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Abstract

The need for energy-saving solutions in electric machines design is growing because of envi-
ronmental concerns. Cryogenic cooling offers benefits to electric motors, especially in terms
of efficiency, torque and power density. While not typically available in conventional applica-
tions, some particular applications such as natural gas pumping and future electric aircraft
may benefit from these advantages.

A conventional three phase 90W induction motor was tested in standard conditions and
immersed in a liquid nitrogen environment to study the difference in performance and the
variation of the parameters of the equivalent single phase circuit.

The results have shown that in the cryogenic environment, the mechanical and iron losses
are higher. However, a significant reduction in Joule losses has been observed. This led to an
overall increase in motor efficiency by +26.8%. Additionally, the motor displayed a +51.6%
increase in torque and a +69.6% increase in power output under cryogenic conditions. For
validation, the motor under test has been compared with a similar 90W induction motor
previously tested. The results from both motors aligned closely, thus reinforcing the relia-
bility of the data. The tests on a bigger 550W induction motor, moreover, have shown the
same trend in performance and parameters variation.

Lastly, an overview of the stray load losses in cryogenic conditions for the two 90W motors

has been provided.
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Chapter 1
Introduction

Nowadays an estimated 30 million electric motors are yearly purchased by industry, of which
300 million of them are already under exploitation. Electric motors are found in an exten-
sive array of applications such as transportation, manufacturing, residential appliances and
renewable energy systems. In the context of the energy transition, these motors play a key
role since they account for a significant portion of the global electricity consumption.

As can be seen in Figure 1.1, electric motors use an estimated 46 % of the global electricity
demand, with 64% of it located in the industry [1, 2] (Figure 1.2).

Light
19%

Motors
46%

Electronics
10%

Electrolysis
3%

Standby 19%
3%

Figure 1.1: Estimated share of global electricity demand by end use
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Figure 1.2: Estimated electricity demand for all electric motors by sector

Given the significance of the electricity consumed by electric motors, energy efficiency is con-
sidered essential to reduce the economic costs of their exploitation. The estimated electricity
saving potential could be 13,360 TWh per year, which coincides with a yearly greenhouse
gas emissions reduction of 8579 tcp2., until 2030 [2].

1.1 Cryogenic Machines Overview

Since cryogenic cooling has been shown to improve the performance and efficiency of electric
machines and since the world of research and industry has focused on the reduction of CO2
emissions using all-electric solutions with ever-greater efficiencies, these motors represent an

interesting field of research.

1.1.1 Cryogenic Coolants

By definition, cryogenic electric motors are electric motors that operate in extremely low
temperatures, typically below -153°C (120 K). A list of the most common refrigerant fluids

is provided below[3]:

e Liquid nitrogen (LN2) exists as a liquid at temperatures below -195.8 °C (77 K). It is
relatively inexpensive, abundant, and non-toxic. LN2 can be dangerous to handle, and

it requires specialized storage and transfer equipment.

e Liquid Helium (LHe) exists as a liquid at temperatures below -268.9 °C (4.25 K). It is
less abundant and more expensive than liquid nitrogen, but it has a much lower boiling
point, which makes it useful in applications that require even lower temperatures. At
the same time, however, it is more difficult to handle and requires more complex

insulation materials.



e Liquid Hydrogen (LH2) exists as a liquid at temperatures below -252.87 °C (20.28 K).
It is an efficient coolant and has high thermal conductivity and low viscosity. However,

its use must be handled carefully because it is flammable.

e Liquid Neon (LNe) exists as a liquid at temperatures below -246 °C (27 K). It is similar

to liquid helium and liquid hydrogen in terms of cooling performance.

The cryogenic or cooling operation may be accomplished in different ways. For example:

e Immersion cooling: all the parts of the motor, included windings and bearings, are

completely submerged in cryogenic liquid (see Figure 1.3).

e Forced-flow cooling: in this method the cooling liquid circulates just through the wind-

ings that are made of hollow conductors [1].

e External cooling: this method consists in cooling only the outside of the motor directly

or indirectly with a cryogenic fluid.

e Contact cooling: it involves direct contact with a cooling medium, enabling efficient

heat transfer.

4

1: CRYOSTAT

2: MOTOR (inside vacuum chamber)
3: MANOMETER

4: CRYOCOOLER

5: STORAGE

Figure 1.3: Typical submerged cooling system of an electric motor

1.1.2 Advantages of Cryogenic Operations

Compared with room temperature operations, thanks to the decrease of the electric resistivity
(and joule losses consequently) and the superior heat extraction capability of the fluid, cryo-
genic conditions allow higher power and torque density, increased load capability, increased
power factor and increased efficiency [3, 5. In addition, due to the cryogenic coolant, there
are less thermal limitations for the whole stable zone of the torque-speed characteristics [0].
In [7] an increase in output power between +96% and +189% and an increase in efficiency
between +30% and +35 % were observed, while in [0] an increase in torque of 171 % was

observed.



1.1.3 Disadvantages of Cryogenic Operations

Cryogenic cooling requires a complex cryostat for its implementation that may not justify, in
terms of complexity and costs, the increase of the electrical machine efficiency and loading
capability [0]. Safety issues have to be taken into account as well.

From the technical point of view, core losses are generally higher with respect to those of
air-cooled machines since the electrical conductivity of laminations increases at lower tem-
perature [8]. Furthermore, the presence of the fluid in the airgap causes a remarkable increase
in friction losses compared to an air-cooled machine [7].

Additionally, given that the rotor resistance is lower compared to ambient conditions and
considering the starting torque is directly proportional to this resistance, the starting torque
is subsequently reduced. This could pose an issue for loads with significant inertia at zero
speed, as they demand a high starting torque.

Lastly, given that the current industry predominantly relies on conventional motors, inte-

grating cryogenic motors with existing industrial systems may pose challenges.

To sum up, in Table 1.1 are listed the main advantages and disadvantages of cryogenic

motors with respect to the conventional ones.

Advantages Disadvantages
Lower resistance and joule losses Complexity of the cooling
Higher power and torque density Lower starting torque
Higher efficiency Higher iron losses
Higher heat extraction capability Higher mechanical losses
Higher load capability Costs
Higher power factor Integration with existing systems

Table 1.1: Advantages and disadvantages of cryogenic machines with respect to conventional

ones

1.2 Superconducting Electric Machines

Superconductors are materials that can carry electrical current with zero resistance, typically
at very low temperatures. The operation of the machine at cryogenic temperatures also
allows investigating the use of these materials, in the form of bulks (Figure 1.4) and tapes
(Figure 1.5), in place of conventional conducting materials in the fabrication of windings,

permanent magnets and flux shields to obtain superior performance.



