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Abstract: In the late 19th century, the three-phase induction motor was the central element of
productivity increase in the second industrial revolution in Europe and the United States. Currently,
it is the main load on electrical systems in global terms, reaching approximately 70% of electrical
energy consumption in the industrial sector worldwide. During the 20th century, electric motors
underwent intense technological innovations that enabled significant performance gains. Thus, this
work analyses the performance changes in squirrel-cage rotor three-phase induction electric motors
(SCIMs) with mechanical powers of 3.7 kW, 37 kW, and 150 kW and speed ranges corresponding to
two poles and eight poles, connected to a low voltage at a frequency of 60 Hz and tested between
1945 and 2020. The study confirms accumulated performance gains of above 10% in some cases.
Insulating materials for electrical conductors have gone through several generations (cotton, silk,
and currently, varnish). Improvements to the housing for cooling, the bearings, the quality of active
materials, and the design were the elements that enabled the high gains in performance. The first
commercial two-pole SCIM with a shaft power of 4.4 kW was marketed in 1891, with a weight/power
ratio of 86 kg/kW, and until the 2000s, this value gradually decreased, eventually reaching 4.8 kg /kW.
Between 2000 and 2020, this ratio showed a reversed trend based on improvements in the performance
of SCIMs. More active materials were used, causing the weight/power ratio to reach 8.6 kg/kW. The
MEPS (minimum energy performance standards) of SCIMs had an essential role in the performance
gain over the last three decades. Data collection was via tests at the Electrical Machines Laboratory of
the Institute of Energy and Environment of the University of Sdo Paulo. The laboratory has a history
of tests on electrical equipment dating from 1911.

Keywords: three-phase induction motor; squirrel-cage rotor; energy efficiency; motor performance

1. Introduction

The production of mechanical force was one of the fundamental human demands in
the transformation process that took homo sapiens from an animal in nature like the others
to the construction of megacities and technological mastery [1].

The process of producing mechanical force went through several phases. The do-
mestication of animals represented an essential step in automation and the increase in
labour productivity, necessary for changing the way of life from hunter and gatherer to
farmer/shepherd [2]. With the use of other domesticated animals, homo sapiens could
perform an activity without the need to use muscular strength directly [3].

The production of mechanical force was primarily responsible for the first two great
industrial revolutions. The first industrial revolution began in England around 1750-1760,
lasting until somewhere between 1820 and 1840, and was marked by the development
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and application of the steam engine in industrial manufacturing processes [4]. The second
industrial revolution replaced steam engines or gas engines with electric motors [5].

In the late 19th century, new electric motors were more economical. They required less
maintenance, took up less space, ran at a more uniform speed, and allowed a cleaner envi-
ronment [6]. Within just one generation after its introduction in the 1880s, the electric motor
drive had replaced steam as the preferred means of providing motive power (Figure 1) [7].

—+— Water Power

—+— Steam Engines

1860

—+—Electric MOM//\

\

1870 1880 1890 1900 1910 1920 1930 1940

Figure 1. Percentage of mechanical drive manufacturing from hydraulic power, steam engines, and
electric motors per year. Source: adapted from [7,8].

With large-scale electric motors electrifying industrial plants, the industrial plants
gained flexibility. It was no longer necessary to be close to a stream in order to use
mechanical energy from water or a coal mine for direct use of coal in a steam engine [9].

The mechanical force arising from water (Figure 2a) or steam engines (Figure 2b)
was generally available from a single central axis and later, when subdivided, ran the
entire length of the factory, with high losses in the gears and the emission of noise and
vibrations throughout the industrial plant. In some cases, the engines served different
industrial buildings. The connections made by belts and gears could drive hammers,
presses, looms, and other machines, transferring mechanical energy horizontally between
walls and vertically through industrial floors [10]. Due to the large distances and inevitable
friction in these units, 60% to 80% of the transmitted energy was lost [11]. Everything
required continuous lubrication by thousands of drip lubricators, with workers having
direct access to the rotating parts, thus remaining exposed to high possibilities of work
accidents [12].

Electric motors proved to be more efficient and more economical, and they reduced
reliance on the complex mechanical shaft, pulley, and belt systems to distribute the me-
chanical drive from the central plant throughout the plant. The drive was located close to
the load, and the energy was transferred by small electrical conductors [17] (Figure 2c).
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Figure 2. An industrial organization based on: (a) mechanical drive from hydraulic energy; (b) steam
engines; and (c) electric motors. Source: [13-16].

The motors could reliably be fractionally coupled to the mechanical load with the
electric drive, making it possible to establish an industrial flow in the manufacturing
process. By splitting the mechanical drives, flexibility in maintenance was also gained,
and islands with independent operation were possible. During a breakdown, it was not
necessary to stop the entire plant. This freedom revolutionized industrial design and
layout and provided the possibility of optimization in process control and better working
conditions, leading to significant advances in productivity [8,18,19].

Currently (21st century), electric motors are the driving force of modern industrial
society. Electric motors drive domestic refrigerators, pump water for heating, and drive
ventilation, enabling the distribution of compressed air and the movement of loads on
conveyor belts, in addition to keeping cities” water supplies flowing [20].

Several electric motor technologies have been developed. However, only three have
become mainstream in industrial stationary electric drives. They are:

1.  Direct-current motors, which were the first to be developed. Their applications are
limited to situations in which speed control is essential, because by controlling the
voltages applied to the rotor windings (armature) and the stator windings (field), it
is possible to fine-tune the speed over a wide range. However, they are expensive,
have high sparking caused by switching currents, and cannot be connected directly to
the electrical grid, requiring a converter. They also have a high need for maintenance
compared to other technologies.

2. Alternating-current synchronous motors, which are mainly reserved for high-load
drives that require a constant speed. They are also expensive and require additional
starting devices and electronic converters to feed the rotor winding (field) separately
from the stator winding (armature). Synchronous motors are high-efficiency motors,
as they have low rotor losses.

3. Cage rotor induction electric motors, which since their development have been the
predominant choice in residential (single-phase), commercial, and industrial (three-
phase SCIMs) environments. SCIMs correspond to about 87% of the total alternating-
current electric motors used in the industry [21]. Several factors make SCIMs suitable
for the broadest range of applications. Some of these are highlighted in Table 1.
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Table 1. Characteristics of SCIMs.

Advantages References
Low acquisition and maintenance cost compared to competing technologies; [22-24]
The simple constructive characteristics make its manufacture simple compared [25,26]
to competing technologies; !
Simple replacement due to a high degree of standardization of housings [27,28]

and connections;

Long service life; [29,30]

A high degree of speed control using the variable speed drive (VSD), also [31,32]
enabling the saving of electrical energy; ’

Small dimensions can be used in compact places; [33]

Does not produce sparking, making it easier to apply in classified areas

(Ex areas); [34-36]
High starting torque compared to other competing technologies; [25,26]
Quiet compared to competing technologies; [37-39]

There is no electrical contact between the rotor and the stator; the connection is
. .. . . [25,26]

made only by the bearings, thus giving high operating safety;
They can be powered directly by alternating current without the need for [25,26]
electronic converters; 4
Easy detection of faults of various natures (electrical, mechanical, thermal, [40-43]
and environmental)

Known production chain and easy access to the mineral resources necessary

for the construction of SCIMs. They do not depend on high-volatility materials [44-46]

in the supply chain, such as, for example, the rare earth magnets present in
permanent magnet synchronous electric motors (PMSMs).

