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ABSTRACT

Bachelor's thesis. Ternopil lvan Puluj National Technical University. Faculty
of Applied Information Technologies and Electrical Engineering.

Department of Electrical Engineering, IET-43 group. - T.: TNTU, 2025.

The qualifying work of the bachelor was performed on the basis of the task
on the topic: " Calculating the parameters of an electric motor based on its model ".

The mathematical models for calculating electromagnetic and thermal fields
are presented, which allow determining losses in motors and temperatures of its
elements, both in the stationary and transient processes.

The analysis shows the importance of taking into account the temperature
change in winding resistance when constructing thermodynamic models of electric
machines. It is shown that the change in the winding temperature will be
insignificant within the cycle, but the average temperature level of the model nodes
will significantly depend on the fact of taking into account the temperature change

in resistance

Keywords: mathematical models, electric motor, temperature.
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INTRODUCTION

Electric motors are an integral part of the technological progress of modern
society. They are widely used in production, households, technological processes
and mechanisms. One of the most common types of AC electric motors is the
induction motor. The simplicity and cost-effectiveness of its design makes this type
of electric motor reliable for wide application in many industries.

Being widely used, this type of electric motor must be energy efficient to meet
the ever-growing demand for electricity. In order to design and build an efficient
motor, it is very important to have in-depth knowledge of the losses occurring in the
machine.

Currently, one of the challenges in electromechanics is the accuracy of
estimating and calculating electric machines for heating and heat generation.
Moreover, this task needs to be solved at the initial stage.

It is the level of thermal loads that determines the limit for the insulation of
winding wires, bearing assemblies, and other areas, limiting the motor's service life.
The thermal field assessment makes it possible to make the necessary changes to the
motor parameters and is relevant at the design stage to optimize its design with the
required output characteristics, conditions, and operating time.

The analysis of existing methods for calculating electromagnetic and
temperature fields of induction motors, as well as other electrical products, revealed
the existence of different ways to calculate them using the method of equivalent
circuits and the numerical method, which showed the required accuracy. To achieve
the most accurate result, it is necessary to take into account as many factors as
possible that contribute to the appearance of losses, heating/cooling, and to consider
the thermal field in dynamics.

Purpose and objectives of the study. The purpose of the thesis is to calculate
the electrical and temperature characteristics of an AC motor based on its

mathematical model.
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In order to achieve this goal, the following tasks were solved in the work:

1. To consider the current state of the theory of calculation and modeling
of thermal processes in electric machines.

2. To develop a mathematical model of an induction motor that allows
obtaining results in a short time by changing the input data, dimensions, and
properties of its structural elements.

3.To simulate the thermal modes of an induction motor with the
determination of electromagnetic and temperature fields and the level of losses in

the main structural components.
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1 ANALYTICAL PART

1.1 Analysis and classification of AC motors

An electric motor is a device for converting electricity into rotational motion
of a rotating part of an electric machine. Energy conversion in motors occurs due to
the interaction of the magnetic fields of the stator and rotor windings. These electric
machines are widely used in all industries as a drive for electric vehicles and tools,
in automation systems, household appliances, and so on.

There are many types of electric motors that differ in terms of their principle
of operation, design, performance, and other features.[1] Let's consider the main
types of these electric machines.

According to the principle of operation, there are magnetoelectric and
hysteresis electric machines. Despite their simple design and high starting torque,
the latter are not widely used. These electric motors have a high price and low power
factor, which limit their use. The vast majority of electric motors are
magnetoelectric.

Electric motors with horizontal and vertical shafts are distinguished by design.
In addition, electric machines are classified by purpose, climate design, degree of
protection against moisture and foreign objects, power, and other parameters.

AC motors can be divided into two categories™ asynchronous and

synchronous.[2-3]

1.2 Asynchronous electric motors

Due to their cheapness and simplicity of design, electric machines of this type
are the most widespread. Their fundamental difference is the presence of the so-
called slip. This is the difference between the rotational speed of the magnetic field
of the stationary part of the electric machine and the speed of the rotation rotor. The

voltage on the rotating part is induced by the alternating magnetic field of the motor
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stator windings. Rotation causes the interaction of the field of electromagnets of the
stationary part and the magnetic field of the rotor, which arises under the influence
of eddy currents induced in it. According to the characteristics of the stator windings,
there are:

— Single-phase AC motors. Motors of this type require an external phase-
shifting element to start. This can be a starting capacitor or an inductive device.

— Two-phase electric machines. Such motors have two windings with phases
shifted relative to each other.

— Three- and multi-phase electric motors. The most common type of induction
machines. Electric motors of this type have 3 or more stator windings shifted in
phase by a certain angle.

According to the rotor design, induction electric machines are divided into
squirrel-cage and phase rotor motors.

The rotor winding of electric machines of the first type consists of several
non-insulated rods made of copper or aluminum alloys, closed on both sides with
rings (squirrel cage design). Asynchronous motors of this type have the following
advantages:

— A fairly simple start-up scheme. Such electric machines can be connected
directly to the mains via switching devices.

— Allowance for short-term overloads.

— The ability to manufacture high-power electric machines. This type of motor
does not contain sliding contacts that impede power growth.

— Relatively easy to repair. Asynchronous electric machines are lightweight.

— Low price. Asynchronous motors are cheaper than synchronous machines and
DPS.

Electric machines with a short-circuited rotor have disadvantages:

— The maximum rotational speed does not exceed 3000 rpm when entering
synchronous mode.

— Technically complex implementation of speed control.
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High inrush currents during direct start-up.

Electric motors with a phase rotor are partially free from the disadvantages

inherent in machines with a squirrel-cage rotor. The rotating part of an electric

machine of this type has windings connected in a “star” pattern. The voltage is

supplied to the winding through 3 slip rings attached to the rotor and isolated from

it.

Such electric motors have the following advantages:

The ability to limit inrush currents using a resistor connected to the rotor

electromagnet circuit.

Higher starting torque than squirrel-cage motors.
The ability to adjust the speed.

Constant rotational speed under variable load.
High efficiency and power factor.

A small reactive component.

Overload tolerance.

The disadvantages of synchronous motors include:

High price, relatively complex design.

Difficult launch.

The need for a constant voltage source.

Difficulty controlling the rotational speed and shaft torque.

All the disadvantages of AC electric machines can be corrected by installing

a soft-start device or a frequency converter. The rationale for choosing a particular

device is based on economic feasibility and the required characteristics of the electric

drive.
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1.3 Design analysis of induction motors

An induction motor consists of two main parts separated by an air gap: a
stationary stator, which is basically an inductor, and a rotating rotor. The stator and
rotor consist of a core - a magnetic core with grooves and windings.

The main structural components of the induction motor shown in Figure 1.1
include a slotted magnetic core of the stator with an AC winding pressed into the
frame; slotted magnetic core of the rotor with a winding mounted on a rotating shaft
that transmits electromagnetic torque to the load; bearing units; bearing shields; fan;

terminal box; and a device for attaching to the foundation or base.

Figure. 1.1 - Core of the stator magnetic circuit without winding

There are two main types of induction motors: squirrel-cage motors and split-
rotor motors. Both motors have the same stator design and differ only in the rotor
design.

In terms of mounting method, the most common are IM1 through IM4
versions. Among the low-power machines, IM5 and IM9 versions are common,
which are used in household appliances and electrified tools.

In terms of environmental protection, IP44 and IP54 versions with 1C041
cooling method are common for low-power machines, and IP23 version with 1C01

cooling method is also common for medium and high-power machines.
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The magnetic core of the stator core is made of 0.35-0.5 mm thick electrical
steel sheets. The stator core of an induction motor with an axis height of h <250 mm
Is assembled from the tinned sheets of electrical steel with the inner diameter and
slotting based on the slots. If steel grade 2013 is used, the sheets undergo heat
treatment after stamping and subsequent oxidation in automatic furnaces. The
assembled core is compressed under a pressure of =1.5 mPa and fastened with steel
staples placed on the outer surface of the core.Motor cores h = 50-90 mm are welded
from the outer surface. The wrapped and impregnated motor stator cores are pressed
into the frame. Sometimes the magnetic core sheets are installed directly into the
frame and, during the pressing process, are secured with ring dowels or gathered
onto a centering mandrel outside the frame and steel strips located in shallow
rectangular grooves welded to the pressure washers and partially to the back of the
core.

