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Abstract

Of all the electrical energy generated in the world, electric motors are responsible
of about 40% of the total consumption and the induction motor is the most po-
pular machine. Focusing on efficiency remains essential to contribute to the energy
waste solving. It denotes the utilization of the major amount of electricity and the
reduction of the losses in the energy conversion process happening in the induction
motor. This losses reduction means savings in both, energy and money, having also
a strong environmental impact with the reduction of C'O, emissions.

This thesis presents a work developed to attempt the stator copper losses reduc-
tion in an induction motor. To achieve this, a thermal experiment was designed,
where three different insulation arrangements were tested to obtain a temperature
rise comparison and with this, obtain and analyse the resistance in function of
the temperature. Results demonstrate that the resistance decrease could not be
achieved, nevertheless, the experiment and analysis provide a background for further
work to be done in order to reduce the stator copper losses with the implementation

of a different insulation materials.
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Chapter 1

Introduction

In the recent years, the theme of energy has been growing concerns and interests,
both economical and environmental. Greenhouse-gasses emission are having a clear
negative impact on climate change and, accurately indicated, the majority of those
emissions are due to electricity production [1]. Nowadays, there exist several rota-
ting electrical machines types but induction motors represent the vast majority in the
electrical machines market and are responsible for most of the electricity use [2,3].
As mentioned by Wang in [4], an estimate of 7200 TWh of electricity are consumed
by electric motors per year, representing between 30-40% of the total electricity
consumption [5]. It is necessary to emphasize that this percentage represents electric
motors applied in several machine types such as pumps, fans, presses, elevators and
centrifugal machines. These are clear examples of essential mechanisms to numerous
industrial, transportation, agriculture and commerce processes [6].

Electric motors have primary functional parameters as output power, speed and
torque [5]. But also efficiency is a highlighting property, which refers to how well the
energy conversion is performed. The term “efficiency” refers directly to the losses
in the different parts of the motor during the electromechanical process; reduced
losses lead to greater efficiency [7]. Nevertheless, it is impossible to reach 100% of
efficiency because energy loss will always be there in its different manifestations as
copper losses, core losses, windage and friction.

By studying the losses distribution in an induction motor, it has been inferred

that the energy loss in the stator represents the major percentage throughout the

1
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energy conversion process, from the input to the output [7].

Hence, this research is focused on the the stator losses, attempting to decrease
them by the implementation of a reduction technique, same that has been selected
through a qualitative evaluation, taking into account the loss reducing potential, the
feasibility for series production and also the cost rise [8]. Considering the mentioned
advantages, the loss reduction technique developed and worked in this research is
the implementation of a new insulation material for winding copper wire with the
aim of improving heat transfer and reducing winding temperature.

High-efficiency motors offer an increased level of reliability and their maintenance
requirements are low, which are important advantages in industry [9]. Energy ef-
ficiency started being an important concern in the middle of 1970, when electricity
prices started increasing rapidly [10]. That was when motors manufacturers started
the energy-efficient motors production. They realized that it was necessary to op-
timize design, implement higher-quality materials and better electric and magnetic
circuits [10]. Contributing to this optimizations and proposing an order to clas-
sify motor efficiency, the International Electrotechnical Commission developed TEC
60034-30-1, a standard that classifies electric motors by their nominal efficiency, tak-
ing into account the motor power, frequency, number of poles and synchronous speed
[11]. Nowadays, the present commercial induction motors efficiency percentages go
from 31% to 96.8%, thus, working to improve electric motors efficiency represent-
ing a clear opportunity to take in order to reduce energy losses, increase savings
in electricity consumption resulting also helpful to reduce energy costs, playing an

important role in a sustainable energy future development.

1.1 Research Aims

Recently, numerous works and research have been developed in electric motors in
order to improve the energy efficiency of machines. By achieving this improvement,
it would be possible to save important amount of electrical energy consumption.
Different loss reduction methods as new materials application, new production tech-

niques and cooling improvement have been worked and it has been demonstrated
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that the energy saving has been achieved. It clearly represents a huge impact in
sustainable future development, therefore, it would be an indispensable requirement
to present an economic evaluation, being possible to do calculations to obtain the
cost of ownership and the life cycle savings, also obtaining the payback time of the
investment to the energy-efficient motor [7].

This research aims at the design and test of a technique with high likelihood to
be applied in a stator to support the development of more efficient induction motor.
To achieve this, the induction motor will be studied including its variables of speed,
resistance and temperature, but focusing specifically on efficiency and losses in order
to set the reference for the oncoming changes.

The central purpose of this thesis is to test different stator insulation arrange-
ments and evaluate the performance of a proposed insulated wire. An experimental
thermal test will be developed to validate the proposal of the new insulating ma-
terial, PEEK, which is a thermoplastic owning optimal thermal properties such as
excellent thermal conductivity, high operating temperature and chemical resistance
[12]. Thermal measurement will be developed in a simulated winding, supplying
electric power until thermal steady-state is accomplished. Furthermore, changes in
the temperature measurement will be analysed as well as the influence in the re-
sistance value, utilising the obtained temperature data to work out the resistance
function in the three different cases. Finally, with the obtained results, it will be pos-
sible to define the performance of the proposed insulated wire in the stator winding
resistance reduction and be able to suggest the possibility to increase the efficiency
of an induction motor by applying the tested changes.

To conclude, with the results obtained, it will be possible to discuss the energy
saving potential, the significant reduction on energy consumption and the enormous
environmental, technological and economic impact that working on more efficient

induction motors may represent for the present and the future of energy.
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1.2 Thesis Structure

This thesis comprises 5 chapters including the theoretical and experimental phases
of the stator winding simulation in order to compare the resistance rise in winding
wires with the application of three different insulation arrangements in order to
validate the implementation of the proposed wire to achieve temperature decrease.

Chapter 1 addresses the introduction to energy efficiency in induction motors,
providing information of the impact that energy efficiency may have in technical,
economical and environmental aspects.

Chapter 2 provides the theoretical background of induction motors, energy effi-
ciency, losses and the existing standards that manage the present induction motor
market. An energy economics analysis is also presented where the overall life-cycle
cost of the induction motor is evaluated.

Chapter 3 presents the loss reduction techniques to be worked in search of ef-
ficiency rise. In this chapter the theory of losses, resistance and temperature is
developed, as well as the different types of insulation in induction motor stator
winding. The experimental work to be developed will be described here and the
system will be fully presented.

Chapter 4 contains the experimental system definition, temperature simulation
and the results of the experimental work. Here, the analysis is presented in order to
compare and discuss the resulting evidence.

Chapter 5 points out the conclusions and summarises the accomplishments and
contributions of this work. Here, future work is also suggested with the possibility

of complimenting this research.



Chapter 2

Induction Motor Efficiency

An induction motor is a machine that transforms electrical energy into mechanical
energy. It is based upon the application of Faraday’s Law and the Lorentz Force
on a conductor which explain that when an AC current is supplied to the stator
winding it induces an electromagnetic force (EMF) in the rotor, as per Lenz’s law,
generating then, another set of electromagnets; it is here where the name comes
from. The induction motor, shown in Figure 2.1, requires the interaction between
the rotating part and the stationary part: rotor and stator. Rotor sits inside the
stator with a carefully engineered gap between the two, the air gap [13]. When a 3-
phase AC current passes through the stator winding, it produces a rotating magnetic
field (RMF) which is the fundamental principle of operation of AC machines. The
rotor and the stator are connected by the magnetic field that crosses the air gap;
this interaction between magnetic fields generates twist force or torque causes the
rotor to turn at a speed that depends on the speed of rotation of the magnetic
field [13,14].