SCIMs are seen as having undergone little change from their development to the
present day, especially when compared to the obvious advances in electronics, communi-
cation, and information technologies. Hence, this research sought answers to the follow-
ing questions:

L What are the most significant changes that SCIMs have undergone throughout
their history?
IL Has the performance of SCIMs changed since their development?

I Has the volume of SCIMs changed over time?

2. Materials and Methods

Section 3.1 is a review of the literature that shows the historical development of SCIMs,
focusing on the main technological innovations, material improvements, and various
projects. The sources of information are technical documents from SCIM manufacturers or
scientific articles that described the processes and the main events that caused the changes
in the mass/power ratio between 1890 and 1990, contributing to answering question I.

In Section 3.2, a literature review is presented discussing the variations in performance
between 1935 and 2012, contributing to answering questions I and II.

In Section 3.3, the primary data collected in the Technical Test Reports of the Laboratory
of Electrical Machines of the Institute of Energy and Environment (IEE) of the University of
Sao Paulo (USP) are presented and discussed.

Between 1945 and 1996, the Technical Test Reports were only available in printed form.
Thus, it was necessary to digitize the data and collect them into a spreadsheet. Between 1997
and 2020, the Technical Test Reports were already available in digital format for processing
and analysis.

The Laboratory of Electrical Machines of the IEE-USP has a technical collection of
approximately 21,000 technical reports. For this analysis, reports with the following charac-
teristics were considered:

(a) Three-phase induction electric motors with squirrel-cage rotor—SCIMs;
(b) Technical reports of new SCIMs;
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(c) SCIMs tested according to current regulations, with the availability of test data at
full load;

(d) SCIMs in which the nameplate data were made available by the manufacturer;

(e) SCIMs powered at low voltage (up to 600 volts);

(f) SCIMs for power supply at the industrial frequencies of 60 Hz or 50 Hz, tested at
60 Hz;

(g) SCIMs produced for continuous operation.

Using the conditions expressed in a—g, 359 technical reports of tested SCIMs with
speeds corresponding to 2, 4, 6, or 8 poles, with a motor rated output power of 3.7, 37, or
150 kW, were collected for the evaluation of the change in performance between 1945 and
2020. The assessment seeks to answer the questions (I and II) that motivated this research,
based on the data collected.

The results are organized into three different output power (kW) categories. The cho-
sen groups include low power (3.7 kW), medium power (37 kW), and high power (150 kW).
As the groups chosen to represent SCIMs are of significantly different dimensions, the pro-
duction processes used in the manufacturing process and the standards of precision/quality
of the materials are also different, even when dealing with the same equipment.

The number of poles of the electric motor determines the rotation speed, due to the
arrangement and distribution of the electrical conductors of the windings located in the
stator slots. In the SCIM market, historically, four speeds have been the most used. Between
80% and 90% of all the SCIMs sold have between 2 and 8 poles; therefore, this research
evaluates them in this speed range. In fact, 4-pole SCIMs are dominant, representing
between 45 and 70% of SCIMs [21,47].

Using the conditions expressed in a—g, 28 SCIMs with speeds corresponding to 2 poles
and motor rated output powers of 3.7, and 4.4 kW were used to evaluate the change in the
mass/power ratio between 2000 and 2020, seeking to answer the questions (I and III) that
motivated this research, based on the data collected.

The National Institute of Metrology, Quality and Technology (INMETRO) accred-
its the Laboratory of Electrical Machines at IEE-USP, following ABNT NBR ISO/IEC
17025:2017 [48] under No. CRL 0011. INMETRO periodically carries out audits in accred-
ited laboratories, aiming to guarantee the quality of the measurement results. INMETRO is
a signatory to the mutual recognition agreements of the International Laboratory Accredi-
tation Cooperation (ILAC) and the Inter-American Accreditation Cooperation (IAAC), thus
following a world standard of quality and reliability.

This research, therefore, used data from standardized performance tests. This is
because there may be differences between values measured in neutral laboratories and
values reported by manufacturers [49], and when using the measured data, errors and
uncertainties are reduced.

3. Results and Discussion
3.1. The Improvements in SCIMs

All the technological and theoretical bases for electric motor development were already
advanced by the end of the 19th century. Direct-current motors were on the market, and
alternating-current motors were in the full developmental stage, with research ongoing in
Europe and the United States. The first patent for the electric motor with asynchronous
technology was filed by the engineer Nikola Tesla [50] in 1888 and accepted in 1889 [51]
in New York. The asynchronous motor became known as an induction motor, based on
its working principle. However, Tesla’s proposal was similar to the current single-phase
auxiliary winding motors, operating with a wound rotor. The text that explained the
working principle of the new electric induction motor was published by Nikola Tesla in
1988 with the title “A new system of alternate current motors and transformers” [52].

Parallel to Nikola Tesla’s experiments in the USA were those of Galileo Ferraris in
Italy. In 1885, Ferraris developed the idea that two out-of-phase currents could be used to
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produce two magnetic fields that could be combined to produce a rotating field, without
the need for switching or moving parts, opening the door to AC electric motors [53-55].

The three-phase squirrel-cage rotor induction motor (SCIM) closest to the type we have
today was developed by a German company AEG (Allgemeine Elektricitdts-Gesellschaft),
headed by the Russian engineer Mikhail Dolivo-Dobrovolsky between 1888 and 1890 [56].
The electric motor developed by the Dobrovolsky team had very favourable characteristics
such as high starting torque, more straightforward construction features, robustness in
construction, and low maintenance needs. However, it also had the inconvenience of
needing to be powered by a three-phase alternating-current system, which was not yet
commercial. Until then, the available electrical systems were single-phase and two-phase
systems. This type of supply does not provide efficient starting of the Tesla-mounted
motor (starting torque practically non-existent), in addition to imposing some degree of
vibration during operation. The SCIM has a high starting torque and does not need auxiliary
windings and accessories such as a capacitor and a centrifugal starter, in addition to having
a lower operating current compared to a single-phase motor. However, three-phase electric
power generation, transmission, and distribution systems were quickly implemented with
the objective of feeding the attractive SCIMs [57-59].

Dobrovolsky and the AEG company gained fame for the great invention. The artist
Irene Ahrens created the illustration in Figure 3, which was exhibited in Berlin. The
engineer appears in the sky, entering the Hall of Fame with his SCIM shown near his feet.

Figure 3. Mikhail Dolivo-Dobrovolsky entering the Hall of Fame with his SCIM. Source: [57,60].

In 1891, at AEG, Dobrovolsky coordinated the first serial production of SCIMs with
shaft powers between 0.4 and 7.5 kW. The first SCIMs assembled had a performance of
approximately 80% for the power range produced and very high mass by today’s standards.
The first commercial two-pole SCIM with a shaft power of 4.4 kW was marketed in 1891.
These SCIMs had a mass/power ratio of 86 kg/kW, as shown in Figure 4.
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Figure 4. Improvements in SCIM mass/power ratio between 1891 and 1984. Source: [61-63].