Figure 1.4: Different shapes of HTS bulk superconductors

In Figure 1.5, it is noteworthy that the superconducting component is the ReBCO (Rare-
element, Barium, and Copper) layer. With a thickness of only 1um, it can handle a current
density of approximately 104 /cm? [9]. The remaining layers are primarily for barrier and

support purposes.

Copper (75 uym)
Hastelloy (75 pm)
Al203 (75 nm)

Y203 (75 nm)
IBAD MgO (75 nm)

Homo-epi MgO (75 nm)
LaMnQO3 (75 nm)
YBCO (1 um)

Ag (1 um)
Cu (75 um)

Figure 1.5: Second Generation (2G) HTS YBCO tape superconductor

Currently, two kinds of superconductors are available in the market: the low-temperature
superconductors (LTS) and the high-temperature superconductors (HTS). The main differ-
ence, besides the composition, regards the working temperature range since the LTS are

superconducting below 30K while HTS between 77K and 120K.
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The refrigeration complexities and costs of LTS have been an issue for their widespread into
the electric machine market. Starting with an empirical breakthrough in 1989, however, a
strong set of large scale demonstration devices have been made with high temperature su-
perconductors. Given their significantly larger thermal margin and their ability to facilitate
simpler cooling systems, HTS are better suited for the implementation of superconducting
machines.[10-12].

To summarize the difference in performance between a conventional machine, a cryogenic
machine with conventional materials and a cryogenic machine with superconductors, the

3%

Table 1.2 has been created, where one star indicates the worst machine and three stars

P#% indicate the best machine.
Conventional | Cryogenic | Superconducting
Machine Machine Machine
Current Density * ok ok
Output Power * K ook
Output Torque * kK ook
Efficiency * ok Aotk

Table 1.2: Performance comparison between conventional and cryogenic machines

1.3 Early Applications

The earliest applications of cryogenic motors were driven predominantly by necessity. Elec-
tric motors, particularly pumps, were required to function in environments involving liquids
and gases at extremely low temperatures. For instance, pumps used in space exploration or
medical applications might need to handle cryogenic substances like liquid oxygen or liquid
nitrogen.

As countries rebuilt their economies following WWII, the demand for natural gas increased
throughout the world. Much of this imported gas had to come from overseas fields and to
transport economically, gas was liquefied at the production sites and transported by ship to
the receiving nations. The first submerged cryogenic motors were used to move this liquefied
gas from shore to ship and, subsequently, from ship back to shore. These first motors were
immersed in liquid methane at -161 °C[11]. Figure 1.6 shows instead a modern application

of a cryogenic pump for liquified natural gas.



Figure 1.6: Cryogenic submerged pumps for liquified natural gas (LNG) by Vanzetti Engi-

neering

One of the compelling reasons for designing such motors was to eliminate the need for thermal
barriers [13]. By submerging the motor directly into the cold liquid, the necessity for intricate
isolation methods between the motor and the cryogenic medium could be bypassed. Figure

1.7 shows the section of a submerged pump for liquified natural gas applications.

Internal flow External flow Shaft bearing

e =N

LNG flow

Suction

."'., '1II '.II I“,I =
Impeller | AR
Motor Rotor Stator L
shafi  core core End-winding

Figure 1.7: Submerged pump assembly for LNG applications using a cryogenic-cooled in-

duction machine

Moreover, many of the problems associated with ambient temperature motors, such as par-
tial discharge, corona, thermal life, and oxidation, were absent on submerged motor[l 1].

During the design phase, however, it is necessary to take into account the characteristics
(electrical, mechanical and thermal) of materials at low temperatures and the differences
with respect to room temperature operations. In fact, while cryogenic conditions allow a

higher efficiency and torque, it makes no sense to operate a conventional motor at cryogenic
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temperature to obtain the same rated power. In other words, to achieve the best efficiency

at the desired torque, the machine design must be optimized for cryogenic conditions.[11—10]

1.4 Future Trends

Over time, the emphasis on using cryogenic motors shifted. Instead of being used only
for applications that inherently demanded operation at low temperatures, cryogenic cooling
started to be employed to enhance energy efficiency. Using cryogenic fluids exclusively for

cooling purposes can significantly boost the performance of a motor.

1.4.1 Electrification of Aircraft

The aeronautics industry is anticipating deep changes and new challenges in the near fu-
ture. It is expected that air traffic will continue to grow in the next decades even taking
into account the impact of COVID-19, social acceptability and long-term roadmaps such
as ACARE (Advisory Council for Aeronautics Research in Europe) Flightpath 2050. The
SRIA (Strategic Research and Innovation Agenda) set specific goals such as a 75% reduction
of CO2 emissions and 90% reduction of Nitrogen Oxides (NOx) as a result of ecological
and sustainable development obligations. With this in mind, the aerospace industry has
initiated a technological transition toward electrification with the so-called More Electric
Aircraft (MEA). This more-electric design has been proven to reduce the fuel consumption
of the aircraft by replacing mechanical, pneumatic, and hydraulic energy sources with elec-
tric energy. The MEA concept became a commercial reality in 2005 with the Airbus A380,
followed by the Boeing 787 (Figure 1.8).

Electric
network «

Bleedless All electric
Pneumatic network \‘0@
AP
Electric network eéé
'(3 Hydra%two v 2,
7’ * y-
A350 \
v ® .
-

Hydraulic network
Conventlonal Hydraulicless

Electrification of pneumatic systems

Electrification of hydraulic systems

Figure 1.8: Aircrafts evolution: from conventional to more electric



Traditional MEA, however, still uses fossil fuel for propulsion, which requires 90% of total
energy consumption. To further reduce emissions, a high efficient, high specific power elec-
trical propulsion system is urgently needed: the goal is to achieve a specific power greater
than 10 kW /kg [17-20].

A promising avenue to replace conventional fuel, thanks to its high specific energy, is liquid
hydrogen; whether to burn it in a turbofan or to use it in a fuel cell to generate electrical
power. A lot of work is currently underway on fuel cell or H2-burn propulsion but it remains
essential to develop an ultra-efficient electric or hybrid propulsion system for the future air-
craft. If a cryogenic source like liquid hydrogen is available on board, it can be used in two
ways to increase performance of electric machines, as has been already specified in Section

1.2: using conventional cryogenic motors or superconducting motors [21].

ASCEND

Adv d Sup

AIRBUS

Figure 1.9: ASCEND (Advanced Superconducting and Cryogenic Experimental powertraiN

Demonstrator)

Airbus has recently launched the “Advanced Superconducting and Cryogenic Experimental
powertraiN Demonstrator” (see Figure 1.9) to explore the impact of superconducting ma-
terials and cryogenic temperatures on the performance of an aircraft’s electrical propulsion

systems.