The speed of the magnetic field in revolutions per minute (rpm) is determined
by Equation 2.0.1. Synchronous speed is ng or ws, where f stands for the electrical
supply frequency (Hz) and p is the number of poles present in the stator.

_ 120

ns 2.0.1
» (2.0.1)

orn, 4
w, = 2 _ 4TS (2.0.2)
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Figure 2.1: Three-phase Induction Motor

Rs Ls Ry Lg

Figure 2.2: Equivalent Circuit of an Induction Motor

In Figure 2.2 the equivalent circuit of an induction motor is presented, where
R, represents the stator resistance, L, the stator inductance, and I, the stator
current, Rye is the resistance because of eddy current losses and L, is the stator
magnetizing inductance. Then, R, is the rotor resistance, L, is the rotor inductance
and RR(%?) is the variable resistance of the rotor. These parameters are the base
to determine the input current, speed, efficiency, power factor, starting torque and
maximum torque, defining the motor performance as it can be observed in the motor
nameplate presented in Figure 2.3 and also by estimating induction motor circuit

parameters, motor efficiency under different operation can be evaluated [4].
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Figure 2.3: Nameplate on an Induction Motor
2.1 Energy Efficiency

Motors are part of the essential machinery in industrial sector as they represent
the power, movement and production in the innumerable industrial processes and
counting on with motors with high-class performance plays a promising point to
focus. In industry, energy conservation and efficiency of machinery have become
highly relevant as it contributes in the search of energy and money saving [15].
Thus, replacing standard efficiency class motors for a higher efficient one could have
numerous positive economic and environmental changes, for industry and out of the
sector and as stated in [5] substantial saving in electricity reductions could lead
in the the greenhouse gasses emissions reduction, contributing with this to mitigate
the climate change derived of the electricity production [15].

Energy efficiency refers to the real power achieved with the demanded energy
and the higher that ratio is, the lower the misspent energy. In an induction motor,
efficiency is defined as the ratio of output power to input power, in other words,
mechanical output to electrical input, as expressed in Equation 2.1.1

Pout

— 2.1.1
"= (2.1.1)

Whenever a machine transforms energy from one form to another, there is always

certain loss and results important to analyse and study power losses because it gives

a clue as to how they may be reduced [16,17]. Higher efficiency levels lead to lower
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losses. In Figure 2.4, a power flow diagram is presented, where the energy loss is

typified through the motor process.

Fy
Air Gap Power
1 1 Mechanical Power Developed

P

p; P,
Electrical Power Mechanical Power
Input Pstray Output

Pry (Stray
p (Friction, losses)

\4 ReL windage)
Peor (Rotor Copper &
(Core Losses) Losses)
Pscy
(Stator Copper
Losses)

Figure 2.4: Power Flow Diagram
As presented in Figure 2.4, there are five different types of losses [1]:

e Stator copper losses: Pscr, these represent the energy loss produced when
the current passes through the stator windings, this generates heat and sub-

sequently, the temperature of the motor rises [18],

e Rotor copper losses: Pgrcr, these are the losses produced when the current

passes through the rotor bars [18],

e Core losses: Pcoorp, magnetic losses occurred in steel components know as

Eddy currents,

e Windage and friction losses: Py, mechanical rotational losses due to the

friction and windage,

e Stray load losses: Psrgray, also called additional losses result of the leakage

fluxes through the resistance and appear when the motor operates under load.

The efficiency in a motor is also affected by load, rated power and speed: when

loads differs from the rated load, there’s a negative change in efficiency, on the
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Figure 2.6: Speed vs Motor Efficiency [1]

other hand, efficiency of motors increases with rotation speed until reaching peak
efficiency, as it can be appreciated in Figures 2.5 and 2.6 [1].

Another essential factor to emphasize is that the number of poles and the size
of the motor affect the efficiency and delimit the importance of the five different
types of motor losses, as it can be seen in Figure 2.7. It results interesting to
note that in small-medium induction motors, I?R losses are noticeably dominant.
Frequency also affects directly to losses and, as mentioned in [5], the efficiency of
60 Hz induction motors is between 0.5 and 2.5% greater that the efficiency in 50 Hz
induction motors, depending of the motor size. Regarding to the output power, it
is 20% higher in 60 Hz motors although windage, friction and iron losses increase
with frequency [5]. Therefore, most of them develop a better efficiency at 60 Hz
compared to that at 50 Hz, becoming easier to reach a higher efficiency when the
motor is designed for and operated at 60 Hz instead of at 50 Hz [5].

As mentioned before, calculating the efficiency is mainly related to finding the

total losses, thus, it can also be expressed as presented in Equation 2.1.2:
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Pin - Ploss
P;

where P, represents the input power and P, denotes the overall power losses

n= (2.1.2)

occurred within the induction motor process.

100%
90%
80%
70%
60%
50%
40%

Loss Fraction (%)

30%
20%
10%

0%
0.75 1.5 3.7 7:5 15 22 37 55 90 160
Rated Power (kW)

Figure 2.7: Losses as a Function of Rated Power

In Figure 2.7, losses distribution can be appreciated. As it may be observed, sta-
tor copper losses dominate the overall power loss, particularly in small and medium
sized induction motors [2,10]. Stator copper losses account for 25-55% of the overall
losses, rotor losses account for about 20% and core losses account for about 20-25%
[19]. These copper losses are also called resistive losses or Joule losses and, as men-
tioned in [7], they increase proportionally as the temperature rise increases the

resistance of the winding. Stator resistive losses per phase are obtained as follows:

Pscr, = IZRs (2.1.3)

Where Ig and Rg are the stator current and resistance respectively. The total

stator copper losses in an three-phase induction motor will then be:

Prscr = 3I:Rs (2.1.4)
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Stray, friction, windage and converter losses are small enough to be negligible,
thus Equation(2.1.5) describes the total power losses per phase [20].

2

Vin
Boss,Total - ]sst + ITQRT' + R (2].5)

Hence, Equation (2.1.2) could be expressed as:

2
P — (I’Rs + I°R, + %2-)
2

n= (2.1.6)

2.2 Induction Motor Thermal Analysis

During the operation of the induction motor, the heat generated losses (iron losses,
stator copper losses and rotor losses), as described in 2.1, affect the efficiency and
performance of the induction motor, and these losses can increase the temperature
to a limit even larger than the allowable operating temperature, which causes some

important problems as presented below [18]:

Raising the resistance of the stator winding, and consequently increasing the

I? R losses.

Thermal stresses which may exist in the rotor end rings and bars where most

probably a motor breaks down.

Raising the temperature of stator winding insulation, and subsequently the

turn-to-turn or turn-to-ground short-circuit may occur.

Increasing the temperature rise which has a direct effect on its useful service

life [18].