The company AEG published the famous image represented in Figure 4, which shows
the mass/power ratio from the first SCIMs manufactured by the company in 1891 to the
SCIMs manufactured in 1984. The optimization of materials for electrical, magnetic, and
mechanical purposes, combined with solid technological innovations, made it possible to
reach a ratio of 6.8 kg/kW in 1984, representing only 8% of the total mass of the two-pole
SCIMs with an axle power of 4.4 kW produced in 1891, as AEG’s first commercial units.

The concept of the SCIM has not changed since the beginning of its commercialization;
however, the volume has changed considerably (Figure 4).

The technological progress of SCIMs has been remarkable, stimulated by strong
competition and by processes, technological innovations, and improvements in materials.
According to Browning (1997) [64], the changes in the mass/power ratio resulted in better
operational characteristics, even more excellent reliability, versatility, and longer life.

Browning (1997) [64] identified the following improvements in SCIMs:

The change from open housing to closed housing;

The change from plain bearings to anti-friction bearings. (In 1945, 35-40% of SCIMs
used plain bearings);

The change from cotton-insulated wires to varnished wires in the stator windings;
Construction of the squirrel-cage rotor using copper or cast aluminium bars.

The adoption of industry standards has played a significant role in the progress of
SCIMs [28,64]. An example is the thermal classification of insulating materials, which first
appeared in 1898. In 1911, standardization by the AIEE Standards (now IEEE—Institute of
Electrical and Electronics Engineers) established temperature limits for SCIMs. The 1915
edition of the AIEE Standards included definitions of insulation classes A, B, and C and the
materials assigned to those classes. In 1929, the first SCIMs built to NEMA standards were
made available on the market, setting standard dimensions and operating characteristics
for specific ratings for the first time. Users were given the ability to directly replace SCIMs
via the concept of stock electric motors for quick replacement in case of failure [64].

It is possible to observe in Figure 5 the tremendous technological innovations that
were decisive in reducing the mass and volume of SCIMs.
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Figure 5. Chronology of 0.75 kW SCIM mass reduction between 1900 and 1990. Source: [65-68].

At the beginning of the 20th century, the first major technological innovation was
the development of ball bearings, replacing the traditional plain bearings that were bulky,
heavy, and required lubrication with oil. With the new bearings and the reduction in
friction losses, the mass and volume of the SCIMs decreased considerably.

Between 1913 and 1940, there were gains in the quality of materials, improving
compaction and making it possible to reduce the volume of copper and iron used in SCIMs
and to reduce losses. In the 1940s, rotors previously built using iron sheets began to be
developed using cast aluminium, adding more mass reduction, as shown in Figure 5. In
addition, in the 1940s, with successive advances in metallurgy, SCIM housings could be
built in an increasingly closed way and could maintain the cooling of the windings located
in the stator.

In the early 1960s, a series of advances in insulation systems were instrumental
in reducing the volume of SCIMs. Between 1960 and 1970, SCIMs went through five
generations of materials used to construct insulation for electrical conductors. In the first
SCIMs, the insulation was composed of paper, and later cotton. Then, insulation with
varnish predominated until the present day. Figure 6 shows in white the area necessary to
accommodate electrical conductors of the same metallic volume inside the stator magnetic
package slot for different insulation technologies [63].

The first significant innovation in SCIM insulation systems was the replacement of
the double layers of cotton between the conductors and the sheets with two layers of
silk, allowing a reduction of approximately 59% of the groove area in the metal sheets
(ferromagnetic material) of the stator. The second major innovation was the introduction
of varnish used in conjunction with silk, giving an area reduction of over 2%, as shown in
Figure 6. Subsequently, improvements in the quality of silk and varnish allowed an area
equivalent to be reached of only 22% of the space required for the same electrical conductor
using cotton as an insulator.
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Figure 6. Space used by different insulation technologies for the same SCIM output power. Source:
adapted from [63].

Successive technological innovations and improvements in electrical, magnetic, and
mechanical materials achieved significant volume compaction in SCIMs between 1903 and
1974 [28], as illustrated in Figure 7a. Figure 7b shows the changes in appearance and frame
dimensions of SCIMs of different powers from the open construction of 1904 to those used
in the 1970s, similar to today’s drip-proof and fully fan-cooled SCIMs.

Figure 7. Dimension trends and housing changes of 11 kW 4-pole SCIMs between 1903 and 1974.
(a,b): the changes in appearance and frame dimensions of SCIMs of different powers from the open
construction of 1904 to those used in the 1970s. Source adapted from: [28,53].

Figure 7a presents SCIMs designed for operation at 220 volts and 11 kW, built by
General Electric (GE). In Figure 7a, it is possible to observe the changes in the NEMA
404 housing over the years, and two significant innovations are evident in the images
of SCIMs between the years 1920 and 1954: axial extension of the rotor at the rear and
the closed housing, seen from 1954 and made possible by the improvement in insulation
systems, enabling the transfer of heat from the windings to the outside.

Figure 7b shows a small SCIM (1904) built without a fan and considered to be “self-
ventilated” by the semi-open housing. As early as 1918, SCIMs used a fan attached to the
shaft for cooling. In 1930, the 15 kW SCIM already had a more efficient fan and could
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adopt a more closed design. In 1972, the engines were already drip-proof. Figure 7b shows
18.5 kW and 45 kW SCIMs. They could be fully enclosed (45 kW), allowing a reduction
in SCIM dimensions. As a result of the improved insulation between the conductors and
between the conductors and the ferromagnetic material of the sheets, the temperature of
the winding wires and the groove walls became more homogeneous, as they were closer
together with a thinner insulating layer. The temperature of the set decreased, and for this
reason it was possible to increase the power considerably for the same housing. The stator
slot was significantly reduced for the same power, and the magnetic section between the
slots could be increased. There was also an improvement in the ferromagnetic material, an
increase in the magnetic flux, and a consequent decrease in the number of turns per stator
coil for the same electrical voltage.

According to Alger and Arnold (1979) [28], to avoid hot spots in the centres of long
cores, radial ducts were introduced in the stator and impellers in the rotor operating as
fans, creating the airflow through the stator channels. Therefore, the rating given to the
NEMA 404 frame with an axle height and length of 25.4 cm and 31.1 cm, respectively, was
increased with respect to mechanical power from 5.5 kW in 1897 to 75 kW in 1974, as shown
in Table 2.

Table 2. Mechanical power increments in the same frame from 1898 to 1974. Source: [28].

Years Motor Rated Output Power (kW) Operating Temperature
1898-1903 5.5 40 °C Thermometer
1903-1905 75 40 °C Thermometer
1905-1914 11 40 °C Thermometer
1914-1924 15 40 °C Thermometer
1924-1929 18.5 40 °C Thermometer
1929-1940 22 40 °C Thermometer
1940-1956 30 50 °C Resistance
1956-1961 37 50 °C Resistance
1961-1966 45 50 °C Resistance
1966-1974 75 80 °C Resistance

The reduction in the volume of SCIMs also made it possible to reduce their costs,
intensifying the electrification of industrial plants. For example, in 1890, a 3.7 kW SCIM
weighed approximately 450 kg and cost about USD 900, and in 1957, a SCIM of the same
power weighed around 50 kg and cost USD 110 [64]. Thus, the relationship between value
and mass remained practically the same. However, as mass reduced significantly, the price
of the SCIM reduced considerably, since the cost of an SCIM is fundamentally a function of
the quantity and quality of materials used.