1.4.2 Naval Propulsion

After an increasing demand for large ships for goods transportation, the cruise industry
prompted tremendous research and development. Those efforts resulted in the development
of today’s small all-electric ships and large hybrid vessels that provide more fuel efficiency
and less air pollution. The main drivers behind the movement toward electric ships include

the International Maritime Organization (IMO) and rising fuel prices. To minimize the air



pollution caused by the container ships that transport goods across the globe, the IMO
adopted stringent regulations limiting nitrogen oxide (NOx) and sulfur oxide (SOx) emis-
sions [22].

Electric propulsion was seldom used until the 1980s, when the development of power elec-
tronics technologies enabled the efficient variable-speed control of electric motors. One of
the main benefits of electric propulsion is the ability to maintain high efficiency across a wide
operational speed. Variable speed controlled electric motors have a high efficiency (around
95%) between 5% and 100% of rated power, while for combustion engine the optimum effi-
ciency is just in the small range 85%-90% of rated power [23].

Here are listed the main types of ship propulsion systems:

e Diesel Electric: diesel engines are coupled with generators, whose generated electricity
powers an electric motor. Diesel engines can operate at an optimal regime to produce

electricity, regardless of the ship’s speed, thus increasing the efficiency of the system.

e Turbo-Electric Drive: turbo-electric propulsion is commonly adopted in fast ferryboat
applications and modern cruise ships. In this case, diesel engines are replaced by one or

more gas turbines. Gas turbines offer a reduced volume and produce fewer emissions.

e Hybrid Diesel-Turbo-Electric: this is a mixed layout, which includes a diesel engine

and a gas turbine (see Figure 1.10).

Gas Turbine: 25 MW

~ il |+
JZ—@—F\M

Figure 1.10: An example of Hybrid Diesel-Turbo-Electric configuration

Since the importance of electric motors in naval propulsion, the use of high efficiency cryo-
genic superconducting motors has been investigated these years. In [241], for example, a light-

weight, compact, high efficiency, high power superconducting LTS motor for ship propulsion

10



has been designed.

In [25], an induction motor operating on a U.S. Navy warship rated 5000 hp, 590 V, 60 Hz,
and 1791 r/min has been investigated for comparing both conventional and emerging tech-
nologies. HT'S motors 2G technology have been found to be the best solution for high-power
applications where size and weight are the main considerations, such as the high-power dense

propulsion motors. The results can be seen in Table 1.3.

Induction Motor | PM Motor | HT'S Motor
Volume [m?] 0.80 0.56 0.41
Torque density [kNm/m?] 26 42 53
Efficiency 96.37% 97.62% 98.72%

Table 1.3: Performance comparison between conventional and cryogenic motors for naval

propulsion

1.5 Goal of the Thesis

This thesis project has been carried out in Lisboa, at Instituto Superior Técnico and more

precisely in the Laboratério de Maquinas Elétricas (LME).

TECNICO
LISBOA

Figure 1.11: Instituto Superior Técnico Lisboa

Although a general introduction was made also on superconducting machines, this thesis
focuses on cryogenic machines with conventional materials. In particular the object of our
study is a 90W induction motor with liquid nitrogen cooling.

The motor underwent standard laboratory testing (no-load, locked rotor, and load tests)
both at room temperature and under cryogenic conditions to determine the equivalent circuit
parameters and conduct power, torque and efficiency studies.

The primary goal is therefore to compare its performance in these two different working
conditions. Moreover, a comparative analysis will be conducted with a similar 90W induction

motor that was previously tested.
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Chapter 2

Ambient Tests

2.1 Standard Tests on Induction Motors

This section outlines the Standard Tests for induction motors, useful to determine the equiv-
alent circuit parameters as well as the performance and the efficiency. The approach follows
the guidelines provided in the "IEEE Standard Test Procedure for Polyphase Induction

Motors and Generators” [20].

2.1.1 Winding Resistance

The winding resistance measurement is the first test to be performed. With the machine
at ambient temperature, the terminal-to-terminal winding resistance has to be measured
with the machine connected in the configuration to be used in the efficiency testing. All the
combination between the three phases must be measured to assure that the specific precise
value needed in further analyses will be available.

It is also important to measure and record the ambient temperature.

2.1.2 No-load Test

This test is performed by running the machine as a motor at rated voltage and frequency
with no connected load. When separation of no-load losses is to be accomplished, it is
suggested to record three or more values of voltages between 125% and 75% of the nominal
voltage, with a point near 100% rated voltage, and three or more values of voltage between
50% and 20% of rated voltage. It is also possible to see an increase in current while reducing
the voltage: in this case the test has to be stopped. The measured input power is the total
of the losses in the motor at no load. These losses consist of the stator, P, friction and

windage, P, and core losses, Pcore.

Pin:Pjs+wa+Pcore (2'1)

Since the input power is measured and the stator losses can be computed knowing the value
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of the stator resistance, only Py, and P, have to be determined.
To determine the friction and windage loss, the stator losses must be subtracted from the
input power and the resulting power curve must be plotted against voltage. The intercept
with the zero voltage axis represents the friction and windage loss.
The core losses can be finally determined as the difference between the input power and the

other losses.

2.1.3 Locked Rotor Test

For this test it is necessary to lock the rotor shaft and supply the machine with a reduced
voltage. Simultaneous readings of voltage and current in all phases and of power input at
several levels of voltage must be recorded, with special care in the neighborhood of full-load
current. Taking the highest readings first and the lower readings in succession will help to
equalize the temperature.

It is important, to avoid injuries, to identify the direction of the rotation before starting the
test, especially for high torque motors. It has also to be noticed that the testing of induction
machines under locked rotor conditions involves high mechanical stresses and high rates of
heating.

Moreover, the rotor of a squirrel-cage motor is a symmetrical bar winding; therefore, the
impedance of the motor is practically the same for any position of the rotor relative to the
stator. The impedance of a wound-rotor motor, however, varies with the position of the rotor
relative to the stator. It is therefore necessary when performing a locked-rotor impedance

test to determine the rotor position that results in an average value of impedance.

2.1.4 Load Test

The load test is essential to determine the performance and the efficiency. The machine
is coupled to a load machine and is subjected to loads at four load points approximately
equally spaced between not less than 25% and up to and including 100% load, and two load
points suitably chosen above 100% load, but not exceeding 150% load. More than six load
points may be used if desired.

In loading the machine, it is suggested to start at the highest load value and move in

descending order to the lowest.
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2.2 Induction Motor Electromechanical Model

The three-phase induction motor is commonly analyzed using its single-phase equivalent
circuit. This approach is valid only when the three phases are perfectly balanced and sym-
metrical. The equivalent circuit is very useful to compute the torque, the power, the efficiency
and all the others electromechanical characteristics.