Demanding a rise in the torque or a reduction in the stator frequency can be a
significant reason for the current to be increased. This turns out into a temperature
rise which means the increasing in stator copper losses and rotor bar losses [21,22].
As a result of these internal processes, the end winding and rotor bars remain the

hottest sections in induction motors [18].
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To illustrate temperature rise at the different parts of the induction motor, the
lumped-parameter method has been used for a very long time [7]. This model
divide the motor geometry due to its different losses and is build based on the main
directions of the heat flows. Thus, in this research, stator model is represented by
the slot winding and the end windings, including also the stator core. This model
is presented in Figure 2.8.

This longitudinal model pictures the cross section of the induction motor stator.

The parts are indicated as follows:
1. Stator slot
2. Stator core
3. Left endwinding

4. Right endwinding

Figure 2.8: Longitudinal Cross Section of Stator

Figure 2.9 is presented to appreciate and comprehend the stator parts in an

induction motor.
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Figure 2.9: Stator Parts

Then, in order to analyze the heat flow and the internal temperatures distribu-
tion, a thermal equivalent circuit is developed [23]. Here, each element of the model
is represented by a node in the circuit [18]. Resistive losses, iron loses, windage losses
and frictional losses are presented by individual heat flow sources and the thermal
resistances of iron cores, insulation and the frame are given as resistances [24].
Pyrhonen presents in [7] a thermal equivalent circuit of a typical electrical machine.

It can be observed in Figure 2.10

Figure 2.10: Electrical machine thermal model
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Based on this, Figure 2.11 represents the stator thermal equivalent circuit an-
alyzed in this thesis, where the nodes represent the heat sources generated in the
stator due to the losses. As mentioned in [25], in each node of the circuit the thermal
capacitance of each element is implicit, and, R1 — R6 represent the thermal resis-
tances which are connected between each two neighbouring nodes. This thermal

resistance impedes the heat transfer from one component through the other.

Ambient

R1

Core

R2

R3 R4
Left end Right end
winding winding
Stator
winding
R5 R6
Ambient Ambient

Figure 2.11: Thermal Equivalent Circuit

The components on this circuit keep their properties as constant, since the only
element to be analyzed in the experiment are the windings and their different insu-
lation characteristics. Resistances stated in this circuit are the only element to be

analyzed in the experimental section of this thesis.
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2.3 Efficiency Standards

Global electricity consumption is boosting as technology is being developed. There-
fore, it turns essential to increase efficiency of the used energy. Standards of electric
motors have the purpose of attempting to specify the performance in the indus-
try of three-phase induction motor, which constitute the large majority of motors
over 0.75kW, and, consequently, are responsible for most of the motor electricity
consumption [26]. Some of those standards will be presented in the chapter.

Standards aim to achieve the harmonization of the different requirements for
induction motors efficiency levels around the world, including efficiency testing and
classification and they remain essential to support successfully a global motor market
transformation, meaning a strong impact on the electrical energy consumption in
the world, mainly in fast developing countries [5].

Motor efficiency levels started to grow in the early 1980’s and there were not
standards for efficiency levels. Nowadays, there exist many different energy efficiency
standards for induction motors. The first cited example is the Energy Policy Act
in USA (EPAct) which dictates that three phase motors between 1-200 HP must
obey NEMA MG-1 standard [27]. National Electrical Manufacturers Association
(USA) started to define energy efficient levels on the early 90’s and by 2001 the first
NEMA premium efficiency standard was established. The European Committee
of Normalisation in Europe, Canadian Standards Association establishes motors
regulations in Canada, Japanese Industrial Standards in Japan, Guobiao in China
and also several regulations that are being developed attempting to cover general
characteristics such as duty and rating, service and operating conditions, limits of
temperature rise, vibration, dimension, noise levels, enclosure, methods of cooling
and efficiency [13].

Nevertheless, it resulted really complicated for the induction motor manufactu-
rers to cover the global market and satisfy regulations and laws all over the world.
For these reasons, the International Electrotechnical Commission, whose objective is
to promote international cooperation on all questions concerning standardization in
the electrical, electronic and associated fields, developed in November 2008 the IEC

60034 in order to harmonize the differences and create a competitive electric motor
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transformation, integrating 0.75-70 kW motors, including different supplied voltages
and frequencies [4,5]. After that, Standard IEC 60034-30-1 included specification
of the classes for fixed- and variable-speed electric motors that have a rated output
from 0.12 kW to 800 kW.

The class designation defined by IEC consists of the letters “IE” as short for
“International Energy Efficiency Class” and followed directly by a number, 1-4, re-
presenting the classification. Standard IEC 60034-30-1 developed a full classification
of motor rated from 2, 4, 6 or 8 poles and 50Hz or 60 Hz presenting tables with
nominal efficiency limits percentage for classes IE1, TE2, TE3 and 1E4 as it can be
observed in Figure 2.12. This graph was produced to illustrate the data presented
in Standard TEC 60034-30-1.

IEC Efficiency Classes
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Figure 2.12: IEC Efficiency Classes

The nominal limits of efficiency classes are fully presented in IEC 60034-30-
1:2014. Standard 60034-2-1 also establishes the methods for determining losses and
efficiency from tests applying to induction machines of all sizes within the scope of
IEC 60034-1.

After the implementation of IEC standards, the rated efficiency and IE class

must be clearly indicated on the motor rating plate, specified next to the frequency
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rating as there are motor working with both, 50 Hz and 60 Hz as presented on
Figure 2.12 [5].

The existing induction motor market, principally in developed countries, is cur-
rently moving towards classes IE3 and IE4 as a result of the global effort of working
in the use of efficient products reduction of energy consumption and CO, emis-
sions [9,27]. For these reason, establishing minimum energy performance standards
(MEPS) is a powerful tool to force electric motor market to that needed transforma-
tion [5]. Nowadays, the governments establish their minimum efficiency performance
standards in every country based on IEC standards; IE3 is mandatory in the USA
since 2011, IE2 in China since 2011 and IE3 in the European Union countries since
2015 [2]. Nevertheless, they could be changing as higher efficiency classes are being
introduced [28].

Enforced regulations are being adopted worldwide to accelerate the motor market
transformation toward Premium/IE3 and Super Premium/IE4 efficiency classes [9].
Minimum energy performance standards seem also essential to remove inefficient
motors from the market and to support energy-efficient models which are actually

cost-effective on a life-cycle basis [5]. Table 2.1 summarizes IEC efficiency classes.

Class Name

IE1 Standard Efficiency
1E2 High Efficiency
IE3 Premium Efficiency

IE4 | Super-Premium Efficiency

IE5 | Ultra-Premium Efficiency

Table 2.1: IE Code

Currently, class IE5 has been introduced, but, as presented in [5], there is
not sufficient market and technological information available to establish neither a
mandatory [E4 standardization. However, the levels of the IE5 efficiency class whose
goal is to reduce the losses by 20% relative to IE4 are predicted to be incorporated
into the next edition of the IEC 60034-30 standard [28].

Even though a higher efficiency induction motor means a higher investment, they
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offer an increased level of reliability. As Ferreira indicates on [7], higher efficiency
motor offers numerous benefits on life expectancy, lower harmonic losses and tole-
rance to voltage unbalance. These motors also reduce maintenance requirements
and several economic advantages compared with standards motors and, as specified
in [27], high efficient motors can pay for they additional cost within 2-4 years.