The company Hitachi produced three SCIMs of 3.7 kW in 1910, and in 2010 the total
production was already 40 million SCIMs. The company recorded the significant advances
that SCIMs have made over more than 100 years in this period. Hitachi divides advances
in electric motors into three distinct periods. Between 1830 and 1890 is the period of
inventions, from 1930 to approximately 1950 is the period of scientific initiatives, and
between the 1950s and the present day is the period of industrial initiatives [69].

Various technical and technological developments have made Hitachi SCIMs smaller
and lighter over the 100 years from 1910 to 2010. Figure 8 presents the leading technologies
used by Hitachi that made it possible to reduce the mass of the first SCIM, with a power
of 3.7 kW (four poles) manufactured by the company in 1910 with a mass of 150 kg, to
approximately 20% of the mass in 2010 (30 kg).
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Figure 8. Hitachi SCIM mass changes for 3.7 kW (4 poles) SCIMs. Adapted from [69].
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The main changes recorded were the use of aluminium in the rotor in the late 1940s.
Later, in the 1950s, bearings improved, moving from sliding technology to ball bearings.
In the late 1960s, improvements were made with the application of new insulation classes
of varnishes on the wires. In the mid-1970s, cast iron frames gave way to lighter sheet
steel frames. In the 1990s, aluminium structures closed the cycle of major technological

innovations in Hitachi’s first 100 years (1910-2010).

Reduction of Volume and Losses of Ferromagnetic Materials in SCIMs

The first electrical devices to use ferromagnetic materials were developed in the second
half of the 19th century. Knowledge about these materials, such as their structure, was
absent; as a result, the development of the projects was based on trial and error [70].

For SCIMs to thrive, they needed to advance in generating, transmitting, and dis-
tributing electrical energy via alternating current (AC) [71]. Charles Proteus Steinmetz was
hired by General Electric (GE) (by Thomas Alva Edison) to improve the AC distribution
system. He developed the complex representation of variables sinusoidally in time, which
is still in use today [72]. Steinmetz deepened his studies of ferromagnetic materials to better
compete with Westinghouse, which manufactured the induction motors invented by Tesla.

The first concepts regarding losses in ferromagnetic materials, traditionally known as
iron losses, were developed by Steinmetz [73]. Via understanding how the losses behaved
with changes in the intensity of the magnetic field, the General Electric induction motors

became competitive, due to the reduction in the volume of material used [74].

Steinmetz’s secret was to use increasingly thin sheets. The eddy current losses depend
on the square of the sheet thickness, the hysteresis losses, and the square of the magnetic
field strength [75]. Steinmetz’s discoveries led to more efficient rolling mills that produced

thinner and thinner sheets.

Understanding the ferromagnetic losses (hysteresis and eddy current) was decisive
for selecting increasingly thin sheets to assemble the stator and rotor magnetic package.
Thus, it was possible to impose a greater magnetic flux density in the package of sheets,
approaching the limit of the magnetic saturation of the plate. This knowledge contributed
to reducing the volume of SCIMs to approximately one third of the initial volume between

1891 and 1901 (Figure 4).
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Subsequently, the development of ferromagnetic materials focused on reducing iron
losses through heat treatment of the materials and the “doping” of silicon to increase the
resistivity of the composite [76], thus enabling the intensification of the magnetic field and
consequently reducing the volume of the SCIMs for a defined power.

To better understand the reason for the volume reduction of SCIMs over time, as
shown in Figure 4, regarding the reduction provided by the improvement in ferromagnetic
materials, it is possible to model the volume of SCIMs from the increase in the intensity
of the magnetic field in their structures. This imposition of increasingly intense magnetic
fields was one of the main reasons for the reduction in the volume of electric motors since
their development.

A mathematical expression that translates the volume/power ratio as a function of the
imposed magnetic flux density can be deduced from the electromechanical energy conver-
sion equation, where the phase-induced electromotive force is given by Cardoso et al. [70]:

E = 4.44fNeff® (1)

where f is the frequency (Hz), N¢ is the number of adequate turns in series per phase, and
@ is the magnetic flux per pole (WDb).
Furthermore:

PRPLLL @
p
where B is the density of the magnetic flux in the air gap (T), L is the packet length (m), R is
the radius of the air gap (m), and p is the number of pole pairs.
The electric current expressed as a function of the magnetic field in the motor air gap
was expanded from the classical magnetomotive force equation FMM = NI = ¢, and can
be expressed as [70]:

nplgB
3\/§uoNeff
where 1 is the magnetic air permeability (H/m), p is the number of pole pairs, and I is
the thickness of the air gap (m).
Ignoring any type of losses, the motor power will be given by P = mEI, where m is

the number of motor phases.
Substituting E and I by their values expressed in Equations (1) and (3) results in:

I 3)

B mmp?lgn

P
3uo

B2Vol 4)

where n = £ represents the synchronous motor rotation in rps and Vol = iR’L represents
the motor volume.

Reorganizing Equation (4), it is possible to mathematically verify the volume/power
ratio of SCIMs and other equipment that uses ferromagnetic materials, in proportion to the
intensity of the internal magnetic field in Equation (5).

Vol 1
I 5
P~ KB )
with:
mp?lyn
Km = % (6)
Ho

Equation (5) is inversely proportional to the magnetic flux density characteristic
square, expressing a curve similar to that of Figure 4. It suggests that one of the primary
explanations for the reduction in the volume (or mass) of SCIMs over the years was the
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more significant imposition of the magnetic field on its magnetic structure, as shown in
Figure 9.

Volume

Power

m’ v 1
kW P K,, B?

B[Tesla]

Figure 9. Density of the magnetic flux in the air gap and the volume of SCIMs.

Figure 9 represents the relationship between the improvement in the quality of the
ferromagnetic material and the reduction in SCIM volume, considering the same output
power. As a result of Equation (5), the curve is theoretical since it is impossible to design an
electric machine with unlimited magnetic flux density (B) or a value of B very close to zero.
Hence, the curve represents one of the essential reasons for the reduction in the volume of
SCIMs from the first units to the present day.

It is estimated that for 110 kW electric motors, the losses in ferromagnetic materials
represent, on average, 59% of the total losses [77]. The losses increase with increasing
frequency of the electric voltage. These materials have also undergone improvements from
the first electric motors to the current ones.

Since Michael Faraday demonstrated electromagnetic induction in 1831 [78], soft
magnetic (ferromagnetic) materials have continued to evolve. When iron was the only
soft magnetic material available, metallurgists and materials scientists experimented by
introducing other elements to improve the efficiency of iron.

The main known losses in ferromagnetic materials are hysteresis and eddy current
losses. Hysteresis losses occur through the coercivity of a magnetic material. Each time a
material with magnetic characteristics completes an entire cycle of its magnetization curve,
the area within this curve measures the energy lost in the magnetization process.

The second primary loss mechanism in soft magnetic materials is eddy currents. Eddy
currents are closed electric current paths generated in a conductor whose source is a time-
varying magnetic field. These current loops create a magnetic field in opposition to the
change in magnetic flux (according to Faraday’s law of induction). The energy losses
caused by eddy currents scale approximately with the square of the operating frequency
and are thus a significant cause of losses in alternating-current machines.

