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Abstract 
The aspects of operation of electrical equipment under the influence of limit values of a number of climatic parameters, as well as the performance 

of equipment with a change in altitude, are considered. The results of experimental comparative studies of the electrical insulation resistance of TEM 
samples based on the insulation temperature resistance class of 220 with serial samples based on class F or H are presented. Based on the results of 
comparative tests confirmed the expediency and prospects of application of insulation class 220. The analysis of the results of the impact of climatic 
factors on the physical and mechanical properties and service life of insulation materials, as well as the safety and quality of electrical equipment. 

 
Keywords: electrical equipment, electrical machines, climatic factors, class of insulation heating resistance, insulation resistance, safety and relia-

bility of equipment. 
 

 

ВЛИЯНИЕ КЛИМАТИЧЕСКИХ ФАКТОРОВ НА СРОК ЭКСПЛУАТАЦИИ  
ИЗОЛЯЦИОННЫХ МАТЕРИАЛОВ ТЯГОВЫХ ЭЛЕКТРИЧЕСКИХ МАШИН  

 
Е. Ф. Кудина, А. С. Залата, В. В. Карпенко, И. В. Приходько, П. А. Курицын 

Реферат 
Рассмотрены аспекты функционирования электрооборудования под воздействием предельных значений ряда климатических парамет-

ров, а также характеристики оборудования с изменением высоты над уровнем моря. Представлены результаты экспериментальных сравни-
тельных исследований сопротивления изоляции образцов тяговых электрических машин и агрегатов класса нагревостойсости 220 с серийны-
ми образцами с изоляцией классов F или H. По результатам сравнительных испытаний подтверждена целесообразность и перспективы при-
менения изоляции класса 220. Приведен анализ результатов воздействия климатических факторов на физико-механические свойства и срок 
службы изоляционных материалов, а также безопасность и качество электрооборудования. 

 
Ключевые слова: электрооборудование, электрические машины, климатические факторы, класс нагревостойкости изоляции, сопротив-

ление изоляции, безопасность и надежность оборудования. 
 

 

Introduction 
Temperature changes significantly affect the properties of materials. 

As the temperature increases, the resistance of some metals increases, 
as well as the modulus of elasticity and ultimate strength decreases.  
A decrease in temperature leads to a change in the inductance of high-
frequency coils and throttles, as well as a decrease in ductility and the 
appearance of brittleness of metals. And most importantly, temperature 
significantly affects the electrical characteristics of dielectric materials. 
The increase in temperature leads to a sharp drop in insulation re-
sistance, an increase in dielectric losses, a decrease in dielectric con-
stant, and individual dielectric materials lose strength characteristics.  

The electrical strength of most dielectrics (polyethylene, epoxy resin, 
etc.) when exposed to heat first increases, and the mechanical strength 
decreases due to removal of moisture. Then, a significant decrease in 
electrical strength is observed, and the end result is mechanical break-
down of the dielectric. Insulation materials are subjected to intense aging 
under the action of cyclic exposure to heat and cold, accompanied by 
changes in electrical characteristics and physicochemical properties. 
Organic insulation materials are most susceptible to aging. Prolonged 
exposure to high temperature reduces the mechanical strength of organic 
materials, thereby making them more brittle and may eventually be de-
stroyed by slight impact or vibration [1]. Thermal aging of elements is 
considered one of the factors increasing the percentage of equipment 
failures, as their service life is significantly reduced [2]. 

Checking the electrical strength and insulation resistance of materials 
is one of the stages of analysis that determine the possibility of further 
operation not only of dielectric materials, but also of equipment as a 
whole. This is especially important when it comes to high voltage.  
On railway rolling stock, a number of equipment (high-voltage inter-car 
connections, main switches, overvoltage limiters, etc.) are operated under 
a voltage of up to 30 kV, and a decrease in insulation resistance due to 
an increase in temperature, and, as a result, electrical strength, can 
cause breakdown of insulation or overlap on the surface, which can lead 
to irreparable consequences.  