In these days, it is plenty difficult for manufactures to reach high efficiencies le-
vels without doing electrical redesign or using larger frame sizes [27]. Thus, several
research and tests are being made, developing new techniques and testing diffe-rent
materials taking into consideration the substantial potential for saving energy and

money by working on motors efficiency improving.

2.4 Energy Economics

Near 30 million new electric motors are sold each year for industrial application and
around 50 percent of all electric motors are operated in USA, EU and China [1].
Electric motor sales grows as economies do and it has been demonstrated that those
sales increases 10% by year [29]. The question is if the additional manufacturing
cost is covered by the efficiency gain for a given rated power, number of operating
hours, load factor, and electricity cost [2].

Therefore, improvements in the energy-efficiency of electric motors can con-
tribute to improve savings in terms of energy, carbon dioxide emissions and money.
Even though the major market remains IE2 and IE3 motor, main researchers find
feasible to propose IE4 and IE5 efficiency class motor as mandatory to start mass
production [8,19]. Moreover, including efficiency testing and classification, seem es-
sential to promote effectively a global motor market transformation, which will have
a strong impact on the electrical energy consumption all over the world, particularly
in fast developing countries as China, USA and EU [5].

Even though, producing high-efficiency induction motors result more expense
than standard ones, several studies have demonstrated that the electricity con-
sumption leads to short paybacks periods on this kind of investment [23]. The

use-phase cost of most electric industrial motors, including the consumed energy
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and maintenance costs, dominates by far their overall life-cycle cost (LCC) [5].

Minimizing the losses is the main purpose of energy efficiency improvement. By
increasing efficiency and implementing more efficient motors, it would be possible
to reach huge saving in both energy and carbon dioxide emissions. Implementing
higher efficiency electric motors can lead also to significant reductions in the energy
consumption and also reduce the environmental impact, therefore, it remains critical
to promote the replacement of old inefficient motors to more efficient ones [5].

It is known that power is the flow of energy, hence, its cost should be measured

in money (£) per hour [30]:
£/h £
W Wh

To obtain a payback time of the investment to an energy efficient motor it is

C, = (2.4.1)

necessary to calculate first the savings C; per year[10]:
Cs = CePuiysT (2.4.2)

where Py is the reduction of the motor losses. Thus, the saving per year may
also be expressed as follows:
1 1
CS = C’epout ——— | T (243)

ny  Ng
where P,,; is the power output of the compared motors and n; and n, are the
efficiency values.
As mentioned before, there is an increase on the investment by purchasing a more
efficient motor. That difference will be denoted as Cgy;rs to calculate the payback

time Tpp:

Cui
m:7$ (2.4.4)

As revised, focusing on purchasing and consumption is no longer sufficient due
to factors that affects the induction motor total costs. To make a further study
and evaluate the economic performances of the product during its entire life, a total

Cost of Ownership must be obtained.
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The total cost of ownership of an electric motor integrates the cost of purchase
price which variates according to the class, the cost of running and the cost of
not running. The consumed electrical energy, dominates by far their overall life-
cycle cost due to the cost of running represent the longer period on a motor life.
Depending on the cost of electricity, a more efficient motor can pay for its additional
cost over the energy efficient motor within 2-4 years [27]. The Cost of Ownership of

an electrical motor can be expressed as follows [29]:

COO =P, +C, + Cp, (2.4.5)

Where P, is the purchase price, C, stands for costs of running and C,r is the
cost of not running.

The cost of running are obtained by:

C, = P,,C.T.T, (2.4.6)

Where P, represents the input power in W, C, is the cost of energy in £/Wh,
T, is the running time in hours and 7; the motor lifetime in hours.
In addition, the costs of not running are defined by the unplanned downtime in

the production each year. They may be estimated by:

Cpr = C4Ty (2.4.7)

Where Cy stands for the failures cost per hour and 7} is the downtime in hours.

It is noteworthy that the purchase price represents only around 3% , whereas the
running costs represents between 70% and 95%. Moreover, the cost of not running
remain around 2-30%. Thus, when purchasing an induction motor, running and not
running costs should be considered in addition to the purchase price as they have
a significant impact on the total cost of ownership [29]. In addition to these data,
the potential life cycle of the purchase can also be analysed by calculating the effect
of the cost of money over the lifetime of the motor, thus, considering the “present
worth factor of an equal payment series” as

(1+i)"—1

T (2.4.8)

K =
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Where i is annual interest and n the years of motor lifetime. Thus, the present

value of the cost of 1kW of loss over the motor life Cy,, is

Coy = ks CeT (2.4.9)

In [31], an evaluation of IE3 and IE4 classes has been developed. In this study,
75 kW, 4 pole induction motors were tested for a fixed-speed pump unit application.
It concluded that the IE4 motor is more profitable than the IE3 motors when the
operation time is more than 3 years, due to the initial investment which is higher in
the TE4 motor. The payback time obtained for the IE3 motor was 5.2 years and for
[E4 motor was 2.9 years.

Performing this type of economical evaluation can deliver results of how reliable
is investing in higher efficiency induction motors, considering not only technical
characteristics but including also costs of energy, running and costs of ownership,
savings and payback time, being these key concepts for industries to decide to make

an investment.



Chapter 3

Loss Reduction Techniques

Energy conservation is an important issue regarding to the increase of environmental
problems in the recent years. Induction motors have the potential of contributing
to a carbon dioxide emissions drop if an improvement in design is developed. As
mentioned in Chapter 2, the stator is the location where the highest percentage of
losses are presented and these remain the major energy losses in an induction motor
and also different types of electrical machines [32]. Therefore, the technique investi-
gated in this thesis attempts to demonstrate power efficiency gains by implementing
changes in the stator, I2R, or stator copper losses, with a view that these can be
successfully reduced and higher efficiency is achieved.

In this section, fundamental background is presented to conceptualize the method-
ology to be worked in this research. As explained in Chapter 2, there exist different
possibilities and techniques that can help to decrease the different type of losses in
induction motors. Different loss reduction methods were consulted and considered,

and according to [8] they could be classified as below:

e New materials
e New production techniques

e Improved cooling

Motor manufacturers usually use more materials such as magnet wire and elec-

trical steel to improve efficiency. But using more material means increases the motor

22
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cost and meanwhile will increase the motor physical size [6]. In [33] Cheol-Ho and
Tae-Uk Jung investigated a concentrated winding method in order to reduce the ma-
terial use and consequently the cost of the induction motor. They mention that the
coil length and resistance may be reduced, nevertheless with this method, increased
harmonic losses and torque deterioration may occurred.