The development of silicon (electrical) steel in about 1900 was a notable event in
the advances of soft magnetic materials [79]. Silicon steel still dominates the global soft
magnet market and is the material of choice for large-scale transformers and electrical
machines such as SCIMs. In 1900, Robert Hadfield, a metallurgist from England, and his
team developed unoriented silicon steel by adding up to 3% of silicon to iron and increasing
its electrical resistivity (p) [80].
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The team led by the American metallurgist Norman Goss developed grain-oriented
silicon steel in 1933, promoting grain growth along a crystalline direction. The most
common applications for silicon steel are large-scale transformers (grain-oriented silicon
steel) and electrical machines (unoriented isotropic silicon steel is preferred for rotating
machines), for which the economical price is a great benefit [80].

Improvements in magnetic properties were also achieved, from the treatment of iron
to minimize chemical impurities to the techniques of slicing the iron into thin sheets. Sub-
sequently, silicon was used to increase the electrical resistance of iron and control the
crystal orientation. Figure 10 presents the reduction in losses in the core of electrical ma-
chines in watts for each kilogram of ferromagnetic material, highlighting the predominant
technological advances of each period.
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Figure 10. Changes in losses in the core of electrical machines (ferromagnetic material). Source:
adapted from [7,76,81].

It is possible to observe in Figure 10 that between 1884 and 1970, the losses in the core
of alternating-current electrical equipment reduced from 8.16 W/kg to 0.44 W /kg, which
represents an approximately 95% reduction.

Figure 10 shows low frequencies (50 or 60 Hz) and a constant B (T) value, as both
directly influence losses in ferromagnetic materials.

Today’s primary soft ferromagnetic materials in electric motors are iron and ferrosili-
con alloys (2022). However, materials with lower eddy current and hysteresis losses have
been developed since the 1970s.

After the energy crisis of the 1970s, the first attempts to use amorphous materials for
electric motors were recorded (1981). Mischler et al., demonstrated the low-loss potential
of the amorphous stator in a laboratory environment [82].

In 1967, a new class of materials, amorphous alloys, was introduced [83]. In the
mid-1970s, interest in amorphous alloys based on iron and cobalt increased, and these
materials began to find applications [84]. However, only in 1988 did Hitachi researchers
investigate Nb and Cu additives. They added an annealing step to amorphous alloys to
produce small-spaced crystallites of iron or cobalt within an amorphous matrix material.
The formation of isolated crystallites of transition metals reduced the eddy current losses
of these materials compared to traditional amorphous alloys. Despite a higher initial cost
than silicon steel, these advanced alloys can reduce the total lifetime costs of electric motors
due to reduced losses.
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Currently (2022), unique treatments involving thermal manipulation, laser bombard-
ment, and other technologies continue to produce high-performance magnetic materials.

3.2. Changes in the Performance of SCIMS

It was not just the masses and volumes that changed. Successive changes in the
performance of SCIMs occurred from the first commercially available versions to the mass
manufacturing versions of today (2022).

Several technological advances explained the changes in the performance of SCIMs,
from the technological innovations already mentioned to improvements in production
processes and the purification of active materials. Sven Sjoberg [66] presented the reasons
for the performance gains of SCIMs manufactured by the company ABB Motors after the
great cycle of innovations that closed in the 1970s:

(a) Cutting tooling: improving mechanical precision and enabling the elimination
of burrs;

(b) Laminated package: lamination mixing, lamination control before pressing, welding,
or stator clasping. Quality assessment of raw material sampling before casting (rotor);

() Machining the outer surface of the stator core (generally not necessary): reduces
surface roughness and improves tolerances;

(d) Stator winding: length of coils, type of winding, filling factor, insulation system, loops,
and connections;

(e) Impregnation: good filling results and improvements in thermal exchanges;

(f) The casting of the rotor cage: filling of the slots and the closing rings of the cage,
purity of the casting material, and balancing of the rotor;

(g) Alignment of the rotor shaft and machining of the outer surface of the rotor.

Sven Sjoberg (1997) presented the performance changes to SCIMs manufactured by
ABB Motors between 1935 and 1996, as shown in Figure 11. According to Sven Sjoberg,
performance changes did not result from any performance regulation but occurred due
to materials improvements, technological innovations, and improvements in production
processes [66].
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Figure 11. Changes to performance of 4-pole SCIMs between 1935 and 1996. Source: adapted
from [65,66].
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It is observable in Figure 10 that in the 1960s and 1970s there was a reduction in
the average performance of SCIMs, considering a wide range of power. In some periods,
the performances were inferior to those obtained by the industry in 1935. The researcher
Sven Sjoberg, in his text, does not identify the elements that led to this temporary drop in
performance between the 1970s and 1980s.

For the United States Department of Energy (DOE), the 1960s and 1970s were periods
of global economic crisis, where SCIM manufacturers built lower-cost equipment compared
to previous years. These SCIMs were less efficient, as shown in Figure 12, as they minimized
the use of materials such as copper, aluminium, and steel. According to the DOE, these
SCIMs had lower initial costs than previous projects. However, they consumed more
electrical energy due to their inefficiency, so their use throughout the life cycle was more
expensive [85].

—— 1955 U-Frame
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= ++= -+ 1980 - Standard Efficiency
= =4 = 1994 - Standard Efficiency
—=—— 2004 - Energy Efficiency

—— 2012 - Premium Efficiency

11 18.5 37 55 75
Motor Rated Output Power (kW)

Figure 12. Changes to performance of 4-pole SCIMs between 1944 and 2012. Source: adapted
from [85].

Figure 12 shows that the four-pole SCIMs manufactured and marketed in North
America in the 1980s had even lower performance than SCIMs manufactured in 1944,
which were the first officially registered by the DOE.

According to the DOE, less-efficient and more-compact SCIMs became possible with
insulating materials that could withstand high temperatures. These SCIMs were designed
to admit higher losses due to the increase in temperature in the coils located in the stator,
making it possible to accommodate the winding wires in smaller frames without damaging
the insulation [85].

Figure 13 shows the performance changes to four-pole SCIMs with motor rated output
powers of 37 and 45 kW, operating at 50 or 60 Hz, at low voltage.

Figure 13 shows the average performance presented by Sjoberg and the DOE. The
SCIMs showed a performance reduction between the 1960s and 1980s, and only the data
provided by WEG (2015) showed a continuous increase in performance. Figure 13 illustrates
the performance data available in the company’s publications, beginning in 1960, which
was the year the company was established. The data show performances below those
obtained in the international market, with high performances recorded for 2010.