The shape of the core grooves is mainly trapezoidal semi-closed; rectangular
open. The designs of induction motor frames with P44 and IP23 protection ratings
are fundamentally different. The frame of an P44 motor with h <355 mm is made
in the form of a cylinder with longitudinal ribs on the outer surface (Fig. 2) or with

air cooler tubes for motors with h > 400 mm.

Figure 1.2. - AD frame in IP44 version
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For motors with h < 63 mm, the frames are cast from aluminum. For h = 71-
100 mm, a combined design is used: aluminum alloy frames and cast iron bearing
plates.

The method of making frames from a hollow profile obtained by extruding an
aluminum alloy in the form of a pipe is becoming increasingly common.

Asynchronous motors with cast iron shells (frames) up to h <280 mm are the
most widely used in the world's electrical engineering practice. Motors with h > 280
mm are made with welded steel frames.
By design, the rotor of an induction motor is made of a short-circuited squirrel-cage
type (Fig. 1. 3) or a phase rotor, in the grooves of which an alternating current
winding is placed, having the same number of phases and poles as the stator winding.

Figure 1.4 - Design of magnetic circuit and winding of a short-circuited rotor
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The rotor consists of a magnetic core and a squirrel-cage short-circuited
winding (Fig. 1.4).

The rotor and winding are pressed onto the motor shaft. The rotor core sheets
are stamped simultaneously with the stator sheets.

Rotor sheets for motors h < 250 mm are made of steel 2013 and are collected
on a mandrel, pressed and fixed on the mandrel without pressure release. In this
form, the rotor core is filled with aluminum.

The cores of squirrel-cage rotors are pressed onto the shaft after being filled
with aluminum. During the aluminum casting process, the short-circuit rings and
ventilation blades are formed simultaneously.

The phase rotor consists of a magnetic core and a belt current winding, the
phases of which are connected in a star, less often in a triangle, and have three leads
that are connected to slip rings located inside the housing or at the protruding end of
the shaft.

1.4 Analysis of ways to improve the energy efficiency of electric motors

The issue of creating energy-saving electric motors arose simultaneously with
the invention of electric machines themselves. At the International Electrical
Exhibition in 1891 in Frankfurt am Main, Charles Brown (who later founded ABB)
showed a synchronous three-phase generator of his own production, the efficiency
of which exceeded 95%. The asynchronous three-phase motor presented by Mikhail
Dolivo-Dobrovolsky showed an efficiency of 95%. Since then, the efficiency of the
three-phase induction motor has been improved by only one or two percent. The
interest in energy-saving motors was most acute in the late 1970-x years during the
global oil energy crisis. It turned out that saving one ton of conventional fuel is much

cheaper than producing it. During the crisis, investments in energy saving increased
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many times over. Many countries began to allocate special grants for energy saving
programs.

After analyzing the problem of energy saving, it turned out that more than half
of the electricity produced in the world is consumed by electric motors. Therefore,
all the world's leading electrical engineering companies are working to improve
them.

— The increase in efficiency in energy-saving motors is achieved by:

— Increasing the share of active materials - copper and steel;

— Use of thinner and higher quality electrical steel;

— Use of copper in rotor windings instead of aluminum;

— Reducing the air gap in the stator with the help of precision process
equipment;

— Optimization of the shape of the magnetic circuit tooth zone and winding
design;

— Use of bearings of the highest class;

— Special fan design;

According to statistics, the price of the entire motor is less than 2% of the total
life cycle costs. For example, if the motor operates 4000 hours annually for 10 years,
electricity accounts for approximately 97% of the total life cycle costs. Another one
percent is accounted for by installation and maintenance. Therefore, a 2% increase
in the efficiency of a medium-power motor will pay for the increased cost of an
energy-saving motor in as little as 3 years, depending on the operating mode.
Practical experience and calculations show that the increase in the cost of an energy-
saving motor pays for itself through the saved electricity when operating in S1 mode
in a year and a half (with an annual operating time of 7000 hours).

A negative property of electric motors with increased efficiency compared to
conventional motors is:

— 10-30% higher cost;
— slightly higher mass;
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— higher starting current.

The amount of energy savings due to the introduction of an energy-efficient
motor may be insignificant compared to the potential of a drive with variable speed.
Each additional percentage point of efficiency requires an increase in the mass of
active materials by 3-6%. At the same time, the rotor moment of inertia increases by
20-50%. Therefore, high-efficiency motors are inferior to conventional motors in
terms of dynamic performance unless this requirement is specifically taken into
account when designing them.

When choosing in favor of an energy-efficient motor, you need to carefully
consider the price. Analysts predict that copper will rise in price much faster than
steel. Permanent magnets made of rare earth materials will rise in price more and
faster than copper, which will lead to a significant increase in the price of such
motors. That is, a motor with a higher content of these materials will be more

expensive when it is replaced at the end of its service life.
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2 DESIGN AND DEVELOPMENT SECTION

2.1 Choosing a method for calculating the electric and thermal fields of

electric motors

There are two approaches to analyzing electrical machines: using the methods
of circuit theory and field theory.

Thanks to the methods of circuit theory, it was possible to build a very
rigorous and understandable classical theory of electric machines, as well as to
obtain their substitution schemes. However, the use of circuit theory methods to take
into account the peculiarities of the electric machine design and to solve overly
complicated systems of equations describing nonlinear processes proved to be
inconvenient and not always possible.

The use of methods based on field theory made it possible to eliminate the
disadvantages of circuit theory methods due to the possibility of finding field values
(magnetic, thermal, and other fields) at any point in the volume of an electric
machine, as well as to obtain a complete picture of the distribution of these values
in different parts of the electric machine with the subsequent finding of integral
values. Among the field calculation methods, analytical and numerical methods are
the most common.The advantage of analytical calculation methods is the possibility
of a rigorous mathematical description of phenomena as algebraic or differential
equations, allowing to analyze the dependence of field values on the initial
parameters, to establish an accurate relationship between different values. However,
a rigorous analytical description is possible only for relatively simple models with
assumptions that in some cases can lead to unacceptable errors.

Numerous methods for calculating the field can eliminate these shortcomings.
In the absence of the need for a strict mathematical description of the processes
occurring in an electric machine, the use of numerical methods is preferable, since

in this case the assumptions made in the calculation of the fields are minimal, and
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the calculation error is determined by only by the size of the computational grid
used. Among the known numerical methods field calculation The main one is the
finite element method (FEM). Compared to the finite difference method, the FEM
IS convenient to use for models of a rather complex configuration and with different
mesh densities.

Among all the variety of modern computational tools, we highlight the most
common software packages, such as ANSYS multiphysics, Maxwell, Comsol
multiphysics, Flux, Jmag, FEMM, which allow solving many, including related field
problems: electromagnetic, thermal, mechanical stress field, taking into account
their mutual influence. For some tasks, the capabilities of software systems may be
excessive. For example, to calculate cylindrical machines, it is often sufficient to
solve a two-dimensional problem assuming a plane-parallel magnetic field. The
validity of this approach is well known. In this case, the computational time is
reduced several times, and the error is acceptable for engineering problems. [6]

Modeling of the magnetic field is always accompanied by a number of
assumptions, each of which makes the model to some extent different from the real
object. In terms of saving computational time, it is advantageous to use simpler
models. However, the accuracy of the result may be unacceptably low. Therefore, in
this paper, we have chosen the position of minimizing the assumptions made, as well
as building a model that is closest to the actual geometry and parameters of the

electric machine.