In [17] Preecha and Dejvises calculated the losses in electrical machines consid-
ering and measuring the ventilation wind temperature developing a technique where
efficiency and power losses can be determined with no need of stopping operations.
Moreover, in [34] an evaluation of two different types of winding fill factor was devel-
oped to compare thermal conductivity, where infiltrated winding, technique where
windings are impregnated or varnished in order to reduce the unwanted air leaks
into them and the non-infiltrated winding, the ones that are not impregnated, were
compared. Meanwhile, in [32], concentrated and distributed winding were evaluated
to compare the performances and prove the impact that the winding configuration
has in the torque and harmonics. Likewise, a thermal improvement technique was
developed by Galea and Gerada, where the insertion of a low-resistance heat path
attempted to improve the temperature distribution in the slots [35]. A different
technique is explained in [36], where different technologies are discussed in order
to achieve the maximum fill factor. This refers to the amount of copper that can
be placed in a slot, as it can be appreciated in Figure 3.1 where the orange section
represents the copper filling completely the slots and the color green represents the
stator core. A direct consequence of a higher fill factor is the amount of air in the
slot, this is significantly reduced and replaced by copper. The fill factor should be
as high as possible as it influences the machine efficiency and performance [37].

Makita and Ito also attempted for a technique taking into account the fill factor
method, proposing a new motor with high winding factor and high slot fill factor
manufactured by mounting distributed windings in a flat stator core, joining opposite
ends of the bent stator together [37] where a rated efficiency of 76% could be obtained
with an alternative motor model . The same way, in [38], Di Tommaso and Genduso
developed an algorithm to performe the calculation of fill factors. Similar to them,

Herrman and Stenzel also worked the fill factor and the slot geometry creating four
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Figure 3.1: Stator Winding Fill Factor

optimization algorithms to obtain the exact wire placement trying to achieve the
maximum fill factor in stator slots [39]. In [40], it is explained how Sang-Bin Lee
and Thomas G. Habetler worked in the stator resistance monitoring to obtain and
evaluate the temperature rise in the stator. The method executed in [41] performed
a thermal analysis of the motor winding based on mathematical circuit modelling,
where the real behaviour of the machine in operation can be reflected. Alternatively,
in [42] a resistance estimation technique was applied in an induction motor stator
winding where a DC injection method was used for temperature monitoring.

As presented here, several techniques have been investigated in an attempt to
reduce the stator copper losses and with this, achieving the pursued efficiency in-
crement. After a wide background was consulted, a qualitative and quantitative
evaluation taking into account the loss reduction potential, feasibility for mass pro-
duction and cost rise, it was possible to design and establish the method to be
applied: the implementation of PEEK insulated coper wire in stator winding, which

will be described in the next sections.

3.1 Influence of Insulation Materials

The fundamental components in a stator are the copper conductor, the stator core
and the insulation [43]. The copper conductor is the conduit for the stator winding

current and it is critical it to have a cross section large enough to transmit all the
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current required without overheating [43]. The stator core concentrates the mag-
netic field on the copper conductors in the coils and the final major component of a
stator winding is the electrical insulation. As presented in [7] the insulation systems
in electrical machines comprises distances and insulator materials, which are defined
as nonconductive materials. Insulation is essential as without it, copper conductors
would come in contact with one another or with the grounded stator core, causing
the current to flow in undesired paths and preventing the proper operation of the
machine. In addition, indirectly cooled machines require the insulation to be a ther-
mal conductor, so that the copper conductors do not overheat. Moreover, the stator
winding insulation system contains several different features, which together ensure
that electrical shorts do not occur, the heat from the conductor, I?R loss, is trans-
mitted to a heat sink and that the conductors do not vibrate notwithstanding the
magnetic forces [43]. According to Joule’s law, the energy consumed by resistance
is converted into heat [44]. If the operating temperature is lower, the I?R will also
be, due to the stator circuit resistance, contributing to decreasing heat losses and
consequently the efficiency increase.

On the other hand it is worth to mention that motor designers would consider
ideal to eliminate the electrical insulation, as the insulation increases machine size
and cost, without helping to create torque or current. Unfortunately it is not cur-
rently possible, therefore insulation system is a significant field to study and improve.

Studying the winding wire it can be stated that is composed of two parts, the
copper conductor and the insulating layer. When the wire is electrified, its outer
surface is the one that contacts with low temperature atmosphere and its interior is
high temperature electrified copper conductor [44]. In Figure 3.2 a wire cross section
can be appreciated, where r; denotes the copper wire and r includes the insulation
layer.

Temperature rise in the stator winding is caused by power loss inside the machine
in which the main contribution comes from the current flowing through the stator
winding [45]. To develop thermal management in electric machines and maintain
temperature control, there exist different insulation methods and materials that

can minimize losses, particularly copper losses, and yield improved performance,
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Figure 3.2: Wire Cross-section

reliability and efficiency.

Insulation is achieved due to a nonconducting material with a low conductivity
improving also the winding structures [7]. The most common insulating materials
are mica, polyester or epoxy resins, aramid paper and polyester films.

The maximum operating temperatures of those materials depends completely
on the insulation thermal classes and, according to IEC 60085, insulation materials
are classified according to their ability to resist high temperatures without failures
and is important it to be higher than the hottest spot of the stator winding [9].
As presented on [7,46], the most common thermal class in electrical machines is F
(155) where the thermal class represents the hot spot allowance. Table 3.1 shows

the thermal classes according to IEC 60085 [47].

Thermal Class | Letter Designation
90 Y
105
120
130
155
180
200
220
150 -

&~ Z D " @ " o

Table 3.1: Thermal Classes of Insulating Materials
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As indicated in [45], the stator integrity is primarily related to the insulation
system. The most challenging task in an electrical machine insulation construction
is the insulation of conductors and it is also the thinnest insulation component [9].
This type of insulation is often a varnish-like thermoplastic; wires are coated with
repeated layers, often using 2 different materials to achieve better thermal resistance,
better mechanical properties and improved cost efficiency [7].

In this thesis the proposed insulator material is PEEK (polyether-ether ketone),
which represents an alternative to use a single material, as this is a very good heat
conductor insulator. It is a semi crystalline, high-temperature engineering ther-
moplastic, owning an operating temperature of up to 260°C' that is excellent for
applications where thermal, chemical, and combustion properties are critical to per-
formance [48] as it owns a owning a good thermal conductivity. PEEK insulated
wire owns key properties to perform in challenging industrial environments and it
is applied in electric motors, generators, transformers and solenoids in automotive,
aerospace and electrical industries [49,50]. PEEK mechanical and electrical charac-

teristics are presented in Table 3.2 comparing it with Polyurethane insulator.
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Characteristic Unit PEEK | Polyurethane
Tensile strength MPa 95 64.5
Elongation at break % 25 26.8
Flexural modulus MPa 3800 2280
Modulus of elasticity MPa 3650 2580
Density -, 1.31 1.45
Continuous operation temperature °C 250 155
Dielectric constant 3.5 -
Dielectric strength % 23 15.7
Dielectric dissipation factor 0.004 -
Melting point °C 334 218
Moisture absorbency % by weight 0.5 0.238
Resistivity 2 cm 1.0x10% | 0.075x10'6
Thermal conductivity mﬂK 0.25 0.022
Specific heat capacity K’;‘ZK 0.32 0.0012

