relative deterioration of an insulating material, it is sufficient to evaluate a quantity 
proportional to the critical voltage

UK = U /V a  = [R k (Tk - T 0)]1/2 (3)
Upon the loss of functional power with composite insulating materials used for the winding 

insulation of rotary electrical machines, the mechanism of thermal breakdown may be taken into 
consideration in general. Enhanced electric conductivity, to a very large extent influenced by 
temperature at the breakdown point, is characteristic of this mechanism. Considering that 
conductivity is of an ionic nature with commonly used insulating materials, these ions may include 
oxidation products, catalyst residues, dissociable terminal groups, etc. Electric conductivity with 
composite insulating materials involves usually several kinds of ions at the same time. Thus, 
internal conductivity may be expresses by the general relation

yv = I  n, q, ui, (4)
where n, is concentration, qi is electric charge, and Ui is the drift mobility o f i-ion. An explicit 
expression for concentration and mobility may be derived from the model of double-potential well. 
Based on this expression, the temperature dependence of internal conductivity for a hypothetical 
substance containing an ion o f ¡-kind takes the form

Yvi = An /  T .exp ( Wvi /  k T ), (5)
where An is a factor, T is absolute temperature, W * is the activation energy of a conductivity 
process (including the energy necessary for the production o f a particular kind of ion and the energy 
required for ion motion), and k is the Boltzmann constant. In practice, relation (5) is replaced 
frequently by the simplified expression

Yvi = A | exp ( -  B v i/T ) ,  (6)
which is a straight line with a slope of -Byi in the graphic presentation of In Yvi = F( 1 /T ). 
The contents of term Bvi is obvious upon the comparison of relations (5) and (6). Considering that 
the kind o f distribution o f activation barriers for individual mechanisms of conductivity is unknown, 
terms B„ and W v have a character o f effective values upon the approximate application o f relation
(6). Thus, term Bv can be used for diagnostic purposes. It can be derived from the temperature 
dependence of conductivity, for instance, by the method of least squares.

A  working hypothesis for the method o f the activation energy o f dominant polarization 
processes stems from the utilization of dielectric absorption which takes place in insulating materials 
at various temperatures after an electric field has been connected. For this purpose, it is possible to 
use the relation

i = A exp ( - 1 /  To ), (7)
where i is absorption current, A  is a constant, and t 0 is the mean relaxation time of polarization. The 
mean relaxation time o f polarization depends upon temperature according to the relation

t0 =  T»i .e x p (W p/k T ) ,  (8)
where t0i is a constant, W p is the effective activation energy o f dominant polarization processes, k is 
the Boltzmann constant, and T  is absolute temperature. Equation (8) may be transformed into the 
form

To = t0i exp ( B , / T  ), (9)
where quantity Ba is proportional to the effective activation energy of dominant polarization 
processes, with a proportionality constant being 1/k. Thus, term Ba can be used for diagnostic 
purposes. It can be derived from dielectric absorption proceeding at various temperatures.

3. TEST OBJECTS AND THE DESCRIPTION OF THE EXPERIMENT ITSELF

All the methods described herein were verified in laboratory conditions with the samples of 
glass-epoxy material, Vetronit EP G -  11, sort 432.82 with a nominal thickness of 0.2 mm, during
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the thermooxidative ageing process. The samples were provided with a graphite-base three- 
electrode measuring system and subjected to the ageing process in a hot-air sterilizer at 
a temperature o f 180° C. In a non-ageing state and then after 4, 8, 12, 16, 24, 33, 40, 56 and 60 
days, resistance was measured by classic volt-ampere method at a voltage of 200 V  in the 23 to 
120° C temperature range. A t the end o f measurement, breakdown voltage Up was determined for 
each sample by gradually increasing direct-current voltage from zero until breakdown. Five samples 
were available for each ageing time.