2.2 Methods for modeling electrical processes in the stator winding

The study of current displacement in rectangular conductors of a compact
winding is associated with solving the problem of modeling the magnetic field
generated by alternating three-phase currents of the winding stator in the cross-

section of the active part of the machine.
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The finite element method allows us to accurately take into account the
influence of the design features of the compact winding on the electrical in the
winding, and to propose a refined method for calculating the active resistance of the
winding phase of the stator. To obtain a picture of the current density distribution,
the Laplace differential equation 1s solved with respect to the electric potential ¢. In
general, for a three-dimensional problem in the case of an isotropic conductor, the

partial differential current equation with the Dirichlet boundary condition is as

L _a( a0\, 2(,00), 2,
J_8x(78x)+8y(78yj+8z(yézj (1)

For magnetostatics, the problem of current distribution in the volume of a conductor

follows:

is transformed into the problem of electric potential distribution. The need to study
the current flow in the volume of a conductor of variable cross-section of a compact
winding arises not only when the conductor cross-section changes, but also when
the depth of current penetration changes due to the surface effect. In finite element
analysis software packages, systems of Laplace's differential equations are solved to
numerically determine the field values. For a two-dimensional problem, the solution

to the problem of current distribution in the volume of the conductor is defined as:

_i_O0( 90\ O Op
"ax(yax}ay(yayj ©2

From Equations 2.1 and 2.2, it follows that the calculation of the Laplace
equation in a two-dimensional formulation allows to reduce the number of
calculations compared to the three-dimensional model.

Traditional methods of designing AC electric machines study the effect of
current displacement mainly in the asynchronous rotors of short-circuited machines.
Under starting conditions, current displacement to the air gap occurs in the rods of
the squirrel cage, and therefore the rotor winding is made with deep rods to increase
the starting torque of the induction motor. However, the effect of uneven current

distribution in traditional stator windings is not taken into account.The model
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assumes that the processes in the stator volume repeat cyclically both in space and
time, which allows the following differential equations to be used to describe the
distribution of the thermal field.

The finite element method is conveniently used to calculate the electromagnetic field
and heat sources of induction motors. For a two-dimensional plane model, the field
Is described by Eq:

Joo A+ V x (1 1t x A) —ovx (Vx A) :(#+ JgjezA: Ae,  (0.3)

J; - density of the external current;

Vv - velocity vector of the rotor elements;
o - electrical conductivity;

A- vector magnetic potential;

U, - magnetic permeability of the vacuum;

u, - relative magnetic permeability of the medium;

AV - potential difference applied to the conductor;
L - length of the conductor in the direction of the Z-axis;

o - circular frequency.

As boundary conditions, we assume that the magnetic potential at the remote

boundary of the computational domain is equal to zero:

A, =0 (0.4)

One of the tasks in the design of alternating current machines is to calculate
the limit modes to ensure the permissible temperature of the current-carrying parts
and cores of the stator and rotor [7-9]. To determine internal heat sources, the
electromagnetic problem in the rotor and stator conductor system is first solved. In
the active conductors of the rotor, depending on the slip, the current frequency
changes, which leads to a redistribution of losses in these conductors. The problem

of determining the heat sources in the conductors of the winding frontal parts is



24

considered separately. The absence of a closed magnetic circuit in the space near the
winding faces leads to a current density distribution pattern that differs from the
current distribution in active conductors. Even at low current frequencies, an uneven
distribution of current density is observed in certain sections of the daiquiri
windings. current density and, more importantly, in the distribution of the power

density of heat generation.
2.3 Methodology for modeling losses in electric motors

Steel losses are divided into two main components: magnetization losses and
eddy currents. They depend on the steel grade, thickness of the magnetic circuit
sheets, magnetization frequency, and induction. They are also affected by various
technological factors. The process of stamping magnetic circuit sheets produces a
flake that changes the structure of the steel along the edges of the teeth and increases
hysteresis losses. Eddy current losses increase as a result of short circuits of some
magnetic circuit sheets among themselves, which arise due to burrs formed during
the sawing of grooves, when groove wedges are hammered, due to excessive
pressing of the magnetic circuit and a number of other reasons [12, 13]. To combat
eddy currents, magnetic circuit structures are used that are shimmed in the direction
of eddy current flow. Accounting for losses in such a magnetic circuit design is a
non-trivial task.

In engineering practice, the semi-empirical formula is used to determine the

magnetization and eddy current losses with a sinusoidal magnetic flux curve

B
APLm = km (Apnm ] BZ (Lj mc’ (05)
m s 50

were k, — a correction factor that takes into account the increase in losses caused

by the technological process of core assembly, it is recommended to take a correction
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factor from the range k_ = 1,4-2 depending on the machine power, the geometry of

the steel parts (teeth, yoke), etc;

(—AP"'" j — specific steel losses per unit mass at 1 T induction and frequency
M Jyso

50 Hz;
B —is the amplitude value of induction;
f — frequency;

m, — Core mass.

Equation (2.3) is based on a simplified engineering approach that does not
include the division of losses into eddy current losses and hysteresis.

The main losses in steel in induction motors are calculated only in the stator
core, since the rotor magnetization frequency equal to f,=sf, (s - sliding, f; -
network frequency) in close to nominal modes is very small and losses in the rotor
steel are negligible even at high inductions.In addition, engineering calculations also
use an approach based on the Steinmetz equation [14]

AP, =AP +AP =k, f” +k f°B? (0.6)
were AP, —magnetization losses;

AP, — eddy current losses;

a, f -empirical coefficients (usually not integer) a, B lie within the range 2
<a<3, 1<B<3;

k,— is the correction factor for hysteresis losses,

k, - correction factor for eddy current losses.

Calculations and experimental data show a significant increase in losses with a non-

sinusoidal magnetic flux and significant saturation of the magnetic system, etc.
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To take into account these additional factors that significantly affect the result,
Equation (2.6) is supplemented by a third term, the so-called additional (excess)

losses:
AP, =AP +AP +AP =k f”+k f?B*+k f*°B*® (0.7)

were k., - correction factor for additional losses.

The energy consumed for magnetization is most often determined by the area
of the quasi-static hysteresis loop (Sh) and, for f cycles at the specific density of the
material, can be found by the formula

S, f

f
AP, =——@BdH ==, 0.8
= PBAH = 08)

The correction factor for eddy current losses can be calculated for a material with a
resistivity and sheet thickness Ast using the following formula:
k, = M (0.9)
6oy
The correction factor for hysteresis losses can be defined as
_Ap,, #°AT

k, = — : 0.10
" B2mf 60y (0.10)

were Ap,,, - specific steel losses (Wt/kr).

Accurate determination of losses by analytical methods is difficult due to the
complex distribution of magnetic induction across the machine cross-section.
Numerical modeling allows us to specify the magnitude and localization of these

losses.

2.4 Heat sources in electric motors
The conversion of electrical energy in electromechanical converters is

accompanied by irreversible heat losses. From the point of view of thermal stress,
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the most vulnerable part of electrical machines and apparatus is insulation. When
the permissible temperature value is exceeded, the insulation changes its structure,
as a result of which its aging is more intense and, with a further increase in
temperature, the insulation is completely destroyed, which can lead to a short circuit
and an emergency. Materials used as insulating materials are divided into several
groups depending on the maximum permissible temperature exceedance.[8] Heat
sources are the active structural elements - windings and, to a lesser extent, rotor and
stator magnetic cores - and the outer surface of the machine casing is the sink. From
the point of view of the thermal state of the machine, let's consider a segment of an

induction machine containing one stator slot and one rotor slot (pic. 2.1).

Figure 2.1 - Asynchronous motor segment:

1 — rotor winding; 2 - rotor magnetic circuit; 3 - stator groove insulation; 4 - stator
winding; 5 - machine body; 6 - outer surface of the body; 7 - surrounding air; 8 -
stator magnetic circuit; 9 - air gap; 10 - gap limiting surface; 11 - symmetry

surfaces

All the grooves are in identical thermal conditions. Let us assume that the heat
flow in the middle section of the machine is directed only in the radial direction -

from the rotor groove into the gap and from the stator groove to the housing and then
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to the environment. Axial heat dissipation through the shaft and rotor grooves is
neglected.