Figure 2.1 shows the steady state single phase equivalent circuit of an induction motor. All

the parameters of the rotor are referred to the stator side.

RS Xas Xér

_/\/\/\/\/—fYYV\

=
=
]
\)
S
3
X
<=~

Figure 2.1: Single phase equivalent circuit of an induction motor

Where:
e R, represents the resistance of the stator windings;
e X, represents the leakage reactance of the stator winding;
e Rp. represents the iron losses due to eddy currents and hysteresis;

e X, is the magnetizing reactance associated with the magnetizing current that creates

the rotating magnetic field,;

e X' represents the leakage reactance of the rotor squirrel cage;

’

-
e — can be seen as the sum of R, and R) -

The former represents the real
s s
resistance of the squirrel cage while the latter is a fictitious resistance that represents

the electromechanical conversion.
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2.3 Motor Under Test and Measurement Devices

The motor under test is a small 90 W three phase induction motor. The following Table 2.1

shows the nameplate data.

Nominal power 90 W
Nominal phase-to-phase voltage | 40 \%
Nominal current 4.1 A
Nominal speed 1370 | rpm
Nominal Torque 0.627 | Nm
Nominal power factor 0.80
Nominal efficiency 39.6%
Number of pole pairs 2

Insulation class F

Table 2.1: Motor under test nameplate

Figure 2.2 is a picture of the motor under test.

Figure 2.2: Picture of the induction motor under test

The measurement system is equipped with three voltage and three current sensors that
provide instantaneous waveform data. This data is captured using a National Instruments
device, specifically the NI USB-6009. Once acquired, the data is analyzed in MATLAB,
enabling the calculation of various parameters such as the RMS values of current and voltage,

active, reactive, apparent power and power factor.
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Figure 2.3: NI measurement device and conditioning circuit

Other external measurement devices have been used:
e A multimeter to check the phase voltage to remain in the operating range;
e A current clamp to check the phase current to remain in the operating range;

e An optical speed sensor to measure the rotor speed.

2.4 No-load Ambient Test

With the no-load test, it is possible to determine the transverse parameters of the equivalent
circuit Rp, and X,,. Powering the motor at grid frequency, the voltage is increased to reach
the nominal voltage and then it is reduced in several steps to reach about the 30% of the
nominal voltage.

Firstly, the stator resistance value is required. It can be determined through a DC measure-

ment by powering two phases of the motor, as illustrated in Figure 2.4.

’ i
© Vdc

Figure 2.4: Electrical schematic for the measurement of the stator resistance

v,
Vae = 2RIz — Ry = 0.5 - =% (2.2)
dc
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This procedure is repeated three times for every possible phase to check that the resistances
have the same values.

Then, for each voltage step, the following procedure has been carried on:
e Measuring the input power P;,, voltage Vp;_n and current Iy through the NI device
e Computing the joule losses as Pc, = 3 - Ry - I?

e Computing iron plus mechanical losses as Pg, + Ppech = Pin — Pcu

35 T T T T
—O6— Input Power
—6— Copper Losses
30 [ | —e&— Iron and Mechanical Losses ]
25+ .
=20+t :
o)
2
g 151 1
10 .
5 - -
0 1
0 5 25
Vmag [V]

Figure 2.5: No-load ambient test: input power, copper losses, mechanical and iron losses

Iron losses are composed of hysteresis losses (o B2f) and eddy currents losses (< B2f?).
Since the frequency remains constant during the test, iron losses are proportional to B2
and consequently to (V/f)?. The mechanical losses are proportional to the square of the
rotor speed, but in the no load test the speed remains almost constant and so they can be
considered constant.

When the voltage goes to zero, the iron losses would also go to zero, and thus, only mechanical
losses would remain. However, without voltage the machine would also stop. Therefore, a
quadratic fit is used on the mechanical and iron losses to estimate the mechanical losses from
its interception with the y-axis (see Figure 2.6).
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Figure 2.6: No-load ambient test: mechanical and iron losses as a function of the magnetizing
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Figure 2.7: No-load ambient test: reactive power as a function of the magnetizing voltage

To determine the parameters, we can consider the equivalent circuit in Figure 2.1. Being at
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no load means that the secondary is an open circuit. We can write the following formulas:

Vr%zag
2.3
Rr. (2.3)

Ppe=3-

Vira
=3 2.4
0ir=3- " (24)
Where V)4, is the magnetizing voltage applied to the transverse impedance, considering the

voltage drop on the stator resistance and neglecting the stator leakage reactance.

v
Jo T

Rl

Figure 2.8: Phasor diagram illustrating the stator voltage and current

Looking at the phasor diagram in Figure 2.8, the formula is the following:

Vinag = V(Vs = RyI,co59)? + (RyIsing) (2:5)

By performing a polynomial fitting of the Figures 2.6 and 2.7, it is possible to obtain the

equivalent circuit parameters (Table 2.2) using the following equations:

3
) RFe ==
PFe+PMech :A+B'Vmag—> B (26)
Ppech =A
_ 2 _3

Rr, | 111.11] Q
X, | 1121 | Q
Pyecn | 079 | W

Table 2.2: Parameters obtained from the no-load test
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2.5 Locked Rotor Ambient Test

The locked rotor test has the purpose to determine the longitudinal parameters R)., X,
X/,

In a dual way with respect to the no load test, the motor is powered at grid frequency and
the current is increased to reach the nominal current; then it is reduced in several steps up
to zero.

Since the voltage is much smaller than the nominal one and the reactance X, is bigger
than the longitudinal impedance, we can neglect the transverse parameters Rp, and X,
responsible respectively for the iron losses and the magnetizing current.

For each step it is possible to measure the input power P;, and consequently to compute the

apparent power and the reactive power with the following formulas:
Sin=Vs1 - L1+ Vo - Lo+ Vi3 - I3 (2.8)

Qin = [S2, - P2, (2.9)

where Vj; and I; are the RMS values of each phase.

Moreover, we know that:
Pi,=3-(Rs+R.)-I? (2.10)
Qin=3 Xps+X,)-I* (2.11)

Plotting the graphs of the active and reactive power versus the current and performing a

polynomial fit, it is possible to obtain the desired values, assuming X5 and X/, to be equal.