The negative influence of climatic factors may increase if high air 
humidity is added to the effects of temperature. In real-world settings, 
these factors are often concomitant. The influence of climatic parameters 
must be taken into account when designing not only control elements and 
control objects, but also traction equipment and, in particular, electrical 
machines. In addition, the analysis of the impact of these factors is an 
important task. 

Influence of climatic parameters on operation of electric machines. 
Some equipment (electric motors, generators, etc.) during operation is 
able to release heat into the environment and thereby change climatic 
parameters. This applies primarily to equipment operating in a confined 
space. Heating of the electric machine as a whole and its individual parts, 
for example, winding and steel of the stator, rotor, bearings, is due  
to heat generation in these and other parts [3]. Determining the heating 
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temperature of individual parts of the electric machine by calculation is a 
rather complex process. The heating temperature of electrical machines 
may depend on various factors. The value of the steady state tempera-
ture of the engine depends on the load on its shaft. The application of a 
significant load leads to the release of a large amount of heat per unit 
time. The allowable heating of electrical machines depends on the insula-
tion class of windings, manifold, contact rings, etc. 

One of the main properties of insulation of windings of electrical 
machines is heating resistance of insulation material. In accordance with 
GOST 8865, this is the ability of electrical insulation materials, impregnat-
ing compositions and insulation of wires without damage and without 
significant deterioration of practically important properties to withstand the 
effects of increased temperature for a long time [4]. Increasing the tem-
perature of the windings of electrical machines above permissible values 
leads to a reduction in the service life of the insulation. Thus, insulation 
heating resistance is one of the main parameters that determines the 
reliability of operation and the life of electrical machines. The most com-
mon insulation classes are E, B, F and H. Due to low operating tempera-
tures, class E finds limited use in low-power machines. Insulation of clas-
ses B and F was most widespread, and in specialized electric machines 
operating in heavy load conditions, class H insulation is used (Figure 1) 
[4]. At the same time, a large reserve for improving technical characteris-
tics, including the resource characteristics of traction electric machines 
(TEM), is the transition to an insulation class of 200 and 220. Such design 
of isolation finds more and more broad application in TEM of foreign 
manufacturers, including "Alstom transport" (France), General Electric 
(USA), Traktionssysteme Austria GmbH (Austria), etc. 

 

 
1 – field winding, 2 – аrmature windings 

 

Figure 1 – Limit permissible exceeding winding 
temperature of electrical machines 

(at temperature environment from 10 °С to 40 °С) 
 
As a result of research conducted at the test center of traction elec-

trical equipment SE "Рlant "Electrotyazhmash" it was found, that samples 
of TEM with a class of 220 have a significantly higher insulation heating 
resistance compared to samples of TEM with a class of H, as well as not 
inferior in resistance to low temperatures and show the ability to operate 
under conditions of high humidity for a longer period than most samples 
with a class of heating resistance H [5]. The quality assessment of insula-
tion properties and their comparative analysis were carried out on the 
change of electrical resistance of insulation at various types of climatic 
effects. 

Effect of elevated ambient temperature [6]. The samples were subject-
ed to medium temperature (180 ± 3) °C for class H and (220 ± 3) °C for 
the 220 class in the test chamber, maintained until heated throughout the 
volume, then cooled to a temperature corresponding to normal climatic 
conditions tests (hereinafter referred to as n.c.c.t.). 

Figure 2 presents the results of the studies in the form of temperature 

dependences Ris = f (T). 
All the presented samples showed high values of insulation re-

sistance (the permissible value at a temperature of 110 °C is not less 
than 1 MΩ). Samples with an insulation class of 220 (Figure 2, and  
at a temperature of 220 °C had significantly higher insulation resistance 
values than samples with class H at a temperature of 180 ° C (from 2  
to 40 times), and also not inferior to class H according to the insulation 
resistance at a temperature of 110 °C. 
 