The main internal sources of heat in an electric machine are electrical losses
in the windings and losses in the steel of the stator magnetic circuit.

Electrical losses B m;-of the stator phase winding are determined by the active

resistance of the winding phase R1 and the square of the current value 1; [12, 13]:
Ap, =mI/R (0.11)

When modeling thermal processes, it is more convenient to use losses

calculated based on the cross-section of the winding slots:
b, = I’R= ’a*p = j2qpl = pj7l,5K, (0.12)
q

were p — resistivity of the wire material at operating temperature, Q-m;
j — current density, A/m?;
q — conductor cross section, m?;
I, - length of the conductor in the groove, m;

S — the area of the grooves, m?;

k, — coefficient of groove filling with copper.

To solve the heat field problem, the heat sources are given by the volumetric
density of heat emission Q, Wt/m?3, therefore, the losses calculated by formula 2.12

should be divided by the volume V, which is the source of heat generation.

Q:E: pj2k3|58 —
VLS

pi’k, (0.13)
The main magnetic losses of induction motor steel can be determined by the

following relations (2.7)—(2.13).

2.5 Thermal calculation of electric machines based on numerical
calculation methods
The method of thermal calculation of an electric machine is usually based on

solutions to the heat conduction equation. Since energy losses are released inside the
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structural elements of an electric machine, its temperature field is a field with
internal heat sources, and the thermal conductivity equation describing this field is
a nonhomogeneous equation [9-10].

The derivation of the differential equation of thermal conductivity is based on
the law of energy conservation, which in the case under consideration can be
formulated as follows: the amount of heat introduced into an elementary volume
from the outside during time due to thermal conductivity, as well as from internal
sources, is equal to the change in the internal energy or enthalpy of the substance
contained in the elementary volume:

dQ, +dQ, =dQ (0.14)
ne dQ, — is the amount of heat [J] introduced into an elementary volume by heat

conduction during time dt;

dQ, — is the amount of heat that has been released in an elementary volume
over time due to internal sources; dQ— The change in the internal energy contained

in an elementary volume over time .The amount of heat supplied by heat conduction

to the volume under consideration is equal to:

5
dQ, = _(aath ; aqty ; agtz jdxdydzdt, (0.15)

The distribution of heat flows is shown in the figure 2.2.

dﬂ; } dq.t’d.‘:

74 ENY
¥ dz |
®yedy dg, x

Figure 2.2 - Volumetric propagation of heat fluxes
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The second component of equation (2.14):
dQ, =q,dJdt, (0.16)

were g, - power of internal heat sources, [Wt/m].

The third term of the equation (2.14):

dQ:C\,%rdtdS:c\,paa—-trdtds, (0.17)

were C, - heat capacity per unit volume, (m3-K), ¢, - heat capacity per unit mass,

J/(kg-K); - density of a substance.

oT oq, 0d, oq

—=—] ==+ +—= |, 0.18
Yo [Gx oy | oz (0.18)

c,p O =—divg +q,. (0.19)

For a function u(Xx,y,z,t) of three spatial variables (x,y,z) and time t, the heat

conduction equation is

2 2 2
N _of U, 0u, U (0.20)
ot ox® oy° oz
i ou ’
For any coordinate system: i aVu=0, (0.21)

were « - is a positive constant, and a is the Laplace operator.

If we take into account the rate of heat propagation (i.e., consider it in dynamics),
then an additional term appears in the expression for the Fourier heat flux density:
q

q:—/igrad(l')—TrE (0.22)

The main disadvantage of this approach to analyzing the temperature field is
the uncertainty in choosing the thermal conductivity coefficients of the components
of an electric machine and the values of heat transfer coefficients.
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In order to clarify these parameters, the calculation is based on the application
of the laws of thermal conductivity, and the values of the coefficients of thermal
conductivity and heat transfer are determined experimentally on model installations.
At the same time, of course, it is necessary to operate with the concepts of average
values of heat conduction and heat transfer coefficients related to the machine as a
whole, or to large structural components [11].

The basic law of heat conduction defines the amount of heat that passes

through a surface dF in time depending on the temperature gradient and material

it

properties. p =0, then expression (2.22) will have the form

q=-Agrad(T) (0.23)
were A — thermal conductivity coefficient (thermal characteristic of the material),
[Wt/(m-K)].

The temperature gradient is a vector directed along the normal to the
isothermal surface in the direction of temperature growth and numerically equal to
the partial derivative of the temperature in this direction. The positive direction of
the gradient is the direction of temperature increase.

Consider the nature of the temperature change with wall thickness and the heat
flow through the wall. An infinitely large flat wall with a thickness of thermal
conductivity transfers heat at constant temperatures at the boundary T1 and T2

(boundary conditions).

2 2 2
g_aKaT T ale (0.24)

a oy? s

Under the conditions under consideration, heat can only propagate along the
x-axis, and the temperature field will be one-dimensional:

T

by o § 0.25
0°X (025)
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After integrating expression (2.24) and substituting T1 and T2, we obtain the
equation of the temperature field:

T :Tl_TZ

X+T,, (0.26)

o =X - wall thickness on the temperature side T2.

Heat flux density through a flat wall:

_ dT :/1(I'1—T2)’ (0.27)
dx )

%: R —thermal resistance of a flat wall.

The further solution is to consider the thermal substitution scheme, which uses
the analogy with Ohm's law for an electrical circuit. Thermal
resistances are extracted from simple geometric shapes into which the entire
electrical volume can be divided, the model of the electric motor.

Thermal calculation of an electric machine due to the complexity of the heat
flow pattern is performed under a number of assumptions. When choosing the
assumptions, it is taken into account that the calculation methodology, firstly, must
meet practical goals in terms of the accuracy of the results and, secondly, must
require a disproportionately large amount of calculation work. In addition, the
degree of accuracy of even the most mathematically precise calculation is no higher
than that achieved in determining the coefficients included in the calculation
formulas.

When considering the physical process of heat dissipation from the surface
and the effect of ventilation on the heat transfer coefficient, it turned out that instead
of the true, real dependencies determined from experience with schematic samples
of machine parts, simplified dependencies are usually taken, which have an accuracy

of about 5% relative to the true values of certain physical dependencies.
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2.6 Estimation of the influence of temperature dependence of parameters

on the properties of a thermodynamic model of an electric machine

Effect of temperature on heat capacity.

Figure 2.3 shows graphs of the specific heat capacity of copper, aluminum,

and iron in J/(kg-K) versus temperature (the points represent experimental data

[10]). This figure shows that the experimental points are very well approximated by

the equation of the form

C,, =at+b6o+c,

a,, b, Ta ¢, — constant coefficients, the values of which are shown in the table 2.1.
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Pucynok 2.3 — Graphs of the specific heat capacity of metals versus temperature: 1

- aluminum; 2 - iron; 3 - copper

Taomuug 2.1 — Coefficients of dependence of the specific heat capacity of metals on

temperature
Metal o (kg xK?) | b, I(kg<K?) c., J( kg <K?)
Copper -1,200-10* 0,1455 381,2
Aluminum -3,525-10* 0,5303 889,6
Iron 0 0,4200 435,7
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Copper 1,027 1,035 1,041
Aluminum 1,043 1,056 1,066
Iron 1,057...1,064 1,075...1,084 1,089...1,101

From the data in Table 2.2, it follows that taking the heat capacity of the
machine elements equal to the average value for the actual temperature range, we
ensure an error value not exceeding 5%, which can be considered acceptable in most
cases. However, in a multi-mass fuel cell, the temperature range of different nodes
differs significantly, which creates some uncertainty when choosing the above
average value.

Effect of temperature on thermal conductivity

Metals.

Copper. [10, 11] provide data on the thermal conductivity of copper,
according to which, with an increase in temperature from 300 to 400 oC, the thermal
conductivity of copper decreases by only 2.0% (from 401 to 393 W/(m-K)), which
allows us to consider it constant in the temperature range relevant for modeling
electrical machines.