Table 3.2: Insulators Characteristics

3.2 Effect of Temperature on Resistance

The temperature rise in induction motors is considerably reduced in Premium (IE3)
and Super Premium (IE4) classes due to the lower losses and improved heat dissipa-
tion [9]. In an induction motor there are three different mechanisms that dissipate
heat energy as a result of losses: conduction, convection and radiation. Considering
the stator losses, convection is the mechanism that transfers the heat from inside the
coil, the solid medium, to the ambient, the surrounding fluid [51]. The power loss
in the form of heat generation caused by the electric current circulation is defined
as Joule effect [52]. Whenever a current passes through a conductor, there will be
a change in the temperature, this is due to the lost energy which is converted into
heat. As Cengel mentions in [51], heat is generated in the wire and its temperature
rises as a result of resistance heating. The resistivity of a material, defined as the

ratio of the magnitudes of electrical field and current density, varies with tempera-
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ture, thus, resistance of the material will also varies as it can be deduced with the

resistance function [52]:

oL
R_A

where p is the resistivity of the conductor material, L is the length of conductor

(3.2.1)

and A is the cross-sectional area of conductor. It is essential to mention that if p
remains constant, then so is R, when L and A do not change [52]. However, as
stated before, resistivity varies with temperature. This variation is represented by

equation 3.2.2 where temperature dependence of resistivity is defined:

p=po[l+a(T —Tp)] (3.2.2)

where pg is the resistivity corresponding to Tj, this is the reference temperature
often taken as 0°C or 20°C, where the resistivity value is 1.72x107® and T is the
subsequent temperature that can be either higher or lower than 7y. The temperature
coefficient of resistivity is represented by «, and as appreciated in Table 3.3, it is

different for every conductor [52].

Material | a(°C™1)
Aluminium | 0.0039
Brass 0.0020
Carbon -0.0005
Copper 0.00393
Iron 0.0050
Lead 0.0043
Mercury 0.00088
Silver 0.0038

Tungsten 0.0045

Table 3.3: Temperature Coefficients of Resistivity

As it can be clearly observed in Equation 3.2.1, the resistance increase in a con-

ductor of uniform length and cross section, corresponds to increasing the resistivity.
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Thus, the resistance variation is linear to resistivity. The same way in Equation
3.2.2, where resistivity is linear to the temperature change. This way, resistance

function can be expressed as follows:

R=Ro[l + a(T — Ty)] (3.2.3)

This will be then the function to be used in the experimental work developed
in Chapter 4, where the influence of the temperature in the resistance of a stator

winding model is studied and analysed.



Chapter 4

Experimental Work

4.1 Experimental System

The temperature rise affects highly on the maximum output power of electrical
machines. Therefore, heat transfer design is as important as electromagnetic de-
sign. According to this fact, a temperature-based resistance estimation represents
an effective way to calculate copper losses in stator winding. To begin with the
experiment modelling, the first features to consider are the wire characteristics. As
specified in 3.1, the winding wires have the insulation component. Copper wires are
coated with insulator materials according to the thermal classes. For thermal class
F (155), the materials used to cover copper wires are inorganic materials as mica,
parylene, polyurethane, glass fibers, PTFE and asbestos. The thermal conductivity
of these materials are between 0.11-0.22 mﬂK PEEK has a thermal conductivity of
0.25 = [7]. To illustrate the behaviour of the wires, these were simulated with
COMSOL Multuphysics to determine the temperature rise of both models. In this
test, a wire section of 1 meter was simulated as reference for the experiment. The
parameters considered for the simulation in COMSOL Multyphysics are summarized
in Table 4.1. These parameters were introduced in the settings of Heat Transfer Mo-
dule in the software for it to run the simulation in order to measure the temperatures

rises. Temperatures results are presented in Table 4.2.

31
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Variables

Varnish Insulated Wire

PEEK Insulated wire

Wire Length

Surrounding Temperature

Thermal Conductivity
Current
Copper Diameter
Insulator Width

1m

20°C
0.22 -

6 A
1.22 mm

0.07 mm

1m

20°C
0.25 1%

6 A
1.13 mm

0.12 mm

Table 4.1: Parameters for Simulation

In Figure 4.1 the cross-section of the wires in simulation are shown. Here, the

differences in copper wire width and the insulator width can also be observed.

mm

mm

1.8}
1.6}
1.4}
1.2p
] 8
0.8}
0.6F
0.4}
0.2}

Ok
0.2F
0.4k
0.6
0.8}

Ak
a.z2f
1.4F
16f
1.8

1.8¢
1.6F
1.4}
L.eF
{94 1k
0.8f
0.6F
0.4}
0.2f

o}

1935

1 WMoz | °2f
0.af
0.6
0.8}k

af
a2k
1.8}
1.6k
1.8

92

96

95.5

85

94.5

94

L L L " "
1.5 1 0.5 o 0.5

A. Varnish Insulated Wire

L
1

L 1
L5 mm 1.5 -1 0.5

L L L
o 0.5 1 LS mm

B. PEEK Insulated Wire

Figure 4.1: Temperatures Comparison

Wire

Minumum Temperature

Maximun Temperature

Varnished Insulated Wire

PEEK Insulated Wire

91.5°C
94°C'

94°C
96.5°C

Table 4.2: Temperatures in Simulation
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The development of the thermal experiment in this research was based on the
induction motor stator model, which is composed by the core and the winding, same
that can be appreciated in Figure 4.2. This method is non-invasive to the windings

and it can be applied in any operating electrical machine.

Figure 4.2: Stator Core

In figure 4.3, the stator core is illustrated. Here, it can be observed that it

contains slots where the winding is built.

Figure 4.3: Stator Core

The proposed experimental model attempts to simulate a small section of the

stator core, consisting of 2 slots to create the coil, as shown in Figure 4.4, where
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A is the base and B is the model top. Both pieces are assembled as presented in

Figure 4.5.

Figure 4.4: Stator Base and Top

Figure 4.5: Stator Assembly
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The objective of the experiment is to test the three different insulation arrange-
ments aiming to compare the temperature rise. However, the focus is to verify PEEK
feasibility and performance and how it can influence induction motor efficiency by
decreasing the temperature in the stator winding.

Due to the restrictions of the materials, it was decided to create a small expe-
rimental section in order to use just a small amount of PEEK insulated wire to run
the corresponding tests. To obtain the stator section model, it was necessary to
work with Solidworks and create the mechanical model. The obtained Computer
Aid Design was taken to the mechanical workshop for it to be manufactured and

then, proceed to create the winding manually. The model dimensions are presented

in Table 4.3.

Magnitude Value

Length 150mm

Width 80mm
Base Height 30mm
Slot width 8mm
Slot depth 15mm
Top Height 22.5mm

Top bars height | 7.5mm

Table 4.3: Model Dimensions

The slot cross area to be filled with the wire was then 60mm?2. Hence, a 30 turns
coil packing patter was chosen to be created in the slots because of its ease to be

wound manually, as shown in Figure 4.6.

Figure 4.6: Stator Slot Cross Section
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Once the experimental coil was defined, a fixed current and reading time intervals

were established. The variables of the created system is summarized in Table 4.4.

Variables Value
Coil length 8.7 m
Coil turns 30

Sampling Time | 15 min

Current 6 Amps

Table 4.4: System Conditions

These conditions were the same to create the three windings. The distinctive

was only the insulation arrangements to be compared. These are listed below:

1. Varnish insulated copper wire
2. Varnish insulated copper wire and slot liner

3. PEEK insulated copper wire

The model can be observed in Figure 4.7.