 

* 180 ° C heating temperature for insulation class H, 
220 ° C - heating temperature for insulation class 220 

 

1-5 – insulation class Н; 
А, В, С – insulation class 220 

 

Figure 2 – Dependence of TEM insulation resistance 
values on the environment temperature effect 

(high temperature effect) 
 

The effect of low ambient temperature [7]. The samples were ex-
posed to a medium temperature of (minus 50 ± 3) °C in the test chamber, 
held until cooled throughout the volume, then heated to a temperature of 
(40 ± 3) °C. Figure 3 presents the results of the study of the samples in 

the form of temperature dependences Ris = f (T). It can be seen from 
the figure that all the samples presented had high values of the insulation 
resistance over the entire range of ambient temperatures and restored 
them after the test to high values (the allowable value after the recovery 
in the n.c.c.t. is not less than 20 MΩ). 

Samples with an insulation class of 220 showed insulation resistance 
values during the action of a reduced temperature minus 50 °C higher 
than samples with class H, and also did not yield to class H according to 
the insulation resistance with an increase in the temperature of the medi-
um to 40 °C and recovery in n.c.c.t. [5]. 

The effect of high humidity of air [7]. The samples were subjected to 
six consecutive cycles (cycle time 24 hours), each of the first five cycles 
consisted of two steps: 16 hours at a temperature of 40 ± 2  °C and a 
relative humidity of 95 ± 3% and 8 hours at a temperature of 35 ± 2 °C 
and a relative humidity of 95-100%. In the last sixth cycle: 16 hours at a 
temperature of (40 ± 2) °С and relative humidity (95 ± 3)% and 8 hours 
at a temperature of (25 ± 2) ° С and relative humidity (95-100)%. 

Figure 4 shows the results of measurements of the insulation re-

sistance of the samples in the form of time dependences Ris = f (t). 
where t is the duration of the test in hours, and Ris is the average 

values of insulation resistance of the samples in the n-th cycle, corre-

sponding to each stage. Ris = ΣRisi / i, where i is the number of meas-

ured insulation resistance values in each cycle (in stages of 16 hours і = 4, 

in stages of 8 hours і = 2). 
All the samples presented during the exposure to high humidity 

showed high values of insulation resistance. 
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The allowable value after the recovery in ncct and 40 MΩ 
 

1-5 – insulation class Н; 
А, В, С – insulation class 220 

 

Figure 3 – Dependence of TEM insulation resistance  
values on the environment temperature effect 

(low temperature effect) 
 

It can be seen from Fig. 4 that samples with an insulation class of 
220 were not inferior to most samples with class H in the process of test-
ing for insulation resistance values, and these values were not lower than 
permissible values (permissible value is not lower than 0.5 MΩ). 

 

1-8 – insulation class Н; А, В, С – insulation class 220 
 

Figure 4 – Dependences of the insulation resistance  
to the housing against the time of exposure to high humidity 

 

When exposed to high humidity, the dependence of insulation resistance 
on the time of exposure has the following dependence 

Rиз = R0·e
γ
t 

where t – time, hour; 

R0 – characterizes initial insulation resistance before tests, 
MOhm; 

γ – coefficient, which depends on physical properties of insulation, 
characterizes the rate of insulation resistance reduction when exposed to 
wet air. 

 
In real-world operation, the TEM may be exposed to soil humidity 

much longer than the time the images were tested. Based on the ob-
tained dependencies, it is possible to predict the value of R from after any 
period of operation and calculate for what time R from will reach the per-
missible value. To do this, you must express the time value from the 
above formula: 

t =
R

R
 из

0

1
ln

γ
 

By approximating the experimental data given in Figure 4, mathemat-
ical models of the dependence of insulation resistance on the exposure 
time of high humidity can be obtained. 

As can be seen from Figure 5, in two out of eight TEM samples with 
insulation class H, insulation resistance for the presented period accord-
ing to the forecast will decrease to values below the permissible  
0.5 MOhm. 
 