Energies 2022, 15, 2002

17 of 31

Motor Performance (%)

Motor Performance (%)

96
—e— WEG - 4 POLES - 45 kW - 60 Hz »1
% —8— U.S. Dep. of Energy - 4 Poles - 37 kW - 60 Hz
94 —8— Sven SjOberg - 4 Poles - 37 KW - 50 Hz %7
93
93.2
92
[909]
91
90
89
88
87
1930 1940 1950 1960 1970 1980 1990 2000 2010 2020
Figure 13. Changes to performance of 4-pole SCIM performance between 1935 and 2012. Source:
adapted from [65,66,85].
3.3. Changes in the Performance of SCIMs between 1945 and 2020
SCIMs and most of the electromechanical equipment developed in the 20th century
underwent a series of improvements and refinements, from conception through the techno-
logical advances in construction processes, mainly in the improvement in the quality of the
materials used.
Test results based on data from 1945 and 2020 were used to analyse the change in the
performance of 359 SCIMs, with speeds corresponding to two, four, six, or eight poles, at a
motor rated output power of 3.7, 37, 150 kW, in order to aid in answering the questions
(I'and II) that motivated this research.
Figure 14 shows the trends in performance of two-pole SCIMs over time, tested from
1945 to 2020.
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Figure 14. The average performance of 2-pole SCIMs between 1945 and 2020.
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Figure 14 shows test results from 68 SCIMs organized into three output power cat-
egories and arranged over time. In the years in which results were obtained from more
than one SCIM of the same speed and mechanical power, the average performance was
calculated for the construction of the figure. In addition, in the years in which there were
no SCIMs tested at the output power used in the analysis, the linear regression method
was used between the adjacent years in which data were available, in order to construct the
figure. The same considerations were applied to Figure 15 (four-pole SCIMs), Figure 16
(six-pole SCIMs), and Figure 17 (eight-pole SCIMs).
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Figure 15. The average performance of 4-pole SCIMs between 1945 and 2020.
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Figure 16. The average performance of 6-pole SCIMs between 1945 and 2020.
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Figure 17. The average performance of 8-pole SCIMs between 1945 and 2020.

Table 3 presents the cumulative performance gain between 1945 and 2020 for the three
analysed power values.

Table 3. The average performance of 2-pole SCIMs between 1945 and 2020.

Motor Rated Output Power (kW) 3.7 37 150
Performance (%) 1945 79.1 81.5 89.1
Performance (%) 2020 90.2 94.5 96.2
Accumulated gain (%) 11.1 13 7.1

Loss reduction (%) 53.1 70.3 65.1

Generally, high-power SCIMs are always associated with high performances. They
are often subjected to more rigorous quality control routines by the manufacturers and
users, who are concerned about the losses in this equipment because they are primarily
the predominant industrial electrical loads. This fact results in SCIMs of higher power
such as 150 kW having smaller performance gains over that time interval. Medium-power
(37 kW) and low-power (3.7 kW) SCIMs are associated with high performance gains, with
accumulated values of 13% and 11.1%, respectively, based on the analysed period. In other
words, the reduction in losses in two-pole SCIMs between 1945 and 2020 was 53.1% for
3.7 kW, 70.3% for 37 kW, and 65.1% for 150 kW. The trends shown in Figure 14 and Table 3
for two-pole SCIMs are similar to those in Figure 15 and Table 4 for four-pole SCIMs, in
Figure 16 and Table 5 for six-pole SCIMs, and in Figure 17 and Table 6 for eight-pole SCIMs.

Table 4. The average performance of 4-pole SCIMs between 1945 and 2020.

Motor Rated Output Power (kW) 3.7 37 150
Performance (%) 1945 80.1 85.1 88.2
Performance (%) 2020 91 95.4 96.8
Accumulated gain (%) 10.9 10.3 8.6

Loss reduction (%) 54.8 69.1 729
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Table 5. The average performance of 6-pole SCIMs between 1945 and 2020.

Motor Rated Output Power (kW) 3.7 37 150
Performance (%) 1945 80.1 83.8 88.1
Performance (%) 2020 91 95 96.2
Accumulated gain (%) 10.9 11.2 8.1

Loss reduction (%) 54.8 69.1 68.1

Table 6. The average performance of 8-pole SCIMs between 1945 and 2020.

Motor Rated Output Power (kW) 3.7 37 150
Performance (%) 1945 78.5 82.8 87.8
Performance (%) 2020 88.2 94 96
Accumulated gain (%) 9.7 11.2 8.2

Loss reduction (%) 45.1 65.1 67.2

According to Table 4, the loss reduction for four-pole SCIMs was 54.8% for 3.7 kW

power, 69.1% for 37 kW, and 72.9% for 150 kW between 1945 and 2020.

According to Table 5, the loss reduction for six-pole SCIMs was 54.8% for 3.7 kW

power, 69.1% for 37 kW, and 68.1% for 150 kW between 1945 and 2020.

According to Table 6, the loss reduction for eight-pole SCIMs was 45.1% for 3.7 kW

power, 65.1% for 37 kW, and 67.2% for 150 kW between 1945 and 2020.

The three curves (3.7 kW, 37 kW, and 150 kW) showed similar trends in the four figures

presented (Figures 14-17), making it possible to separate three periods:

1.

2.

Between 1945 and the mid-1960s, SCIMs presented a curve indicating continuous
increasing performance gains;

Between the 1960s and 1980s, SCIMs showed significant performance drops, in some
cases reaching lower levels than the SCIMs marketed in 1945;

Between the 1980s and 2020, performance improvement dominated the scenario. It
resulted in high levels of performance in the last years of the analysis, presenting a net
result, from 1945 to 2020, of gains above 10% in average performance, corresponding
to a worst-case reduction of losses of approximately 45%.

Several elements influenced these trends for each of the three periods described above.

At first, between 1945 and the mid-1960s, an intensive process of technological innovation
was identified, highlighting the following elements that directly influenced the performance
gains of SCIMs:

a.

Many SCIMs tested in the 1940s still had plain bearings. Sleeve bearings, compared
to ball bearings, produce more noise, are larger and heavier, and generally provide
greater friction, requiring oil lubrication;

In the 1940s, there was a transition from rotors made of iron bars to rotors made of
cast aluminium bars. Aluminium has lower electrical resistivity and lower density,
and is therefore lighter for the same power;

Advances in metallurgy allowed SCIM housings to be built more compactly, im-
proving the safety of operation and maintenance workers, maintaining winding
ventilation, and reducing masses and volumes;

The insulation system in that period underwent substantial advances, moving from
the use of cotton as an insulator to silk, where a significant reduction in the size of
the grooves was possible, reducing the size and volume of the SCIMs;

Due to the use of silk, it was also possible to insert more copper into the same slot, re-
ducing the most significant losses in SCIMs (Joule losses in the stator winding wires);
Improvements in the manufacturing processes of SCIMs were remarkable in that
period, whether due to advances in cutting tools or better machining of the active
ferromagnetic materials of SCIMs;

Between 1884 and 1970, the core losses of AC SCIMS dropped from 8.16 watts/kg to
0.44 watts/kg, which represents an approximately 95% reduction.
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In the second period, between the 1960s and 1980s, SCIMs showed significant drops in
performance, making it possible to identify the influence of the following elements. In this
period, insulation from varnish was developed. The varnish made it possible to withstand
high temperatures without compromising the insulation. For this reason, SCIM designs
emerged that admitted more significant losses in the stator winding wires due to increased
temperature in the coils. Temperatures up to 180 °C, already standardized in the 1970s
(Table 7), were observable in some SCIMs.

Table 7. Thermal class of insulation of electrical conductors. Source: [86].

Thermal Class (°C)
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Cotton and silk operated only as electrical insulators. In contrast, the varnish used, in
addition to being an electrical insulator, is a thermal conductor. This factor made it possible
to accommodate the winding wires in even more miniature housings without damaging
the insulation and to improve cooling with an increased transfer of heat produced mainly
in the stator winding wires to the external surface, via the design of the fins on the housing.