A
Pi,=A-I —>R;:§—Rs (2.12)

, _B , B
Qin:B'I? _>X0—5+X0'r:§ _)XO_SZXO'rzg (213)
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Figure 2.9: Locked rotor ambient test: input active power as a function of the stator current
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Figure 2.10: Locked rotor ambient test: input reactive power as a function of the stator

current

It is important to note that the stator resistance value used in Equation 2.12 was measured
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after the locked rotor test. Due to the resulting temperature increase, this value is higher.
By measuring this resistance, the temperature variation can also be estimated.
It is well known the following relation between the resistivity of a material and the temper-

ature:

0.1 +6
p2 _ 101+ 6, (2.14)
P1 |96| + 01
Where 6. is the crtical temperature of the material. In case of the copper, 6, = —234.5°C
(Figure 2.11).
According to the First Ohm’s Law, since the geometry of the conductors does not change,

it is possible to write the Equation 2.14 in terms of resistance:

& — |9c| + 62
Ry [0 +61
Where the values Ry = 1.15 Q and Re = 1.20 Q are respectively the stator resistance before

(2.15)

and after the test. We can apply Equation 2.16, to find the increase in temperature from

the beginning to the end of the test.

-9
25 ><10 T T T T T
O  Non-linear behaviour
Linear behaviour
= = = Linear approximation
2 -
€
g‘ 15 B
2>
=
®
8 1r
s
05
(¢}
@ 38.65 K
000000?/\ 1 1 1 1
0 50 100 150 200 250 300 350

Temperature [K]

Figure 2.11: Electric resistivity of copper as function of the temperature

Figure 2.11 depicts the true resistivity curve for the copper. Even though its behavior is not
linear at low temperatures (as indicated by the red dots), our work, in this initial phase,
is conducted at room temperature, making the linear approximation suitable. The critical

temperature was identified by tracing the dashed blue line and marking its intersection with
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the temperature axis, resulting in 6. = —234.5°C. Finally, since our focus is only on the

temperature difference, we set 6; = 0°C.

R o
0y = R_i (16| - 61) - 16| = 10.2°C (2.16)

We can therefore estimate an increase in temperature of 10.2 degrees from the beginning to

the end of the test. To summarize:

Before test | After test
Stator resistance 1.15 Q 1.20 Q
Temperature 25°C 35.2°C

Table 2.3: Stator resistance and temperature before and after the locked rotor test

In conclusion, the values of the longitudinal parameters are the following:

R, | 1.150 Q@
R, | 1.316 Q
Xy | 0.827 Q
X' 10827 Q

Table 2.4: Parameters obtained from the locked rotor test

2.6 Load Ambient Test

When testing a motor, one of the essential parameters to measure is the torque. In scenarios
where a direct torque sensor is not available, an alternative method is to use a DC generator
(with separate excitation in this case) coupled to the motor. The DC generator effectively
serves as a torque transducer. By measuring the armature current of the generator, we

indirectly obtain information about the torque the motor is producing.
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2.6.1 DC Machine Characterization

The equations of a DC machine, working as a motor, are the following:

dl,
Va=Rq-lo+ Lo —*+Eq (2.17)
Eq = ko(If) - w, (2.18)
T =ko(ly) - I, (2.19)

In Equation 2.17, since we are studying the steady state, the voltage drop on the inductance

1S zero.

Figure 2.12: DC Machine equivalent circuit

The purpose of the test is to determine the armature constant k¢ as a function of the field
current and to determine copper losses, iron losses and mechanical losses.
The machine has been run as a motor and the following quantities have been measured:
Vada,Ra, Vi dr,wr, where V¢ and Iy are the excitation voltage and current.
By keeping the field current constant at its nominal value, different armature voltage have
been applied; then the field current has been decreased in discrete steps and, for each value,

the armature voltage has been changed as before.

Starting from Equations 2.17 and 2.18, the armature constant has been computed, in each
step, as:
Vo—R,- 1,
ke = ———= (2.20)
WR

Later, the following plot has been made:

24



12 T T T T T

O  Experimental Points
Linear Fitting

k o [Vs/rad]
o
(o))

04

0.2

1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6
1L 1A]

Figure 2.13: Armature constant of the DC Machine

Regarding the losses, copper losses have been computed as:

Pcu=R,-I? (2.21)

Going on, it is possible to obtain the iron and mechanical losses:

Pre + Pyech = Pin — Pcu (2'22)

A 3D map has been created in order to determine these losses by knowing the excitation

current and the rotor speed as input.
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Figure 2.14: Mechanical and iron losses map as function of the rotor speed and field current

2.6.2 Exp

As said before, the induction motor under test is coupled with a DC machine that serves
as a load and works as a generator. In particular the armature circuit is connected with a
fixed resistance and the excitation circuit is connected with a DC source. By varying the
excitation current it is possible to change the load: the higher the current, the higher the
torque and vice versa. The induction motor is powered at nominal voltage and nominal

frequency. The excitation current is first set in order to have the nominal current in the

erimental Setup

induction motor, then it is decreased in several steps to decrease the load.

The electrical schematic is the following:

Grid

DAC

DC
Source

Figure 2.15: Load test electrical schematic

The real implementation is represented in Figure 2.16.
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Figure 2.16: Ambient load test experimental setup

The main purpose of the load test is to determine the output torque and efficiency of the

induction motor. The power chain is presented in the following diagram.

PFe + PMech

—> /
. PLoad
Grid DAC —5

DC
Source

Figure 2.17: Load test power chain

It is possible to compute the output power of the induction motor as:

Poyr = Pcy + (PFe + PMech) + Proad (223)
Where:

e Pc, =R, -13, where both the quantities are measured

® Pre + Ppec can be determined knowing the field current (measured) and the rotor

speed (measured) through the map in Figure 2.14
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® Proaa =V, - 1,, where both the quantities are measured

Measuring the input power and knowing the output power it is possible to compute the

torque and the efficiency respectively as:

P
T=-"2 (2.24)
Wy
POIU
= ou 2.25

2.6.3 Theoretical Analysis

Since all the parameters of the equivalent circuit have been determined (Table 2.2 and Table
2.4), it is possible to compute analytically the quantities under investigation in order to
compare them with the experimental points. The only input data needed for the theoretical
analysis is the phase voltage Vj

Starting from the circuit in Figure 2.1 it is possible to simplify it using network theorems as

follows.
Zs
A A I,
Vs Vin Zm Zy
Figure 2.18: Single phase equivalent circuit simplification step 1

Where:

e Z, =R+ jX,, is the stator impedance

— Re. - iX
e Z, = Fe—]m is the magnetizing impedance
Rp. + ]Xm
«Z

;= T’ + j X/, is the rotor impedance

Now we can make the parallel between the two branch, obtaining thus the following circuit:
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Figure 2.19: Single phase equivalent circuit simplification step 2

Where:

= Zm . Zr .
Z,, = —— =R +]X 2.26
eq 7. +7, eq eq ( )
Vi =Vs—2Zs-1 (2.27)

-V
I, =—= (2.28)
Z,

Now it is possible to compute analytically the torque having as input only the parameters of

the equivalent circuit, the number of pole pairs (p) and the electrical frequency (w = 27 f)

T=3%.-2L.p (2.29)
It is now possible to compute the output power simply as:

T
Poy=T-N, — 2.30
, s (2.30)

Where N, is the rotational speed of the rotor in rpm.