Figure 4.7: Winding Model

In order to measure the temperature, Picoscope TC-08 was the instrument used
to obtain the temperature information. This is a 15-channel programmable data
logger that links the sensor and the software interface used to observe the readings.
This software was PicoLog 6. It offers the possibility to export the temperature

plots and also de data as .csv files. PicoLog 6 interface is shown in Figure 4.8.
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x E @ B 0

Channels & Axes v

TC-08 : Channel 1 o
AS299/706 . AS299/706 - Ch1 - Type K 24.11°C

Channel 2 o
asz99r70s-chz-Typek  22.80 °C

Channel 3 q
nszoarmos-cha-typex  24.09 °C

Channel 4 °
as200106-cha-ypex  24.14°C

Figure 4.8: PicoLog 6 Interface

It can be observed that this interface contains channels, same that corresponds
to ports in the Picoscope. The sensor used to read the temperature for every channel

was a Thermocouple type K. These devices can be appreciated in Figure 4.9.

Figure 4.9: Picoscope TC-08 and Thermocouple Type K

Once the model was ready, the thermocouples were placed in key spots. This,
to have different temperature measurements and make a comparison between spots.
The location of thermocouples was governed by availability of suitable places, this
to ensure the reproducibility of this experiment in the future. The temperature
reading was performed with the thermocouples configuration given in Table 4.5. In

Figure 4.10 a picture of the model with the thermocouples all placed is presented.
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Channel 6 was for the Environment temperature, thus, the sensor is not shown in

the model.

Channel Spot

Left endwinding
Slot winding
Right endwinding
Model centre
Cage

Environment

N O Ot ey =

Coil centre

Table 4.5: Picoscope Channels Configuration

Figure 4.10: Testing Spots

After the thermocouples were correctly placed and the channels configuration in
Piclog 6 was done, the system was ready to initiate with the experiment. The steps

followed to initialize the power supply were:
1. Read the initial resistance of the winding

2. Properly connect the wire ends to the source terminal
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3. Verify thermocouples are reading temperature
4. Supply 6 Amps constant current

This process was followed rigorously the same with the three systems. In Figure

4.11 the experiment being supplied is observed.

500
3.00a

Figure 4.11: Power Supply

In figure 4.12 the configuration process of the system is summarized.

Create winding in Configurate Place Initiate power
experimental PicoLog thermocouples supply
madel channels

Figure 4.12: System Configuration

4.2 Experimental Thermal Test

Once the system was connected, a DC current of 6 Amperes was supplied into
the winding. This power was supplied until the system thermal steady-state was
attained, because, as mentioned in [18,20], most losses arise during steady state

operation. The time to get this steady state was similar in every arrangement, as
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it can be observed in Figure 4.15, 4.17 and 4.19. During this period, as specified in
4.1, intervals of 15 minutes were worked to obtain the voltage reading data from the
beginning until the end of the experiment for the further resistances calculations.

Through the PicoLog 6 interface, the measured temperature data was obtained
and stored in the computer. Afterwards, a Matlab code was created to plot the
thermal equation 3.2.3, R = Ro[l + «(T — Tp)], in order obtain the resistance based
on the temperature data. The same way, resistance was plotted from the voltage
readings with Function 4.2.1:

R= - (4.2.1)

where V' stands for the voltage values obtained through the sampling process and
the fixed current value. Both functions were plotted together to compare resistance
values in the 3 experimental cases. The experiment process is resumed in Figure

4.13.

-Monitcring ,| Temperature Plot

Figure 4.13: Thermal Test Process

4.3 Experimental Results

4.3.1 Arrangement 1. Conventional Insulated Winding Wire

In Figure 4.14 the created winding can be observed. Table 4.6 summarizes the results
obtained of running this thermal experiment until the system raised the steady-state.
In Figure 4.15, both resistances functions, temperature based and voltage based, are

shown.
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Variables Value

Initial resistance | 126.899 mf2
Final resistance 137.601 mS2
Initial temperature | 21.196 °C'
Final temperature | 43.147 °C'
Voltage rise 0.046 V

Power supply time | 305 minutes

Table 4.6: Results of Arrangement 1

Figure 4.14: Experimental Winding

Resistance as a function of Temperature
Resistance as a function of Voltage

0'1 2 1 1 1 1 1
0 50 100 150 200 250 300

t(time)

Figure 4.15: Resistance Rise with Arrangement 1
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4.3.2 Arrangement 2. Conventional Insulated Winding Wire
with Slot Liner

In this second arrangement, the same winding was used and a slot paper was included
in the experiment, just as it is commonly made in induction motor stator winding,
in order to observe the temperature behaviour. The power supply was run for 300
minutes until the system raised the thermal steady-state. The voltage was read
every 15 minutes. Table 4.7 presents the results and the resistances plot is shown

in Figure 4.17.

Variables Value

Initial resistance | 126.899 mf)
Final resistance | 138.500 mf2
Initial temperature | 18.955 °C'
Final temperature | 42.138 °C'
Voltage rise 0.081 V

Power supply time | 300 minutes

Table 4.7: Results of Arrangement 2

Figure 4.16: Arrangement 2
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Figure 4.17: Resistance Rise with Arrangement 2

4.3.3 Arrangement 3. PEEK Insulated Winding Wire

In Figure 4.18, the winding created with PEEK insulated wire can be observed. The
results of this third experiment are summarized in Table 4.8 and the resistances plot

is shown in Figure 4.19.

Variables Value

Initial resistance | 137.190 mf)
Final resistance 151.150 mf2
Initial temperature | 22.153 °C
Final temperature | 48.725 °C
Voltage rise 0.070 V

Power supply time | 320 minutes

Table 4.8: Results of Arrangement 3
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Figure 4.18: Arrangement 3

— Resistance as a function of Temperature
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Figure 4.19: Resistance Rise with Arrangement 3
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4.4 Results Analysis

As it can be observed on the graphics, the resistances obtained with PEEK insulated

wire is higher. The results in resistance and temperature increment can be observed

in Table 4.9.

Arrangement Resistance increment | Temperature Increment
Copper wire 10.800 mS2 21.951 °C
Copper wire and slot paper 11.601 mS2 23.183 °C'
PEEK insulated wire 13.960 mS2 26.573 °C

Table 4.9: Resistances and Temperature Increment Comparison

As appreciated in Figure 4.19, the PEEK experiment had a higher resistance. It
is assumable that the temperature would variate in the third experiment because
of the differences between the wires characteristics. Results might indicate that the
PEEK thermal conductivity has not helped the winding to limit the temperature
rise. Analysing the conditions of the wires, observed in Table 4.10, the diameter
of the conductor material in the PEEK insulated wire is smaller that the varnish

copper wire, so is the cross section.