When varnish is used to insulate the winding wire, it conducts the temperature rise
resulting from the losses in the stator winding wires to the housing (Figure 18). In the
process, the fins are designed to increase the contact area with air, thus improving the heat
dissipation process and changing the geometry of the SCIM housing.
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Figure 18. Stator temperature measurement points (A, B, C, D and E). Adapted from [87].
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The temperature reduction in SCIMs between points A and E, expressed in Figure 18,
can be described as follows:

A—the hottest point of the SCIM, inside the slot that generates the heat from the Joule
losses of the stator winding wires;

AB—the temperature reduction resulting from heat transfer from the hottest point
to the outer wires of the coil. As air is not a good conductor of heat, there must be no
“voids” inside the groove. Therefore, the windings must be compacted and impregnated
with varnish, filling the voids as much as possible;

B—the temperature reduction caused by the insulator inserted between the winding
wires and the metal plates. It is common to use special paper or synthetic insulating foil to
line the groove;

BC—the temperature reduction by thermal conduction in the SCIM core plates;

C—the temperature reduction in the contact between the core and the housing. Preci-
sion machining of the housing to reduce surface irregularities is essential in heat conduction;

CD—the temperature reduction by thermal conduction through the shell thickness;

DE—the temperature reduction due to the increase in the SCIM surface exposure
caused by the fins.

The reduction in copper mass meant that SCIM manufacturers were able to reduce
the final cost of the equipment, since copper is the highest cost input in the construction of
SCIMs. This trend was verified in the test reports of the analysed period. An increase in
Joule losses (I2R) in the stator winding wires was mainly observed in relation to previous
decades. When the section of the copper conductors reduces, the total mass of the SCIM
also reduces. The reduction in copper increased the Joule losses and consequently increased
the operating temperature of the SCIMs. The heat generated internally could be more easily
dissipated in the housing with varnish.

In the third period, between the 1980s and 2020, improvements in the average perfor-
mance of SCIMs were evidenced mainly by the following observations.

Minimum performance level policies were applied in the world’s largest economies
between the 1990s and 2020. The policies that indicate the minimum energy performance of
equipment are entitled “minimum energy performance standards (MEPS),” which specify
minimum levels of energy performance for commercial purposes. The main objective of
MEPS is to guide the performance of the equipment for the consumer and establish a
minimum legal requirement for commercialization.

Government bodies usually institute MEPS policies. In the case of SCIMs, MEPS are
divided into performance classes, allowing different levels that increase the requirement of
a specific minimum performance value according to technological advances and market
acceptance. Performance classes for SCIMs internationally are harmonized with the IE
code in IEC 60034-30-1 [88], which is widely accepted as the global standard, making
performance classes comparable across the various regional energy policy documents for
SCIMs. The standard defines efficiency classes from IE1 to IE4 (Figure 19), where IE1 is the
lowest, and IE4 is the highest. Similarly, in the United States, performance classes IE1 to
IE4 are called Standard, High efficiency, Premium efficiency and Super-Premium efficiency,
according to NEMA [89]. The new IE5 class has not been defined in detail; however, it is
foreseeable in a future edition of the standard. For IE5 SCIMs, the goal is to reduce losses
by about 20% compared to the 1E4 class [88,90].
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Figure 19. Efficiency levels in the IEC 60034-30-1 (2014) classification standard curves for 50 Hz,
4-pole SCIMs. Source: [88,90].

The SCIMs tested in 2020 were already IE3. Therefore, in the next few years, it should
be possible to make another short jump in the performance gain of SCIMs.

The implementation of MEPS for SCIMs took place in the USA and Canada in 1997
and was later gradually applied in other countries, with modifications implemented by
each energy agency of the various countries, but maintaining the harmonization as shown
in Figure 20.
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Figure 20. Timeline of global minimum performance standards for SCIMs. Source: [91-97].

To comply with the new legislation, which imposes higher performance indices, the
central intervention of the manufacturers, verified in the test reports of the analysed period,
was the reduction of Joule losses in the stator, because stator windings started to be built
with more copper mass compared to previous decades. This movement also meant that the
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86 kg/kW

mass of SCIMs, which until then had decreased with time, began to increase, returning to
the levels verified in the 1960s.

During this period, other secondary elements were observed that also influenced the
improvement of the performance of SCIMs:

1. Advances in the design of SCIMs through the use of modelling software, enabling
structural improvements in the coupling and a reduction in vibrations and noise;

2. Three-dimensional computational modelling of electromagnetic fields, enabling
project optimization;

3. Advances in the processes of the casting of steel-silicon sheets;

4. Use of more efficient cooling systems (ventilation).

The three periods described led to profound changes in the mass/power ratio of
SCIMs. The analysis presented in Figure 4 demonstrates the falling mass/power ratio and
points to the lower levels in the following years needing to be updated. For this reason,
Figure 21 was created to answer question III, which was one of the questions motivating
this research.

[+ 4 kW - 2 Polos |

19 kghkW

11
| T2lhWTZghW KK g sk g kghw
: : : : 4.8 kghW

10.2 kg/kW
1

1
1
A 1 1
=) - - R 1 =)
S W - iiﬂ b 0w L _E;}
= W= 5=
T T |
1DA 30 1A4/4 1A4/n4 1AJ-112 M-4 1AJ-180L4  1100L 11121
S = 2 S 3 s §
— ~— ~— — ~— N (Y]

Figure 21. Changes to SCIMs in the mass/power ratio between 1891 and 2020.

The research relied on SCIM test data from 1945 to 2020. However, SCIM mass data
was only available in technical reports from 1997 onwards. Before this date, few reports
presented a record of the mass of the SCIM under test. Between 1945 and 2020, records of
seven SCIMs with power and speeds compatible with Figure 4 and with mass records were
discovered. The mass/power ratio found in these seven SCIMs was compatible with the
data published by AEG. Thus, Figure 4, containing results between 1891 and 1984, was
updated with data obtained in this research (Figure 21).

To create Figure 21, in 2000, 12 two-pole SCIMs with power between 3.7 kW and
4.4 kW were used, and in 2020, 16 SCIMs were used in the same power range and for the
same speed. After calculating the mass/power ratio for each SCIM, the arithmetic mean
was calculated for each of the two years under analysis.

A significant result verified in Figure 21 was the increase in the mass of SCIMs from the
2000s onwards, reaching the level of 10.2 kg/kW for the same power and speed, returning
to levels verified in the 1950s.
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The increase in mass was produced mainly by using conductors of a larger section, to
reduce the block where the most significant losses in SCIMs are found, that is, the losses
from the Joule effect in the wires of the stator windings.

The reduction in volume of an electrical machine can also result in challenges in
keeping components cool. In the case of high heating, deterioration of the properties of
most materials (such as insulators, coils, and sheets of ferromagnetic material) can occur,
causing a reduction in the useful life of the equipment. This is one of the reasons that justify
the average increase in the carcass of SCIMs in the last two decades.

There was also an increase in the lengthening of the rotor package, and consequently of
the stator windings, significantly increasing the amount of material used in the construction
of the high-efficiency motor, as seen in Figure 22.

5 HP - 1200 RpM
EFFICIENCY - 849, 5 HP - 1200 RPM

WEIGHT - 99 LBS EFFICIENCY - 90.2%
WEIGHT - 150 LBS.

Figure 22. The difference in the material quantity between Standard SCIM and High-Efficiency SCIM.
Source: [98].

In Figure 22, the most significant change made to increase the performance of a 5 HP
(3.7 kW) electric motor from 84% to 90.2% was an increase in mass of 27 kg or approximately
33%, while maintaining the same carcass.