4. EXPERIMENT EVALUATION AND THE DISCUSSION OF TEST RESULTS

Based on an algorithm described in [4], values Rk and T K were derived from the values 
measured for each sample. Estimate UK, which is proportional to the critical voltage of thermal 
breakdown, was calculated from these values according to relation (3). For the purpose of a further 
procedure, the arithmetical mean o f values UK was used. During the whole experiment, we placed 
much emphasis on determining the statistical dependence of the critical voltage of thermal 
breakdown versus direct-current breakdown voltage. Therefore, correlation analysis was performed. 
The dependence of the relative change in values UK and UP ( UK/ Uko, Up /  Upo, where U«o and UP0 
are the initial values of respective quantities ) versus ageing time t, is graphically illustrated in Fig. 1, 
and the dependence of UK versus UP is shown in Fig. 2.
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Fig. 1. Dependence of the relative change in values UK Fig. 2. Dependence of UK versus UP
and Ur versus ageing time t,

Internal conductivity was calculated from the values of internal resistance that were measured in 
the above temperature range for individual ageing times. From the data measured, the amount of Bv 
was determined for each sample by the least square method according to relation (6). The 
arithmetical mean of values Bv was used for further evaluation and to determine the statistical 
dependence of this factor versus direct-current breakdown voltage.

The mean relaxation time of polarization was determined according to equation (9). The amount 
of B. was calculated by the least square method in the above temperature range for individual 
ageing times. The arithmetical mean o f values B, was used for further evaluation and to determine 
the statistical dependence o f this factor versus direct-current breakdown voltage.

It follows from the experiment evaluation that all the methods showed good consistency 
between the diagnostic quantities and breakdown voltage as well as the existence of linear 
correlation dependence between both quantities. Based on the statistical tests, it has been verified 
that the difference between the correlation coefficients obtained is statistically insignificant (0.94 for 
the dependence of UK vs. UP, 0.89 for the dependence of Bv vs. UP, and 0.96 for the dependence of 
Bv vs. UP). Therefore, the method for estimating the critical voltage, the method o f the activation 
energy of conductivity, and the method of the activation energy of dominant polarization processes 
may be considered approximately equivalent. Further, it has been found out that all diagnostic 
quantities undergo statistically significant changes during the thermooxidative ageing process, with 
a characteristic decrease being observed for longer ageing times. The graphic illustrations in Fig. 1 
show several changes in the behaviour of the diagnostic quantities monitored and direct-current 
breakdown voltage as a function of ageing time: a decrease at an early stage, followed by a
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temporary increase, and finally a monotonous decrease. It may be estimated that the process of 
epoxy resin hardening still occurs at the initial stage of the ageing process of glass-epoxy materials 
as well as the failure of the binder-to-glass fibre adhesion. W e assume that the failure of the binder- 
to-glass fibre adhesion is a crucial process at the first stage of the ageing process with regard to 
electric strength, which is manifested by a decrease in electric strength. These changes are 
conquered at a later stage as the properties of the epoxy resin itself improve, which results in a 
temporary increase in electric strength. Irreversible processes in the structure of materials occur at 
the final stage of the ageing process, accompanied by a permanent decrease in breakdown voltage. 
W e further assume that the diagnostic quantities monitored are sensitive to the above changes, 
which is also demonstrated by their behaviour as a function of ageing time.

5. CONCLUSIONS

Three new diagnostic quantities were verified in laboratory conditions with an epoxy resin-base 
non-homogeneous material. It follows from the experiment evaluation that the method for estimating 
the critical voltage o f thermal breakdown, the method of the temperature dependence o f internal 
conductivity, and the method of the activation energy of dominant polarization processes reflect the 
changes in the insulating material being tested. The diagnostic quantities in the form of factors UK, 
Bv and B„, relevant to these methods, are statistically dependent on direct-current breakdown 
voltage and sensitive to those processes that are associated with the procedures occurring in an 
insulating material at an early stage of the ageing process. A  characteristic decrease is observed for 
longer ageing times. Based on the results obtained, it may be assumed that the diagnostic methods 
described here could be suitable for monitoring the state of insulation of materials used for the 
winding of rotary electrical machines. These methods are also undemanding with regard to 
instrumentation and subsequent mathematical processing. Their theoretical basis consists in 
measuring the temperature dependence of dielectric absorption which takes place in insulation 
materials at various temperatures after an electric field has been connected. Therefore, the 
methods may be applied during the cooling of an electrical machine, e.g. during a prophylactic 
inspection.
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