 
 

Figure 5 – Predicted dependence of insulation resistance relative  
to the housing on the time of exposure to high humidity 

 
The time t at which the insulation of a TEM operated under increased 

moisture conditions retains the insulation resistance above the permissi-
ble value can either be considered analytically by the formula, or deter-
mined using the graphs shown in Figure 5, which is actually a continua-
tion of Figure 4, where the time axis is extended by another 350 hours to 
more clearly show the change in the value of the insulation co-resistance 
of the samples. From the above results, it can be seen that under the 
same conditions of humidity testing, the insulation of class 220 compared 
to H has much better performance and therefore is more effective as an 
insulating coating of the current-carrying parts of electrical machines. 

Insulating materials with prolonged exposure to elevated tempera-
tures are subject to thermal aging, as a result of which physical and 
chemical changes occur in them. Prolonged exposure to elevated air 
temperature and oxygen can lead to thermal shrinkage of the insulation 
and, as a result, the formation of cracks. As a result of thermal oxidative 
degradation in the insulating material, polymer molecules cross-link, thereby 
increasing crispness and brittleness. And given that electric machines are 
sources of vibration during operation, this can intensify the process of their 
failure. Increasing the insulation temperature above the permissible level 
by 10 °С reduces its service life by half. This phenomenon is based on 
the general law of the dependence of the rate of chemical reactions on 
temperature, described by the Vant-Goff and Arrhenius equation [8].  
In addition to temperature, changes in air pressure, the presence of 
ozone, which is a stronger oxidizing agent than oxygen, and other chemi-
cals capable of intensifying this process, have a significant effect on the 
aging rate of the material. 

The set of climatic factors acting on electrical equipment elements 
and their characteristics are determined by the climatic zone in which 
they are operated. Of considerable interest is the operation of electric 
machines in conditions other than normal. The permissible power of elec-
trical machines, according to GOST 183, is determined by the permissible 
temperature of the stator winding at an ambient temperature of + 40 °С 
and operation at an altitude of not more than 1000 m above sea level. 
The actual ambient temperature and height above sea level significantly 
affect the output power of electrical machines, and if this is not taken into 
account, they can work for a long time at an ambient temperature exceed-
ing the maximum working temperature. To avoid unacceptable excess of 
winding temperature, output power must be reduced (Figure 6) [9]. 

With an increase in the operating height of electric machines (more 
than 1000 m above sea level), it is also necessary to reduce the load on 
the shaft (Figure 7) [10]. This is due to a change in a number of operating 
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parameters. In addition to changing the ambient temperature, the atmos-
pheric pressure decreases and, as a result, the air density decreases. 
Thus, the properties of the cooling medium (refrigerant) change, and electric 
machines, operating in the same conditions as at altitudes up to 1000 m, 
will undergo significant overheating, which will result in a reduction in its life. 
 

 
Figure 6 – Dependence of output power P  

of electric machines on temperature T 
 

 
 

Figure 7 – Dependence of output power P  
of electric machines on height h 

 

As the height increases due to the decrease in air density, the actual 
excess temperature of equipment that generates heat during operation 
and is completely or partially cooled by free or forced air convection in-
creases. When using such articles at altitudes of more than 1000 m, the 
allowable temperature excess must be reduced by a value corresponding to 
the height correction. The standards or specifications for such products 
shall specify corrections for the amount of reduction of the nominal load of 
the product (if it is possible) or for the amount of reduction of the maximum 
permissible temperature exceedances exceeding normal. According to 
GOST 15150 for products designed for operation at a height of 1000 m to 
4300 m, the upper temperature values can be calculated by reducing the 
maximum value by 0.6 °C for every 100 m for heights more than 1000 m. 

 
Conclusion 
Taking into account the influence of climatic factors at the stage of 

development and design of traction electrical equipment is an important 
condition that determines the duration and reliability of its operation. The 
results of climatic tests and mathematical modelling showed the feasibility 
of using the insulation of the heating resistance class 220 in the produc-
tion of TEM. This is especially important for equipment that operates in 
difficult climatic conditions, and the choice of insulating materials largely 
depends on the life of the equipment.  
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