Considering the equivalent circuit of Figure 2.19, we can compute the input power of the

motor as:
Py, =3-Vs-I;-cosp (2.31)
Where:
V
Iy = > (2.32)
\/(Req + Rs)2 + (Xeq + XO'S)2
X0+ X
¢ = arctan (u) (2.33)
Reg + Ry
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Hence, the efficiency is:

(2.34)

2.6.4 Results

Now that all the parameters have been computed and all the data acquired, it is possible to
compare the analytical curve with the experimental points.

Two different plots will be analyzed:
e Speed vs Torque

e Speed vs Efficiency

Speed vs Torque Characteristics

To perform a correct analysis of the data it is important to point out that the analytical

curve, described in Equation 2.29, depends on the voltage as can be seen in Figure 2.20.

1.8 T .

Torque [Nm]

o o = =
[e)] [o¢] - N £
T T T T T
1 1 1 1 1

o
~
T
1

38 V ph-ph
0.2 r 40 V ph-ph 4
42V ph-ph
O 1 1

0 500 1000 1500
Speed [rpm]

Figure 2.20: Speed vs torque characteristic as function of the voltage

Therefore, when comparing the experimental points with the analytical curve, it is necessary

to draw the curve using the same average voltage used to perform the load test.
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Figure 2.21: Speed vs torque ambient characteristics - analytical curve and experimental

points

It is possible to see that the analytical curve fits quite well the experimental points of the
load test.

The small difference could be explained through some reasonings about the rotor resistance
R.., that is responsible for the slope of the linear working zone in the torque speed graph:
the lower the resistance, the higher the slope and vice versa.

It is known that the locked rotor test is the worst for the increase of the temperature in the
rotor because the slip is equal to 1 and the induced currents at stator frequency cause high
iron losses. Now, since the analytical curve is plotted based on the no-load and locked rotor
test, it is possible that the rotor resistance is higher, with respect to the real one in the load
test, because the temperature in the locked rotor test is higher.

The goal is to find which is the difference of temperature between the locked rotor and load
test that permits the two curves, analytical and experimental, in Figure 2.21 to be perfectly

overlapped.
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Figure 2.22: Speed vs torque ambient characteristics - analytical curve and experimental

points optimization

Through an optimization process, many values of R, have been tested in the range 1.1+1.3 Q
since the optimum resistance should be lower than 1.316 Q as can be seen in Table 2.4.

The parameter to evaluate the optimum fit is the coefficient of determination R?:

SSR

RP=1-""
SST

(2.35)
Where SSR is the Sum of Squared Residuals and SST is the Total Sum of Squares. Let
(x,y) represent the observed values (experimental curve) and (x;y) the predicted values

obtained by evaluating the same input x using the analytical expression. The formulas are

the following:

SSR = (yi = ) (2.36)
i=1

SST = Z(y,- —y)2 (2.37)
i=1

Where y represents the average of the observed values.
In Table 2.5 is represented the optimum value for R, and the correspondent coefficient of

determination.
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R;,opt R2
1.24 Q | 0.9929

Table 2.5: Results of the optimization process for the speed vs torque ambient characteristics

With the values Ry = 1.316 Q and Ry = 1.24 Q determined, we can apply Equation 2.38 to
find the optimal temperature reduction from the locked rotor to the load test for the best
data fit. Here again, as in Section 2.5, even though the behavior of aluminum is not linear at
low temperatures, the linear approximation for temperatures higher than 100K can be used.
The critical temperature can be seen in Figure 2.23 and corresponds to 6. = —265.65°C.

Finally, we set 681 = 0°C for simplicity.

Ry o
0y = — - (160.] — 61) - |6.] = =15.3°C (2.38)
Ry
-8
45 ><10 T T T T T T
O  Non-linear behaviour
4+ Linear behaviour .
= = = Linear approximation
351 A
L | 3 B 7
e
=
> 251 A
=
o 2t .
»n
o}
0'd
15F A
1 L -
05 P « A
/2/ 75K
0 Z 1 1 1 1 | 1
0 50 100 150 200 250 300 350

Temperature [K]

Figure 2.23: Electric resistivity of the aluminum alloy 2024-0 as function of the temperature

In the end, for the most accurate fit of the data, we need to assume that the rotor temperature

during the load test is 15.3 degrees lower than the one of the locked rotor test.

Speed vs Efficiency Characteristics

Regarding the efficiency, in Figure 2.24, again the analytical curve and the experimental
points are almost overlapped. However, the nominal efficiency written in the nameplate

seems to be not close neither to the analytical curve nor to the experimental curve.
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Figure 2.24: Speed vs efficiency ambient characteristics - analytical curve and experimental

points

The small difference between the analytical curve and the experimental points can be im-

proved looking at the following circuit.

R Xos Xor

=
§<|

RFe Xm e

Figure 2.25: Equivalent circuit of induction motor highlighting the presence of the stator

leakage reactance

As shown in Formula 2.5 in the load test procedure, regarding the magnetizing voltage, only
the effect of the stator resistance has been considered. This can be seen in Figure 2.25.

However, if we also consider the effect of the stator leakage reactance, we can say that the
magnetizing voltage is applied to both X,y and X,,. Therefore we can create a new plot, the

green curve in Figure 2.26, subtracting X, from the value of X,,.
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Figure 2.26: Speed vs efficiency characteristics considering stator leakage reactance
Having a lower magnetizing reactance means having a higher magnetizing current, thus re-

ducing the efficiency (see Figure 2.27). That is why the green curve is lower than the blue

curve and fits better the experimental points.
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Figure 2.27: Speed vs efficiency characteristics as function of the magnetizing reactance
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2.7 Comparison with a Similar Motor

The motor under test (MUT) has been called Motor II. The reason is that, previously, a
similar motor (Motor I) had been tested. In Table 2.6 it is possible to see the differences

between the two nameplates and in Figure 2.28 it is possible to see a picture of the two

motors.

