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Abstract. This article analyzes the heat exchange processes occurring in traction electric machines. The study considers
the main factors influencing the temperature regime of electrical machine elements, including such parameters as the
thermal conductivity coefficient, cooling conditions, and load changes. Based on the classical theory of heating, the
processes of heating and cooling of the machine are mathematically modeled using heat balance equations. Based on the
model, the exponential change in temperature over time, the concept of the time constant, and the rate of temperature
increase under adiabatic conditions were determined. Graphs and formulas show how the machine temperature changes
over time. The research results are of practical importance in assessing the thermal state of electrical machines, assessing
their reliability, and designing cooling systems.

INTRODUCTION

The stability of the temperature regime of modern traction electric machines when operating under various load
conditions is of great importance. The reliable and efficient operation of electrical machines directly depends on their
thermal state. Increasing the temperature can lead to the wear and tear of insulation materials, overheating, and even
the failure of the electric car. Therefore, an in-depth study of heat exchange processes in electrical machines, their
mathematical modeling, and the determination of optimal cooling methods is one of the important scientific and
practical tasks.

Currently, it is possible to determine the temperature change of electrical machines using models based on classical
thermal theory. Such models take into account the geometric and thermal properties of the machine elements, cooling
conditions, and heat transfer coefficients. Through them, it is possible to analyze the heating and cooling processes of
the machine based on an exponential law [1-4].

The article theoretically examines the heat exchange processes of a traction electric machine based on this
approach. The purpose of the research is to obtain the basic mathematical equations describing the thermal state of
electrical machines, to determine the physical meaning of the time constant, and to conduct a graphical analysis of
heating and cooling processes [5].

As for non-stationary processes in electrical machines, they should be classified as very typical operational
phenomena, and therefore their analysis is very relevant. Therefore, in the development of the theory of electrical
machines, an attempt was made to obtain calculation formulas based on them, according to which the schematization
of the process gives more realistic results [7-9].

EXPERIMENTAL RESEARCH

Theoretical foundations of heat exchange. As for non-stationary processes in electrical machines, they should be
classified as very typical operational phenomena, and therefore their analysis is very relevant. Therefore, in the
development of the theory of electrical machines, an attempt was made to obtain calculation formulas based on them,
according to which the schematization of the process gives more realistic results.

The assumptions, called classical heating theory, are as follows.
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1. The entire electric machine (or its analyzed element) is the only body with infinite thermal conductivity, which
leads to the absence of a temperature gradient in any direction in the volume of the machine [10] — [12].

2. The ambient temperature 9, is constant, meaning the environment has infinite heat capacity.

3. The heat transfer coefficient a between the machine surface and the environment does not depend on the location
and duration of the process.

Now let's write the equation of thermal conductivity for a unit volume of a surface-cooled object:

cp =2 = 2V29 + po — a = (9 — ;) (1)
V9 =0, 9. =0 we will take
Pdt = cGdY + aFIdt (2)
where G = pV - mass of the body; P = p,V - separated losses.
Equation (1) can be easily interpreted as the heat balance equation, according to which the released heat is partially
used to increase the enthalpy of the body and partially released into the environment. Thus, equation (1) can be
obtained directly from reasoning.
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FIGURE 2. The geometric meaning of the constancy of
FIGURE 1. Temperature curve change time.

Based on equation (1), we first analyze the process of heating the body. If the losses P are finite, the temperature of
the body tends to a stable value, as the duration of the process tends to infinity: ¥ = 1, att — oo. But in a steady state,
the enthalpy does not change, and for any time interval At, all the released heat is transferred to the environment:
PAt = aF9,At. Therefore, 9, = P/(aF). Equation (1) can now be rewritten

aFd,dt = cGdY + aFddt 3)

In the last equation, the mixed ones are separated:
o

9y—9

Lt =
cG

“4)
We introduce the notation cG/(aF) = T. Subsequently,
% = - ln(ﬁy - 19) + const &)
At the beginning of the process, the permissible temperature in the machine is 9y, i.e., at t = 0, 9 = 9, from which
t 9,=9
C =In(9, — ). Thus, o= lnﬁ’;—_ﬁ;
_t _t

9=0,(1-e7)+ 0T (6)
The obtained heating equation describes the exponential law of temperature increase over time (curve 1 of Fig. 3.5).
Remember,

9o =0 19=19y(1—e‘%) 7)



Now let's consider the cooling process from the temperature 9, when the load is applied (Fig. 1.1, curve 2). For this,
we substitute the above equation P = 0. Then

ad aF dt
t v TG Ty ®)
from where 7= In¥Y + const. Considering that 9 = 9y att = 0, we get
t
C=mYy and 9 =Yye' T ©)

As you can see (Fig. 1.1), the heating curve 3 at ¥ # 0 is the sum of the heating curve 1 at 9, = 0 and the cooling
curve 2 from the temperature 9.