Diameters Value

PEEK copper wire 1.13mm
PEEK insulated wire | 1.25mm
Varnish copper wire | 1.22mm

Varnish insulated wire | 1.29mm

Table 4.10: Wires Diameters

In Figure 4.20 the cross section of both wires can be appreciated. Table 4.11
presents the dimensions as well as the fill factor obtained with the wires in every
case, stating the slot area as 60mm? as presented in Chapter 4.1. In Table 4.11 it
can be observed that the fill factor obtained with the varnish insulated wire is higher
than the one obtained with the PEEK insulated wire, therefore, it remains essential

to consider the wire differences to develop an analyse of resistances in both wires.
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Wire Cross Section | Slot Fill Factor
PEEK insulated wire 1.0028mm? 50.14 %
Varnish insulated wire | 1.1689mm? 58.45 %

Table 4.11: Wires Cross Sections

Varnish Insulated Wire PEEK Insulated Wire

Figure 4.20: Wires Dimensions

As stated in Equation 3.2.1, R = %, presented in Chapter 3, resistance is
inversely proportional to the cross area. Resistivity p and length L are the same
for both conductors. Thus, it could be inferred than the resistance in the PEEK
Arrangement would result higher.

The resistance estimation in section 4.3 were plotted with Function 3.2.3, R =
Ro[1 + (T — Ty)]. Nevertheless, it is essential to analyse this experiment with
Function 3.2.1 as the cross section is a critical variable to consider, thus the two

types of wire were evaluated. According to Function 3.2.1, resistance for varnished

copper wire is obtained as shown in 4.4.2:

_rL
-

where R, is the resistance in the varnished insulated wire and A, is the cross

R, (4.4.2)

section of the conductor. The same way, for the PEEK insulated wire, Function
4.4.3 calculates the resistance, where R, is the resistance and A, stands for the

corresponding cross section.
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_pL

R 4.4.3
P Ap ( )
Equation 4.4.2 could be expressed as presented in Equation 4.4.4.
R.A. = pL (4.4.4)
Equation 4.4.3 can then, be expressed as follows:
R,A, = pL (4.4.5)

As it can be observed, p and L are the same for both equations as the conductors
have the same conductivity and length. Following this comparison, Equation 4.4.6

assume the following equivalence:

R.A, = R,A, (4.4.6)

According to this function, R, can be expressed as follows:

R, = (4.4.7)

Also R, can be expressed the same way:

R, = RZAP (4.4.8)

In order to compare these equivalences with the resistance estimation obtained

in Chapter 4.3, Function 4.4.7 and 4.4.8 were compared with Function 3.2.3. These
are presented in Figure 4.21, comparing the resistances in the varnish insulated wire
and in Figure 4.22 that compares resistance in the PEEK insulated wire.

In Figure 4.21 it can be observed that the analysed resistance resulted lower that
the one estimated with temperature in the varnish instulated wire. The opposite

way occurred in 4.22, where resistance after the analyse resulted higher.
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Figure 4.22: PEEK Insulated Wire Resistances Comparison
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As observed in Figure 4.21 and Figure 4.22 the analysis realized based on Func-

tions 4.4.7 and 4.4.8 presents a possible explanation of the resistance rise in the

PEEK insulated wire due to the difference in the conductor cross section, which

were 1.0028mm? in the PEEK insulated wire and 1.1689mm?2 in the varnish insu-

lated wire. These analysed resistance results are close to the estimations obtained

in the experiment with Equation 3.2.3. Table 4.12 present the uncertainties of the

obtained values.

Resistance {{1)

Case Value
R, | 82+0.6 mQ
R, |9.6+0.7 m}

Table 4.12: Uncertainties

Resistances

0.25

0.2}
T R

01

Enammel Resistance
| Peek Resistance
0 . . | |
P 50 100 150 200 250
Time (min)

Figure 4.23: Final Analysis

To compare analysed resistances, PEEK and varnished wire resistances after the

analysis were plotted together. From the data presented in Figure 4.23, it is observed

that the resistance of PEEK insulated wires remains higher than the resistance in
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the varnish insulated wire after considering the cross section variable of the copper
wire. With this final plot presented in Figure 4.23, the analysis developed for R,
and R, confirms the results obtained with the thermal experiments in Chapter 4.3;
in this experiment resistance of PEEK insulated wire is higher than the varnish

insulated wire due to the difference in the copper cross section.



Chapter 5

Conclusions

Promoting effectively a global motor market transformation, will have a strong im-
pact on the electrical energy consumption all over the world. Energy efficiency in
electric motors has several opportunities to work in order to be improved, being a
big opportunity to obtain savings in both, energy and money. In this research, the
implementation of a different wire insulation as an alternative to the usual enamel
to decrease resistive losses was proposed and tested. The stator copper losses are
in function of resistance, and resistance increases in function of temperature. With
this in mind, it was inferred that with better insulation characteristics, it would be
possible to decrease the losses. In this thesis, 3 different insulation arrangements
were tested in order to be compared. The temperature of a stator model was mea-
sured focusing on obtaining the winding resistance. For this purpose, a constant
current of 6A was supplied into the created winding and the temperature was mea-
sured until the steady-state was reached, variation in reaching the steady-state was
affected also for the variation of the ambient temperature in the three cases. It
could be observed that the time to reach thermal steady-state is close in the three
arrangements due to the similarities of the systems. Once the experimental work
was run, resistance from the temperature data graphics were generated and analysed
to evaluate the performance of the three systems. With the obtained temperature
data, the resistance has been calculated with a specified function. Experimental
results have shown that resistance in the winding created with PEEK insulated wire

apparently did not resulted to decrease the resistance rise.

ol
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To verify the obtained estimations, an analyse of the two wires resistances was
carried out to obtain resistance with a function that considerates the wires charac-
teristics; length, resistivity and cross sections. These resistance analysed in fuction
of conductor cross section and length are close to the experimental results. Uncer-
tainties were presented and an explanation is provided

This experimental model was created manually, there exist variables that could
not be controlled as temperature and filling factor. It was not the most suitable
way to create this winding, but it was decided to create it this way because of
the differences between existing materials. Experimental results have shown that
resistance in the winding created with PEEK insulated wire, did not decrease the
resistance rise, but, after the analyse, it can be conclude that this is due to the
copper wire cross section which was smaller than in the varnish insulated wire.
Thus, it is highly recommended to repeat this experiment with the same materials

characteristics in order to obtain a more precise resistance rise estimation.

5.1 Future Work

The experiments developed in this thesis play and important role for further research
in windings insulation to be done. The thermal experiments may represent a base
for different kind of work, fill factor could not be worked in this project due to the
differences in the winding wires. Nevertheless it would result interesting to work
with the slot filling factors and test different percentages of them. Packing patterns
and also wire geometry can be worked in order to achieve a higher fill factor.

It would be essential to repeat the experiment with higher quality winding, ob-
taining copper wires with the same cross section also with the two different insulation
in the same width and repeat the experiment with the same electric fill factor in
the stator slots to make a more accurate materials performance comparison. The
experiments can also work the infill technique, implementing resins to fill the space
in the slot that cannot be occupied with wire. Furthermore, it is necessary to keep
the initial temperature under control to prevent variation in the experiment. An

idea for it is to repeat the experiment isolated to eliminate the ambient temperature
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change than was no consider on this first experiment. It could also be an option to
experiment with bigger size of wires.

The experimental work can be developed applying this time an AC current, as
this is the way induction motors works. The experiment could also be developed for
different types of motors or generators to evaluate the development and feasibility
of the proposed material. In addition, economical areas could be evaluated as new
materials and different costs are implicit in this experiment. Life-cycle costs, pay-
back periods, cost of ownership, cost of energy and savings in electrical machines

could be calculated in order to complement this research.
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