Aluminum. The data on the thermal conductivity of aluminum given in [10,
11] show that with an increase in temperature from 300 to 400 oC, the thermal
conductivity of aluminum decreases by only 1.27% (from 240 to 237 W/(m-K)),
which also allows us to consider it constant in the temperature range relevant for
modeling electrical machines.Cast iron. The thermal conductivity of cast iron
depends on its chemical composition, but, according to [11], for ordinary cast iron,
when the temperature changes from 0 to 100 °C, it decreases slightly, within
3.6...5.1%.

Steel. The decrease in the thermal conductivity of electrical steel with
increasing temperature is much stronger than that of copper, aluminum, and cast
iron. It can decrease by 20...25% with an increase in temperature by 40°C. However,

accounting for this phenomenon when building a thermodynamic model is
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complicated by a number of factors. For example, the thermal conductivity of a steel
package can vary significantly along and across the rolled products: in the transverse
direction of the charge packages, it is significantly lower than along the sheet and
depends on the pressure of the sheet pressing [10]. Thermal conductivity also
depends on the steel grade [10]. For example, the thermal conductivity of steel

decreases significantly with an increase in the percentage of silicon [12].
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Figure 2.4 - Dependence of thermal conductivity of steel in 2013 on temperature
(marked: o - along the rolled products; o - across the rolled products; 1 - averaged
values)

The dependence of the specific thermal conductivity of steel on temperature

can be approximated by the following expression:
A =(a,0°+bO+c)™*
where the constant coefficients, for example, for the averaged values of the

specific thermal conductivity of steel in 2013 are equal to: o, =—1,321-10° ; b,
=2,634-10%; ¢, =1,869-102.
Air. The thermal conductivity of air increases almost linearly with increasing

temperature. Figure 2.5 shows the graphs of the dependence of the thermal

conductivity of air on temperature (the points show the experimental data from [10]).
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Figure 2.5 shows that the experimental points are very well approximated (standard
deviation 0.07%) by a linear function: 4, =7.078-10°6 + 0.0237.
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Figure 2.5 - Dependence of air thermal conductivity on temperature

Figure 2.5 shows that the thermal conductivity of air changes very
significantly in the temperature range relevant for modeling the TDM processes. The
thermal conductivity of air is included as a factor in the expression for calculating
heat transfer from the closed AP body, so the temperature dependence of this thermal
conductivity can have a certain effect on the steady-state temperature of engine
components. For blower motors, the influence of this factor is less significant, since
the heat transfer coefficient from the casing is determined by the blowing efficiency.
For closed electric machines that are not blown, the temperature dependence of the
heat transfer coefficient from the housing may play a more significant role, since the
analysis of the graphs of this dependence given in [7, 8] shows that when the housing
temperature increases by 60 °C, the change in the heat transfer coefficient can be
within this temperature range exceed 10% of the average value. This means that the
effect of increasing heat transfer with increasing temperature must be taken into

account when building the model.
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It should be noted that the heat flows from the motor winding to the cooling
air may include air spaces (e.g., air in the inner casing of a closed motor). However,
the resulting thermal conductivities through such paths will be influenced by the
thermal conductivities through the metal, which depend on temperature in different
directions from the air, thus partially compensating for the temperature effect.

Thus, the situation with regard to the temperature-dependent thermal
conductivity of an electric machine model is very complex. The thermal
conductivities of metals and air change in different directions with temperature. For
example, the thermal conductivity of metal structural elements tends to decrease
with increasing temperature, but to varying degrees depending on the material and
its processing, and the thermal conductivity of air, including heat transfer from the
surface to the environment, increases with increasing temperature. This
circumstance can be taken into account when building a sufficiently detailed model
for further numerical solution, but it cannot be “directly” taken into account in the
analytical study of the system of equations of this mathematical model, since it leads
to the appearance of a nonlinearity of the mathematical description of the TDM. It
is also difficult to take into account the temperature change of parameters when
constructing a model from a small number of elements, where elements with
different

2.7 Influence of temperature dependence of heat capacitances and

thermal conductivities on the calculation results

Influence of temperature changes in thermal conductivities on the steady-state
temperature of the fuel assembly. Figure 2.6 shows graphs of the calculation error
of the temperature excess of the thermodynamic model components as a function of
the relative value of the engine torque where, is the temperature excess of the fuel
assembly components, taking into account the temperature change in thermal

conductivities (the ambient temperature was assumed to be 20 °C); z,;, — Exceeding
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the temperature of the TDM elements, without taking into account the temperature
change in thermal conductivities (according to the average values of the temperature
range), - node number of the thermodynamic model. The temperature change in the
winding resistance was taken into account in both cases, the graphs were plotted for
an ambient temperature of 20 °C was taken into account in both cases, the graphs

were plotted for an ambient temperature 20 °C.

4 6 ‘ _ s |
0 0.25 0.5 0.75 1 M/M
Figure 2.6 - Calculation errors of the temperature exceedance of the
thermodynamic model components in steady-state mode (1 - winding lobes; 2 -

winding groove; 3 - stator; 4 - internal air; 5 - rotor; 6 - bed).

Figure 2.6 shows that in the temperature range that does not exceed the values
corresponding to the rated operating mode, the calculation error is not significant
and does not exceed 3%. From this, it can be concluded that in a thermodynamic
model focused on operating modes in which temperature deviations from the
average values are not large and the average values do not exceed those
corresponding to the nominal operating mode (), it makes no sense to take into
account the temperature change in thermal conductivity. At the same time, it should
be borne in mind that ignoring the temperature dependence of thermal conductivity

can lead to serious calculation errors at temperatures exceeding . Thus, when
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calculating the excess temperature of the frontal parts of the stator winding of the
4A100L4 motor at a load of 140% of the rated torque, taking into account the
temperature change in thermal conductivity, we obtain 195.8°C, and without taking
it into account 240.7°C. Taking into account the exponential nature of the
dependence of the winding insulation thermal aging rate on its temperature [12],
such a discrepancy should be considered unacceptable for the task of assessing the
thermal state of the motor.

b) The effect of temperature changes in heat capacities and thermal
conductivities on the TDM time constants. Working with different loads, the
components of the TDM have different temperatures. This affects the heat
capacitances of the components and the thermal conductivities between them, which
leads to changes in the time constants with load changes. Figure 2.7 shows the graphs
of the ratio of time constants TOj/Tj of the six-mass thermodynamic model of the
4A100L4 engine as a function of the relative value of the engine torque, Here, TOj
Is the time constant without taking into account the temperature dependence of heat
capacities and thermal conductivities; Tj is the time constant with the temperature
dependence of these parameters; j is the number of time constants in ascending order
of their value.

When calculating the time constants, we approximated the dependence of
thermal conductivities on temperature using the formulas and took into account the

composition of various materials in the thermal conductivity links.
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Figure 2.7 - Dependence of the relative values of the time constants of the
TDM on the load on the shaft (the numbers indicate the numbers of time constants

in ascending order of their value)

The analysis of the graphs in Figure 2.7 allows us to note that in the
temperature range not exceeding the value of , the error in calculating the time
constants is not large and only for the first and fifth constants approaches 10%, while
the first constant is associated with the heat capacity of the internal air, which is less
than 1 s and does not significantly affect the winding temperature dynamics. When
calculating processes in which the temperatures of the model nodes significantly
exceed the value of , it is necessary to take into account the effect of temperature on
the time constants due to the temperature dependence of heat capacities and thermal
conductivities, since the difference between Tj and TOj is significant for the three
largest time constants. Two of these constants (the fourth and fifth) have values that
are within the formal limit of the duration of the repeatedly short-term operation
mode, so the components of the solution containing these constants may change at

intervals of appropriate duration, affecting the accuracy of the modeling results.
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2.8 Development of the geometry of the motor model

To calculate the electrical and temperature characteristics of the AC motor, an

asynchronous squirrel-cage motor was selected. Its basic passport data is given

below.[14]