For performance gains superior to those shown in Figure 22, increasing the carcass to
accommodate the new stator and rotor dimensions was necessary. Figure 21 shows that
SCIMs went from a 100L housing in 2000 to a 112L housing twenty years later (2020).

The mass/power ratio depends on the power range and speed, so Figure 21 cannot
be directly generalized to other power values without proper adjustments. However, the
shape of the curve presents a similar trend for the other power ranges and speeds.

There is no forecast of a continuous increase in the mass/power ratio of SCIMs, as
this has been optimized in recent years through technological innovations. Other viable
technologies have been presented to reach the IE5 standard. Synchronous operation motors
include permanent magnet synchronous motors (PMSMs) and synchronous reluctance
motors (SynRMs). Synchronous motors employ a drive that can also control the speed, and
they have introduced a series of improvements in motor drives, such as ease of automation,
the possibility of pre-diagnosis, ease of application of intelligent sensors, the possibility of
collection and analysis of electrical quantities, etc.

PMSMs, for the same power range (4 kW) and speed (two poles) as those shown in
Figure 21 can present a mass/power ratio of approximately 4 kg/kW, with a performance
above 93%, even for low power and a power factor above 0.95.

SynRMs, for the same power range (4 kW) and speed (two poles) as those shown in
Figure 21 can present a mass/power ratio of approximately 7.5 kg/kW, with a performance
above 92.8%, even for low power and a power factor above 0.95.
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Synchronous operation electric motors do not have rotor losses, and this is one of the
main reasons this equipment can raise the level of performance. Synchronous motors also
have a smaller physical volume than traditional SCIMs and are touted as the immediate
future of variable-speed motor drives. If the economic factor also becomes an attraction,
synchronous motors may also be viable in fixed-speed systems.

For SCIMs to reach IE5, two possibilities are currently considered. One is the use of
amorphous materials with high magnetic permeability to reduce core losses. Another is
the use of copper to minimize losses in rotors traditionally constructed of aluminium.

The magnetic package of SCIMs can be particularly suited to amorphous laminations,
as demonstrated by Hitachi with an 11 kW motor prototype that achieved IE5 efficiency [99].
The Hitachi prototype had a reduced size compared with a traditional SCIM and perfor-
mance above 93% over a wide load range.

Traditional medium- and low-power SCIMs have a rotor constructed primarily of cast
aluminium. However, since 2002, it has been possible to find, for some applications, SCIMs
with rotors made with copper [100].

The copper squirrel-cage rotor enables a 15% to 18% reduction in total motor losses
(this can represent an efficiency gain of 2 to 4%, depending on the power and number of
poles) [101]. A copper rotor is made of electrical steel laminations in which the rotor bars
and end rings are made of cast copper instead of cast aluminium. Copper is an excellent
material for rotors because it has higher electrical conductivity than aluminium [102].

The use of the copper rotor can also support the resumption of size reduction and
overall weight reduction of the motor, since the reduction in losses in the rotor allows the
reduction of the total length of the rotor and consequently the stator.

3.4. Research Limitations

In this section, dealing with the limitations of this research, we make suggestions for
future research activities on the theme of changes in the performance of electric motors,
which will contribute to research in the area:

e  Evaluate the changes that have taken place in the forms of SCIM projects, from manual
calculations to the use of high-level computer simulation;

o  Evaluate the improvements in the copper drawing process and the improvement in
the purity of copper (stator) and aluminium (rotor);

e Evaluate the improvements in the design and machining of the ventilation of elec-
tric motors;

e Evaluate improvements in the electric drive process and coupling between electric
motors and mechanical loads;

e  Evaluate advances in metallurgy to produce increasingly accurate cuts, improving the
quality of electrical machines.

4. Conclusions

It is common to read in the technical literature that “SCIMs have hardly changed in
the last 100 years”. However, current SCIMs are significantly different from the SCIM
developed by Mikhail Dolivo-Dobrovolsky’s team between 1888 and 1890. Therefore, this
statement is only valid when referring to the SCIM’s working principle. This research
showed significant changes in the design, materials, and components that make up the
parts of SCIMs.

The present research analysed the performance levels of SCIMs based on the results
of tests carried out at the Laboratory of Electrical Machines of IEE/USP in the period
between 1945 and 2020. SCIMs with powers of 3.7 kW, 37 kW, and 150 kW were used in a
total of 359 electric motors. Regarding the performance levels, the results showed that the
SCIMs presented a similar trend, and it was possible to identify three distinct periods in
the historical timeline.

Between 1945 and the mid-1960s, SCIMs showed practically constantly increasing
gains in performance. This was due to the various technological innovations in the period,
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mainly the use of oriented grains in the ferromagnetic material, the use of aluminium in
the rotor, essential improvements in the projects, and the ventilation of the SCIMs.

Between the 1960s and 1980s, which was a period of cheap energy, manufacturers
built cheap and relatively inefficient SCIMs, minimizing the use of materials such as cop-
per, aluminium, and steel. The production of lower-performance, lower-volume SCIMs
was made possible by developing insulating materials (particularly varnishes) that could
withstand high temperatures. This allowed SCIMs to be designed with higher losses (partic-
ularly Joule losses in the stator winding), since the temperature rise due to losses could be
transferred to the housing (the varnish is electrically insulating and thermally conductive)
without damaging the insulation or reducing the expected motor life (Figure 18). In this
period, the reduction in the performance of SCIMs was so high that, in some cases, the
performance reached lower levels than for the SCIMs marketed in 1945.

Although these motors had lower start-up costs than previous designs, they used
more energy due to their inefficiency.

From the 1980s to 2020, performance improvement dominated the scene again. The
central aspect of this performance variation was the technology and materials used to
construct the machines. It was possible to observe that the gains were significantly higher
for minor power values, due to the large margin for improvements in materials and projects
due to the low technical construction rigour.

The reduction of losses in the SCIMs analysed in the period 1945-2020 was in all cases
more than 40% for the three analysed output power values (3.7, 37, and 150 kW) and the
four possible speeds (two, four, six, and eight poles). In the case of 150 kW SCIMs with a
speed corresponding to four poles, the loss reduction in the period reached 72.9%, showing
a significant advance.

The 37 kW SCIMs with a speed corresponding to 2 poles had the highest accumulated
efficiency gain in the analysed period. They went from 81.5% average yield in 1945 to 94.5%
75 years later (2020), resulting in an absolute 13% performance gain.

The relationship between the mass and power of SCIMs presented two periods in
the analysis performed. The first period was the 94% reduction between 1891 and 1984,
from 86 kg/kW to 4.8 kg/kW, due to the various technological innovations discussed in
this paper. The second period showed a decrease by 112.5% between 2000 and 2020, from
4.8 kg/kW to 10.2 kg/kW on average, due to the need to resume the performance increase.

In conclusion, continuous performance gains occurred during intense technological
innovation, showing the importance of performance legislation for SCIMs. In the 1970s
and 1980s, the search for lower-cost SCIM manufacturing reduced the equipment’s per-
formance. Thus, the self-regulation of the SCIM market, in terms of performance, did
not show positive results in periods of low technological innovation. A return of the
performance improvement was observed, mainly by the imposition of performance legis-
lation, motivated by a global need to rationalize the final energy use and by sustainable
energy considerations.
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