Motor I Motor IT (MUT)
Rated voltage (ph-ph): 40 \Y 40 \Y
Rated current: 3.6 A 4.1 A
Rated frequency: 50 Hz 50 Hz
Rated power: 0.09 | kW | 0.09 kW
Pole pairs: 2 2
Rated speed: 1350 | rpm | 1370 rpm
Rated torque: 0.637 | Nm | 0.627 Nm
Rated power factor: 0.610 0.800
Rated efficiency: 59.2% 39.6%

Table 2.6: Nameplates comparison between Motor I and Motor II (MUT)

Motor Il

Figure 2.28: Comparison of the dimensions of the two 90W induction motors

2.7.1 No-load and Locked Rotor Test Comparison

For Motor I, as well as for Motor II, no-load and locked rotor tests had been carried on in

order to determine the equivalent circuit parameters. The results are reported in Table 2.7.
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Motor I | Motor II (MUT)
Equivalent iron losses resistance | 116.4 | Q | 111.11 Q
Equivalent magnetizing reactance | 7.33 | Q | 11.21 Q
Stator resistance 1.10 | Q| 1.15 Q
Rotor resistance 0.914 | Q| 1.316 Q
Stator reactance 0.532 | Q| 0.827 Q
Rotor reactance 0.532 | Q| 0.827 Q

Table 2.7: Equivalent circuit parameters comparison between Motor I and Motor II (MUT)

at ambient conditions

The iron losses resistance and the stator resistance are very similar for both motors. The
biggest differences regards the magnetizing reactance, the rotor resistance and the leakage
reactances.

In motor II, due to the smaller air gap, the magnetizing reactance is higher. As a result,
less magnetizing current is required for a given voltage to establish the magnetic flux and
magnetize the core.

Regarding the rotor resistance, motor II contains less aluminum in the rotor bars, thus
increasing the resistance.

The difference between the leakage reactances depends on the different geometry of the slots.

2.7.2 Load Test Comparison
Speed vs Torque Characteristics

In Figure 2.29 the speed vs torque characteristics of the two motors can be seen. The
differences between them can be explained looking at the equivalent circuit parameters in

Table 2.7. In particular:

e The slope of the linear working region is lower for Motor II since its rotor resistance is
higher

e The peak of the curve is lower for Motor II since the stator and rotor reactance are
higher.
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Figure 2.29: Speed vs torque ambient characteristics comparison between Motor I and Motor

I (MUT)

In Figure 2.30 the load tests data have been added. For both motors, the results are similar

and they match the respective analytical curves.
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Figure 2.30: Speed vs torque ambient characteristics and load test comparison between
Motor I and Motor IT (MUT)
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Speed vs Efficiency Characteristics

Before commenting the results, a brief summary of how the parameters of the equivalent

circuit influence the efficiency must be done.

e The equivalent iron losses resistance is responsible for the iron losses. If the resistance

is higher, the iron losses are lower and in the end the efficiency is higher.

e The equivalent magnetizing reactance is related with the magnetizing current. This is
the current absorbed from the motor in order to create the rotating magnetic field and
it does not produce torque.

In the end, if the reactance is higher, the magnetizing current is lower and so the

efficiency is higher, as already shown in Figure 2.27.

e The stator and rotor resistance are responsible for the joule losses. Therefore having

higher resistances means higher losses and lower efficiency.

e The stator and rotor reactances, being longitudinal parameters, have a dual effect with
respect to the magnetizing reactance that is a transverse parameter. Having higher
stator and rotor reactance means having higher reactive current and therefore lower

efficiency.

In Figure 2.31 both the analytical curves and the results of the load tests have been reported.
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Figure 2.31: Speed vs efficiency characteristics comparison
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As we can see, both the analytical curves and the experimental points of the two motors
are very similar. While Motor II has a larger magnetizing reactance, which contributes to a
higher efficiency, it also has larger rotor and stator resistances, leading to reduced efficiency.

In the end, the efficiencies of the two motors align closely.
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Chapter 3
Cryogenic Tests

After conducting motor tests at room temperature, we started doing the tests in liquid
nitrogen.

From the mathematical point of view there are no differences with respect to the previous
tests. The only things to care about regard the experimental setup.

First of all is necessary to find a closed environment in which to put the motor and fill it

with liquid nitrogen.

Figure 3.1: Liquid nitrogen storage cylinder

Secondly, normal bearings can not be used in cryogenic temperature because the grease
inside, useful to reduce friction, freezes. It is therefore necessary to use special bearings.
However, the easiest and cheapest solution is to put the bearings in a bowl full of diluent

(see Figure 3.2) for some hours in order to remove all the grease.
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Figure 3.2: Grease removal process from the bearings

After running tests on the motor submerged in liquid nitrogen, ice formations appear (Figure
3.3). It’s essential to let them melt and then ensure the motor is completely dried to remove

any residual water, harmful to the bearings.

m———

Figure 3.3: Ice formations on the motor after removing from LN2
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3.1 No-load and Locked Rotor Test

The mathematical procedure for the no-load and locked rotor tests in cryogenic conditions

is exactly the same of the one described in Sections 2.4 and 2.5 for ambient conditions.

3.1.1 No-load Cryogenic Test

In Figure 3.4 we can see the very simple setup for the no-load cryogenic test.

Figure 3.4: No-load test setup in cryogenic conditions

First of all we put the motor inside the polystyrene box and then we poured the liquid
nitrogen inside. When LN2 is poured into the box with the motor, a significant amount
evaporates. It is therefore necessary to wait and pour more liquid nitrogen until no more
bubbles appear, indicating that the system has reached thermal equilibrium. As an addi-
tional check, the stator resistance is measured, which, empirically, should be about 8 times
lower than the resistance at room temperature.

During the initial test phase, we observed some issues with the motor. Even though at ambi-
ent conditions everything worked properly, once submerged in liquid nitrogen it was unable
to rotate and produced an unusual noise. The motor operated in what appeared to be a
locked rotor condition, causing a rapid increase in current. This forced us to stop the test.
We tried to increase the current up to about three times its nominal value and suddenly the
motor started rotating briefly for some seconds before stopping again. Firstly, We identified
two possible solutions to solve the problem: changing the bearings and checking all the stator
phase wires, re-soldering and re-insulating the connections. We did again the test, but it
seemed that nothing changed. We then hypothesized a mechanical issue: given the motor’s
small airgap, there was a possibility that the rotor might come into contact with the stator

due to material contraction at cryogenic temperatures and a potential misalignment. We

43



then proceeded to smooth the rotor using sandpaper while it rotated in the lathe (Figure
3.5).

———rOTTTO,

Figure 3.5: Rotor surface smoothing using the sandpaper

After the rotor smoothing, the motor could finally rotate. However, for a certain range of
voltage the machine experienced excess vibrations due to some resonance behaviour. For
high and low values of voltage, this resonance was attenuated. Therefore, some outliers were
visible on the experimental results, and were removed from the fitting (Figure 3.6). The

first two points have been also excluded, considering them representative of the mechanical

losses.
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Figure 3.6: No-load cryogenic test: mechanical and iron losses as a function of the magne-

tizing voltage

The same observations can be applied to the following plot that shows the reactive power.
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Figure 3.7: No-load cryogenic test: reactive power as a function of the magnetizing voltage

45



Again, as at ambient conditions, it is possible to find the values of the iron losses resistance

and magnetizing reactance using the Equations 2.6 and 2.7,

3.1.2 Locked Rotor Cryogenic Test

The locked rotor setup, shown in Figure 3.8, is very similar to the no-load one in Figure 3.4.