Frequency: 50 Hz

Rated power: 2.2 kW

Rated voltage: 220/380 V

Rated current: 4,56 A

Number of poles: 4

Room temperature: from -20 °C o +40 °C

Efficiency at rated load: 87 %

Power factor, at rated load: 0,8

Rated load speed: 1435 r/\VV

Operating temperature range: from -20 °C go +40 °C

To develop a motor model in the FluxMotor program, you need to draw
its geometry. The main dimensions of the stator and rotor are given
below

Main characteristics of the stator:

Axial length of the core: 120 mm

Diameters: outer (160 mm) and inner (100 mm)

Number of stator teeth: 36

Air gap thickness: 0.3 mm

Main characteristics of the rotor:
Axial length of the core: 120 mm
Diameters: outer (99.4 mm), inner (35 mm)

Number of rotor teeth: 28

Number of rotor teeth:

Conductor diameter: 0.75 mm
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e Winding type: concentric, combined pitch and single-layer Winding
steps: 1:8:10 / 1:8 Number of turns: 36
e Connection: star,
e Stator phase resistance: 1.91 ohms, at 20°C
The software must mathematically recognize the entire structure to be able to
perform the entire calculation process. To do this, a mesh must be created. This
allows the geometry of the motor to be discretized into small elements, at
intermediate nodal points, approximated by computational methods. Using
definitions such as deflection type, relaxation type, and point type, the software
automatically adjusts all sets of elements according to the size and complexity of the
faces, The geometry of the engine model and the partitioning mesh in two

dimensions is shown in Figure 2.8.

Figure 2.8 Finite element mesh of the electric motor model
The mesh is denser in the air gap area due to the need for greater accuracy in

the calculations.
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For electromagnetic modeling in the FluxMotor program, it is necessary to
assign the appropriate material to each element of the model geometry. For example.
To do this, it is necessary to enter their magnetic and electrical properties, as well as
their density. In the motor model, the coils are made of copper, the stator is made of
electrical steel, and the rotor rods are made of aluminum. The electrical and magnetic
parameters of the materials are shown in Table 2.3.

The modeling will assume that the moving part of the geometry is the rotor
and the air gap. All other elements of the model are fixed. This condition will allow

the program to correctly model the rotational motion of the model structure.

Table 2.3 Electrical and magnetic parameters of model materials

Copper

Relative magnetic permeability 1

Resistivity 1,72-108 Q-m
Density 8940, xr/m3
Aluminum

Relative magnetic permeability 1

Resistivity 2,7-108 Q'm
Density 2698, kr/m?
Electrical steel

Initial relative permeability 11368,21
Saturation magnetization 1,97, T
Resistivity 4,8-107 Q'm
Density 7650, kr/m?®

The following assumptions were made in the model construction:
1. The field in the engine core is plane-parallel, the field pattern in any cross-

section of the machine is the same.
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2. The field of the windings' frontal parts is not considered, the influence of
edge effects is not taken into account.
3. The currents in the motor winding vary in time according to a harmonic

law. The influence of time harmonics is not taken into account.

2.9 Conclusions to the section

1. It has been shown that in electric motors, the thermal and
electromagnetic fields are interconnected and directly affect their design. Among the
existing modelling methods, a numerical method for calculating the field based on
the finite element method was chosen.

2. The mathematical models for calculating electromagnetic and thermal
fields are presented, which allow determining losses in motors and temperatures of
its elements, both in the stationary and transient processes.

3. The analysis shows the importance of taking into account the
temperature change in winding resistance when constructing thermodynamic models
of electric machines. It is shown that the temperature change of the windings will be
insignificant within the cycle, but the average temperature level of the model nodes
will significantly depend on the fact of taking into account the temperature change
of the resistances. The temperature dependence of the thermal conductivities and
heat capacities of copper and aluminium can be ignored in most cases. Ignoring the
temperature dependence of the thermal conductivities of air and steel, as well as the
heat capacity of iron-containing engine components, can lead to significant
calculation errors.

4.  The geometry of the model of an induction motor with a squirrel-cage
rotor was developed in the FluxMotor software based on its passport data. A finite
element mesh was constructed and electrical and magnetic parameters of materials

were assigned to the model elements
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3.1 Preliminary calculation of motor parameters
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Since it is of interest to find the electrical and temperature characteristics of the

motor under nominal conditions, it is necessary to first find the slip value. Knowing

that this is a four-pole machine and its rated speed is 1450 rpm at 50 Hz, equations

(3.1) and (3.2) were used to calculate the rated slip. The result was approximately

0.0433, so this value will be used from now on.
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Figure 3.1 - Input current versus sliding

(3.1)

(3.2)

Q)

In Figure 3.1, the three-phase currents are presented as a function of slip,

where you can see that each phase starts with a high current value and drops while

the slip decreases. This high current value is completely normal because during

motor start-up, current values can reach approximately eight times the rated current
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value. They should be equal, but in the starting period they are not. This is due to
the random initial relative position between the rotor and stator. While the number
of stator teeth is 36 and the number of poles is 4, the number of rotor rods is 28,
which is not divisible by 3. This means that the rotor resistance per phase is different
for the three phases. While the motor is rotating, all current values tend to reach the
same value. When the rated condition is reached (at rated slip), you can see that the
current value is equal to the value on the motor nameplate (4.56 A).

Fig. 3.2 shows the curve of the mechanical torque as a function of slip, where
the rated operating point is indicated.

35
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Figure 3.2 - Dependence of mechanical torque on sliding

To make sure that the simulation results are close to the expected results, it
IS necessary to calculate the torque at the rated condition. For a nominal motor speed
of 1435 rpm, the mechanical power is 2.2 kW The calculated value was 14.64 Nm.

The change in mechanical power as a function of slip is shown in Figure 3.3,

along with the nominal condition point.
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Figure 3.3 - Dependence of mechanical power on sliding.
3.2 Calculation of losses

To calculate the temperature field, it is necessary to know the losses in the
motor. After analysing the results and determining the slip, it is necessary to focus
on the nominal slip point to calculate the losses in the conductors and the
magnetisation losses.

The stator coil losses are 158.21 W, which is the sum of the winding losses
of the three windings of the induction motor. The rotor losses are 55.43 W.

The software calculates stator and rotor losses using the Bertotti method. To
calculate them, the dependence of the specific losses on the magnetic flux is used.

Figure 3.4 shows this characteristic for rotor and stator steel.
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Losses W/Kkg

0 0,2 0,4 0,6 0,8 1 1.2 1,4 1,6
Magnetic induction, T

Figure 3.4 - Dependence of steel losses on magnetic flux

Losses in magnetic materials are defined as the sum of two types of losses:
hysteresis losses and eddy current losses. The results of the calculation of losses in

the steel are shown in Table 3.1.

Table 3.1 - Losses in the stator and rotor

Type of losses Stator, W Rotor, W
Hysteresis 19,184 0,008
Eddy currents 4,63 0,000
Total losses 23,814 0,008

3.3 Temperature calculation of the motor

This section presents the thermal results obtained from a two-dimensional

simulation. This thermal simulation lasted for 10,000 seconds (approximately 2
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hours and 47 minutes) and the initial temperature was set to 21°C. In order to better
understand the thermal behaviour throughout the process, some intermediate steps
are presented. Figure 3.5 shows the motor temperatures from the initial step (0
seconds) to the last step (10000 seconds). It can be seen that the rotor and stator
temperatures are the same at the beginning of the simulation; however, this starts to
change somewhere between 1000 and 2000 seconds. In other words, between these

values, the rotor starts to heat up more than the stator.
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Figure 3.5 - Thermal behaviour of the engine at a point in time: a) 0 s; b) 300 s; ¢)
600 s; d) 1000 s; €) 2000 s; €) 3000 s; f) 4000 s; g) 5000 s; h) 6000 s; i) 10000 s
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Below are more specific results on the thermal behaviour of the engine for
some of the simulation stages.