It is very convenient for analyzing transient loads and other transient modes, which characterize the intensity of
transient heat transfer and depend on the heat capacity of the body, the mass of its cooling surface, and the heat transfer
coefficient. It is called the time constant and has a simple geometric meaning (Fig. 1.2).

from the above equation it follows that ¥, = 0 %% (19y - 19) when but

das AB 1

@ pgp =2 L (5, ) (10)
where BC is the heating subcurve. Therefore, for any point on the curve

~(9,-9)=—=(9,—9) and T = BC (11)

T BC

Thus, T is the lower curve at any point of the heating (or cooling) curve.
RESEARCH RESULTS

The analysis of an adiabatic non-stationary process, i.c., a process without heat exchange with the environment,

C e . . do .
is of interest. (1) We obtain the equation & = 0, then e % = const. For copper coils, for example,
c¢=0.39kJ * kg/K; y=8.9 g/sm> and p = 0.0175 Ohm * mm?/m. From here, the rate of increase of the winding
temperature is determined by the increase in the constant current density (in kelvins per second)

P_ifets _ 2 _ %

G cyls cy/p 200 (12)
Formula (1.5) is accurate in the absence of temperature differences in the body and the cooling medium, i.e., at first
glance, it is only suitable for calculating the heating of highly heat-conducting parts washed by a strong stream of

cooling water.

P
¥y, = A, = e (13)
_ A% G
T P/(cG)  aF (14)

It should be noted that the above analysis can be applied to many objects far from satisfying the classical conditions,
if under the value 9,, we take the steady average or maximum increase in the temperature of the heated body from
the lowest level. under the value of the temperature of the cooling medium and the time constant T - this is the ratio
of the excess body temperature to the rate of adiabatic increase:

_ % _ Y
T Dax PG (15)

For the most general case, when temperature drops occur in the active (Aﬁ,la) and insulating (A9, ) layers, the
surface is heated by convective cooling(A¥,) and a cooling medium (Ad,) . 9and T can be represented as follows:

9, = MO, + A, + A9, + AD, (16)
_ P -1 __ CqGq Aﬁ}{ua Aﬁla A_19c . Cu3Gus [
r= ﬁy (caGa+c,,,3G,,,3+cch) T arF (1 + Mg + Mg + Aﬁa) (1 + CaGa + caGa) (a7

The applied formal technique ensures the qualitative accuracy of the conclusions: formula (17) shows the slowing
down of a non-stationary process under conditions of a correct decrease in internal and external temperature.
Physically, this deceleration depends, in particular, on the final thermal conductivity of the attached heated masses.

Based on expressions (16) and (17), an important characteristic of a non-stationary process is the ratio of
temperature drops inside the body and on the surface of the body in a stable state in a cooling medium. In different
parts of electrical machines, these ratios vary greatly: for example, the internal drop is only a few percent of the
convective drop in an air-cooled uninsulated copper tire and can be several times greater than the convective drop
with an air-cooled stator core [13] — [14].

During forced air cooling of the coil poles, the heating (temperature increase) of the medium is 5-8 times less than
the convective difference from the channel surface, but with water cooling of the stator core, it is tens of times greater



than this difference. Under these conditions, the universality of the accurate interpretation of the time constant for (16)
must be verified.

Comparison of approximate solutions according to (15) and (17) with exact solutions of heat conduction problems
for characteristic active parts of electrical machines provides a very convenient situation. It turned out that the
exponential form of the heating curve, which is a time constant acting as a measure of thermal inertia, is characteristic
of active steel packets of the stator core in the main and end zones of the magnetic circuit, as well as direct and indirect
gas cooling of induction machines with a large part of the armature winding operating on direct and alternating current
[15].

With a sharp change in load, the process of temperature increase in the initial period can be considered adiabatic:

as _op _ j3+ _ JEGG-D)

=20 (18)

at G cy/p cv/p

where k; — j»/j; - current overload.
It is characteristic that with exponential temperature increase, its stable state value is practically achieved after a

time interval equal to 4T. This can be seen from the following values 192 =1-—etT:
y
The usual loading mode of some electrical machines, for example, round motors, is the interval loading mode. If
the operating time with load t in each cycle (Fig. 1.2) is equal to 7, and the idle time 7, then the ratio %“ =1,/(Ty +

To) gives a relative operating cycle (usually it is measured in percentages and is equal to 15; 25 or 40%. Curve 1
indicates the interval mode, curve 2 indicates the long-term mode.

TABLE 1. Exponential Growth of Temperature
Process duration T 2T 3T 4T 5T

Temperature at partially 0,632 0,865 0,950 0,982 0,993
preset levels

After some time, the mode is established, i.e., the temperature decrease during cooling 7, is equal to the
temperature increase during t,,.

In mode up to specified interval
1-e~ /T
Omax = 1, =w7r Oy (19)

e—To/T_e—T/T

Omin = — =7 Oy (20)

1—e~T/T y.mw

where 9, ; is the value of the stable state of temperature in the long-term regime.

CONCLUSIONS

In this study, the heat exchange processes of traction electric machines were analyzed theoretically and
mathematically. Based on the classical thermal model, the main equations describing temperature changes were
developed, and the possibility of obtaining exponential temperature curves for the heating and cooling processes of
the machine was shown.

Also, the concept of the time constant was defined as an important indicator of thermal inertia, which made it
possible to assess at what rate the temperature reaches a stable state. Based on the heating and cooling formulas, it
was possible to explain, based on graphs and tables, how the machine temperature occurs in variable load modes.

Based on the adiabatic model, it was determined that the temperature increases linearly at the initial stage and, in
a steady state, is cooled by the temperature differential. The obtained results are of practical importance in ensuring
the reliable operation of electrical machines, predicting the thermal limit, and correctly designing cooling systems.
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