Figure 3.6 shows that after 600 seconds (10 minutes), the motor is still in the
process of initial heating, although the temperature has already started to rise. You
can now see that the rotor and stator temperatures are quite different. The lowest
temperatures are inside the rotor, near the shaft, and the highest temperatures are in
the stator coils, with a difference of about 3.5°C. The lowest stator temperatures are

observed in the outer part of the stator due to air convection.
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Figure 3.6 - Thermal behaviour of the motor after 600 s.

Figure 3.7 shows that by the time of 1200 seconds (20 minutes), the motor has
already doubled the initial temperature distribution. Although the stator coils have
the highest temperatures, the difference between them and the rotor rods is
decreasing. At this point, these temperatures are already about 0.5°C different. It can
also be seen that the temperature difference between the lowest and highest points

of the stator has increased.
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After 2000 seconds (33 minutes and 20 seconds), Figure 3.8 shows that the
rotor temperature has already exceeded the stator coil temperature due to the

influence of the rotor rods.
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After 6000 seconds (1 hour and 40 minutes), Figure 3.9 shows that the
difference between the rotor and stator temperatures continues to grow, at this point
being approximately 12°C. At this point, the motor temperature has almost

stabilised.
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Figure 3.9 - Thermal behaviour of the motor after 6000 s.

Figure 3.9 shows that the thermal behaviour of the engine has not changed
much since the previous step (6000 seconds).

Figure 3.10 shows the temperature field after 10000 seconds of simulation (2
hours, 46 minutes and 40 seconds), the motor temperature has already stabilised,

After reaching a stable operating point, it can be stated that the temperature
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difference between the rotor and stator is about 13°C and the difference between the

coldest and hottest points of the stator is about 5.5°C.

Temperature, °C

Figure 3.10 - Thermal behaviour of the engine after 10000 s.

3.4 Modelling motor operation in loaded mode

An important step is to simulate the behaviour of the induction motor with a
load connected. In this simulation, the motor will start at zero speed. The initial value
of inertia will be 0.00897 kg-m2. The value of the torque will change during the
simulation. First, the motor will start in idle mode (T = 0 N-m) and then increase to
the rated operating load (T = 14 N-m). This time dependence is shown in Figure
3.11.

Inrush currents can reach values up to about 8 times their nominal value, so
the initial values are expected (Figure 3.12).

After that, the current values decrease as the motor is running at no-load (T =

0 N-m). In this state, the current values are around 2.85 A, but this is the peak value.



54

The effective value can be calculated by dividing it by V2. The rms value of the no-
load current is therefore about 2.02 A.
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Figure 3.11 - Time dependence of the mechanical torque of the motor
40
30

20

10

0

Current, A

-10

-20

-30

-40
0 0,1 0,2 0.3 0.4 0.5
Time, s

Figure 3.12 -- Motor operating current
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At the 0.3 second time point, the mechanical torque increases and so does the
current, reaching the rated current. The value of the rated current obtained in the
simulation is 6.5V2 ~ 4.6 A.

As can be seen in Figure 3.13, the engine starts at zero speed, and then the
speed starts to increase until it stabilises at idle, at a speed of approximately 1499

rpm.
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Figure 3.13 Graph of the engine speed dependence

Starting from 0.3 seconds, the motor is operating under rated load conditions.
This means that the mechanical torque has increased, so the speed drops and
stabilises at 1435 rpm. This value is equal to the motor's nameplate value.

In the previous paragraph, the optimal slip value was determined to be close
to 1, so the initial mechanical torque reaches very high values. After that, in Fig.
3.14, you can see that this value drops to a very low value close to 0 Nm. At this
point, the motor is running without load. After 0.3 seconds, the motor starts to run
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under rated load conditions, and the expected mechanical torque value of 14 Nm can

be seen.
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Figure 3.14 Mechanical torque of the motor

The graph of mechanical power is similar to that of mechanical torque. Figure
3.15 shows that the mechanical power has a high value at the beginning and then
becomes zero at idle.

However, it has not yet stabilised, so some ripple can still be seen when the
motor is idling, although the value when stabilised will be approximately 90W.

After 0.3 seconds, the motor starts to run under rated load conditions, and as

expected, the mechanical power at this point is approximately 2.1 kW.
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Figure 3.16 Motor rotor temperature
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Figure 3.16 shows the motor rotor temperature curve obtained during the
simulation for 10,000 seconds. It can be seen that the temperature increases rapidly
during the first 1.5 hours. It reaches a value of 67 °C. Subsequently, the temperature

remains virtually unchanged and does not exceed 75 °C.

3.5 Conclusions to the section

1.  As a result of modelling and calculations, it was found that at the
nominal slip value s = 0.04, the current in the windings is 4.56 A and the mechanical
power is 14 N-m.

2. It is shown that the total losses in the motor are 158.21 W, of which the
hysteresis losses and eddy current losses are 23.8 W.

3. The temperature calculation showed that in the loaded mode, the
maximum rotor temperature does not exceed 80 °C. This temperature will not lead
to a change in the electromagnetic characteristics of the motor elements when it is

operated at an ambient temperature not exceeding 40 °C.
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4 LABOUR OCCUPATIONAL SAFETY AND SECURITY IN
EMERGENCY SITUATIONS

4.1 Effects of electromagnetic radiation on the human body

Electromagnetic radiation can be classified into two types: ionizing radiation
and non-ionizing radiation, based on the capability of a single photon with more than
10 eV energy to ionize oxygen or break chemical bonds. Ultraviolet and higher
frequencies, such as X-rays or gamma rays are ionizing, and these pose their own
special hazards: see radiation and radiation poisoning. The electric currents that flow
through power sockets have associated line-frequency electromagnetic fields.
Various kinds of higher-frequency radio waves are used to transmit information —
whether via TV antennas, radio stations or mobile phone base stations. By far the
most common health hazard of radiation is sunburn, which causes over one million
new skin cancers annually.

Before understanding electromagnetic radiation health effect to a human body,
one must know how body cells function. In a human body, there is subtle electrical
activity similar to electric circuits. This electrical activity controls vital bodily
functions such as growth, metabolism, thought and movement. Body electrical
currents are as critical to the well-being of human body as the flow of blood.
Disturbance in this electrical network can be devastating to the correct and effective
functioning of all organ systems, especially the brain. It is a health hazard and may
lead to development of cancer and other diseases.

Modern technology uses a lot of electrical and field energies. Mobile phones,
phone masts, power lines, wireless networks are all human technologies that involve
field-effects. All these technologies use the electromagnetic spectrum. All energy,
in fact, exists somewhere on that spectrum, including visible light, micro waves, and
dangerous high-energy gamma radiation. Some people fear the effects of

electromagnetic radiation on the human body.
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There are some possible effects of Electromagnetic Fields (EMF) on Human
Health under worst case conditions, i.e. at the highest power level, e.g., 2 W peak
power. Maximum local SAR values averaged over 10 gram of tissue range typically
between 0.2 and 1.5 W/kg, depending on the type of mobile phone. It has to be taken
into account that the emitted power is often orders of magnitude lower than the
maximum power leading to much lower exposure due to power control and several
industrial appliances are operated in the RF and microwave range, for example for
heating. The exposure of the worker operating such systems can reach values close
or even above the limits.

Effects no a human body: human bodies are sensitive to even weak
electromagnetic radiation. For example, low frequency electromagnetic radiation
can affect a body's circadian rhythms. It affects the production of melatonin
hormone, which is produced by brain's pineal gland. Melatonin is a hormone that
regulates the biological rhythms of mammals. Research done at Battelle Pacific
Northwest Labs has documented that prolonged exposure to electromagnetic
radiation causes reduced melatonin secretion. Reduction of melatonin level threatens
your health and can result in psychiatric disorders like depression, shortened
attention span and inability to sleep. Decreased melatonin production can also
increase the permeability of "blood-brain barrier”, leaving a person even more
vulnerable to chemicals toxic effects. Blood-brain barrier is a kind of safety barrier
nature has provided human being to prevent dangerous molecules from entering the
brain and causing damage.

A human body is protected by Blood-brain barrier: When a person is
exposed to chemicals that find its way inside your bodies, two protective
mechanisms are utilized. Melatonin neutralizes the free radicals (cancer-causing
agents) created by the chemicals. And the blood-brain barrier prevents chemicals
from entering the brain and spinal cord. Exposure to electromagnetic radiation

breaks down the blood-brain barrier and hinders this protective mechanism.
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Table 4.1 - Typical sources of electromagnetic fields

Frequency | Frequencie | Field source Examples of maximal
range S intensities
Static 0 Hz Natural - 70 uT
VDU (video displays)
MRI and other - 1T inthe tunnel; 200 mT at
diagnostic / scientific the gate; < 0.5 mT outside
instrumentation the device room 10-30 mT
at the level of the feet
Industrial electrolysis
Extremely | 0-300 Hz | Powerlines - 10-20 uT under the line, or
low 50 Hz 10 kV/m
frequency
(ELF): Domestic distribution |- <0.1-0.2 uT (microteslas)
in the room
Electric engines in - 50 uT and 300 V/m
cars, train and tramway
Intermediate | 300 Hz — | Typical examples are:
Frequencies | 100 kHz VDU, anti-theft - 30tomax 700 nT
devices 10 V/m
in shops, hands free
access control systems,
card readers and metal
detectors
Radio 100 kHz — | Broadcastingand TV; |- W/m?
Frequency | 300 GHz mobile telephony
microwave oven - 0.5 W/m?
Radar, portable and - 0.2 W/m?

stationary radio
transceivers, personal
mobile radio.
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It will also affect the permeability of cell membrane of a person’s nerves,
blood vessels, skin, and other organs. The intricate chromosomes DNA has also been
shown to be affected by electromagnetic field. And iron, necessary for healthy blood
and is stored in brain, is highly affected by electromagnetic radiation too.

Although electronic devices and the development in communications makes
the life easier, it may also involve negative effects. These negative effects are
particularly important in the electromagnetic fields in the Radiofrequency (RF) zone
which are used in communications, radio and television broadcasting, cellular
networks and indoor wireless systems. Along with the widespread use of
technological products in daily life, the biological effects of electromagnetic waves
has begun to be more widely discussed. The general opinion is that there is no direct
evidence of hazardous effects on human health incurred by low-frequency
radiofrequency waves. Studies at the cellular level, which uses relatively higher
frequencies, demonstrate undesirable effects. In recent years there are a lot of studies
about effects of EMF on cellular leve I; DNA, RNA molecules, some proteins, and
hormones, intracellular free radicals, and ions are shown.

Particularly, the dramatically increasing number of mobile phones users rise
significant concerns due to its potential damage on people exposed by
radiofrequency waves. There are increasing number of in vivo, in vitro, and
epidemiologic studies on the effects of mobile phones, base stations and other EMF
sources in last decade.

Epidemiologic evidence compiled in the past ten years starts to indicate an
increased risk, in particular for brain tumor, from mobile phone use. Because of
mobile phones used close the brain tissue, electromagnetic waves affects it the most.
The magnitude of the brain tumor risk is moderate.

A literature search on ‘mobile phone use and cancer ‘in PubMed lists 350
studies. More than half of all of these studies is related to brain tumors. At present,
evidence for a causal relationship between mobile phone use and brain tumors

relies predominantly on epidemiology, in particular on the large studies on
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this subject. However, the etiopathogenesis of this causal relationship is not clear.
The absence of this clear etiology even raise doubts about the cause itself. Weak
evidence in favor of a causal relationship is provided by some animal and in vitro
studies, but overall, genotoxicity assays, both in vivo and in vitro, are inconclusive

to date.

4.2 Causes of electrical, voltage step

When a fault occurs at a tower or substation, the current will enter the earth. Based
on the distribution of varying resistivity in the soil (typically, a horizontally layered
soil is assumed) a corresponding voltage distribution will occur. The voltage drop in
the soil surrounding the grounding system can present hazards for personnel
standing in the vicinity of the grounding system. Personnel “stepping” in the
direction of the voltage gradient could be subjected to hazardous voltages. In the
case of Step Potentials or step voltage, electricity will flow if a difference in potential
exists between the two legs of a person. Calculations must be performed that
determine how great the tolerable step potentials are and then compare those results
to the step voltages expected to occur at the site. During an interruption relation to
the ground (ground fault), an electric current flowing through the grounding system
to ground rod or other grounding system (the metal structure, grounding wire) and
returned to the source of electrical power. The possibility of electric current flow
can occur along the ground at a certain distance around the point where the ground
gets reinforcement or into voltage. Electrical current will follow in the section
closest to the fault current drain conductors.

Voltage step (step potential) caused by the flow of fault current through the
ground. The closer the personnel with a ground rod or a grounded device, the greater
the concentration of flows and the greater the voltage or electric potential. The flow
of electrical current creates a voltage drop (voltage drop) because of the electric

current flowing through the ground and the person or personnel maintenance stand
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with wide footfall such as shown in Figure 1.6, becomes part of the bridge of a

voltage drop that creates a path parallel to the flow of electric current,

Fault Duration

Surface

Graund Netwatk

Figure 4.1 - The Step Voltage by a personnel maintenance

The larger the width of footsteps personnel, the greater the voltage difference
Is perceived by the personnel. To protect themselves or to avoid danger to personnel
exposed to a voltage step that is being worked on equipotential zone, can do the best
defense is simple: always be wary of any step voltage.

Hazardous Step Potentials or step voltage can occur a significant distance
away from any given site. The more current that is pumped into the ground, the
greater the hazard. Soil resistivity and layering plays a major role in how hazardous
a fault occurring on a specific site may be. High soil resistivities tend to increase
Step Potentials. A high resistivity top layer and low resistivity bottom layer tends to
result in the highest step voltages close to the ground electrode: the low resistivity
bottom layer draws more current out of the electrode through the high resistivity
layer, resulting in large voltage drops near the electrode. Further from the ground
electrode, the worst case scenario occurs when the soil has conductive top layers and
resistive bottom layers: in this case, the fault current remains in the conductive
top layer for much greater distances away from the electrode. Fault clearing time is

an important factor to consider as well. The more time it takes the electric utility
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company to clear the fault, the more likely it is for a given level of current to cause
the human heart to fibrillate.

An important note to remember is that most power companies use automated
re-closers. In the event of a fault, the power is shut off and then automatically turned
back on. This is done in case the faults occurred due to an unfortunate bird that made
a poor choice in where to rest, or dust that may have been burned off during the
original fault. A few engineers believe that Fibrillation Current for Step Potentials
must be far greater than Touch Potentials, as current will not pass through any vital
organs in the former case. This is not always true as personnel that receive a shock
due to Step Potentials may fall to the ground, only to be hit again, before they can

get up, when the automatic re-closers activate.
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GENERAL CONCLUSION

1. It has been shown that in electric motors, the thermal and electromagnetic
fields are interconnected and directly affect its design. Among the existing modeling
methods, a numerical method for calculating the field based on the finite element
method was chosen.

2.The mathematical models for calculating electromagnetic and thermal
fields are presented, which allow determining losses in motors and temperatures of
its elements, both in the stationary and transient processes.

3.The analysis shows the importance of taking into account the temperature
change in winding resistance when constructing thermodynamic models of electric
machines. It is shown that the change in the winding temperature will be
insignificant within the cycle, but the average temperature level of the model nodes
will significantly depend on the fact of taking into account the temperature change
in resistance. In most cases, the temperature dependence of the thermal
conductivities and heat capacities of copper and aluminum can be ignored. Ignoring
the temperature dependence of the thermal conductivities of air and steel, as well as
the heat capacity of iron-containing motor elements, can lead to significant
calculation errors.

4.The geometry of the model of an induction motor with a squirrel-cage rotor
was developed in the FluxMotor program based on its data sheet. A finite element
mesh was constructed and electrical and magnetic parameters of materials were

assigned to the model elements.
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