Since the torque is very low, the rotor can be blocked using a pliers.

Figure 3.8: Locked rotor test setup in cryogenic conditions

Figures 3.9 and 3.10 show the active power and the reactive power as a function of the
stator current. Performing a quadrating fitting with Equations 2.12 and 2.13, it is possible
to extract the equivalent circuit longitudinal parameters.

The good alignment of the experimental data with the quadratic fit indicates that the test

was successful and the measurements were accurate.
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Figure 3.10: Locked rotor cryogenic test: input reactive power as a function of the current

3.1.3 Results

The results of the no-load and locked rotor cryogenic tests are shown in Table 3.1. They are

compared with those of the same motor obtained at ambient temperature.
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The variation is intended to be from ambient to cryogenic.

Motor II (MUT) | Motor II (MUT) .
) ) Variation
Ambient Cryogenic

Equivalent iron losses resistance | 111.11 Q 98.48 Q -11.4%
Equivalent magnetizing reactance | 11.21 Q 11.63 Q +3.75%

Stator resistance 1.150 Q 0.150 Q -86.9%

Rotor resistance 1.316 Q 0.382 Q -71.0%

Stator reactance 0.827 Q 0.886 Q +4.7%

Rotor reactance 0.827 Q 0.886 Q +4.7%
Mechanical losses 0.79 W 1.19 W +50.6%

Table 3.1: Comparison of the equivalent circuit parameters of Motor II (MUT) in ambient

and cryogenic conditions

The results are consistent with those anticipated in Table 1.1 concerning the reduction in

resistance and the increase in iron and mechanical losses.

Regarding the inductance, the well known formula for its calculation, starting from the

geometry, is the following:

N? o uS
L=—=N"-— 3.1
R 7 (3.1)
Where R is the reluctance of the magnetic path. In [27, 28] a decrease in the magnetic

permeability was observed: for a 50 Hz frequency the difference is typically of the order of
magnitude of 5%-10% from 298 K to 77 K. Therefore, since the geometries do not change
in cryogenic conditions, a decrease in the inductance is expected. However the variation
strongly depends on the material and we do not have the magnetic characterization of the
iron core of our induction motor under test.

In our tests, we observed a rise in the inductances. This discrepancy might come from mea-
surement errors (since the absolute values are small) or inaccuracies in parameter estimation,

as we used standards typically suited for larger machines operating at room temperature.

3.2 Load Cryogenic Test

For the load test, a similar structure as the one in Figure 2.16 has been used. The motor is
coupled with the DC generator and secured to the wooden panel through four screws.

Two horizontal metal brackets and another wooden board have been added to support the
polystyrene box containing the liquid nitrogen. The box has two holes: one for the motor

shaft to pass through, and the other to insert the liquid nitrogen after the motor has been
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coupled.
The setup is shown in Figure 3.11.

Figure 3.11: Experimental setup for the cryogenic load test

Figure 3.12 shows the induction motor coupled with the DC generator immediately after the

load test. After immersion in liquid nitrogen, a mist begins to form when exposed to the air.

Figure 3.12: Mist emerging from the induction motor removed from liquid nitrogen
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3.2.1 Results

Torque vs speed cryogenic characteristics

In Figure 3.13 we can see the experimental points obtained from the load test.

The analytical blue curve is derived from Equation 2.29. This curve, however, doesn’t align
closely with the data. Therefore, a more complex model, which considers the geometry of
the machine and the skin effect, has been introduced [6]. This results in the red curve that

is overlapped with the data.

Torque [Nm]
o

i O  Nameplate a
0.5 O  Load Test Cryogenic
Analytical Curve Cryogenic @ 41.6 V ph-ph - with skin effect
Analytical Curve Cryogenic @ 41.6 V ph-ph - no skin effect
0 1 1
0 500 1000 1500

Speed [rpm]
Figure 3.13: Skin effect in the speed vs torque plot in cryogenic conditions
The skin effect refers to the phenomenon where AC current tends to concentrate near the
surface of a conductor. As the frequency increases, the effective depth at which the current

flows decreases. The skin depth ¢ is defined as the depth below the conductor surface at

which the current density falls to 1/e ~ 37% of the surface current density.

2
§=|L (3.2)
wp

Where:
e p is the resistivity of the material at a given temperature
e w is the angular frequency of the alternating current

e 4 is the magnetic permeability of the material

20



The skin effect has influence on both inductances and resistances. The main impact, however,
is on the rotor resistance and especially in cryogenic conditions since the resistivity is lower

and therefore the skin depth ¢ is lower.
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Figure 3.14: Influence of the skin effect on the rotor resistance

Figure 3.14 shows in blue the fixed rotor resistance obtained by the locked rotor test while in
red the rotor resistance computed starting from the geometry of the machine and taking into
account the skin effect. We can see that the skin effect cause an increase of the resistance
(+3.9%) especially at low speed because the slip increase and the frequency of the electrical
phenomena induced in the rotor is higher (50 Hz at zero speed if powered from the grid).

The blue curve in Figure 3.14 has been used to obtain the blue curve in Figure 3.13 and the

same for the red curves.

Now we are going to explain how the rotor resistance was estimated. The final formula is
the following [29, 30]:

pAlLring ) 1
Sring 2Nbars Sin2 (P : ﬂ/Nbars)

PalLpar
Shar

R, =K, | K,

r,ac

+ (2Kring) : (33)

Where:
e pa;: Resistivity of aluminum.
e Ly, Length of the rotor bar.

e Spar: Cross-sectional area of the bar. associated with the second ring.
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L,ing: Length of the end ring. It is the circumference of the midline of the annular

Crown.
Sring: Cross-sectional area of the end ring.
Npars: Number of rotor bars.

p: Pole pairs of the motor.

K,s: Tt is the constant that allows referring the rotor resistance to the stator. The

formula is the following:

3
Krs = N—(th . kW1)2 (34)

bars

Where Z,, is the equivalent number of conductors in series per phase and k1 is the

first harmonic winding factor.

K,: It is the coefficient that accounts for the skin effect in the bars. The coefficient K,
is evaluated as the ratio between AC losses and DC losses as described hereafter. Let

us consider a generic shape for the rotor bar as in Figure 3.15.
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Figure 3.15: Current distribution in the slot layers and related phasor diagram

The total height of the bar, ki, is divided in N segments of height Ak each one with a

width of wy. For each layer we can calculate the electrical resistance as follow:

lstack
Ry = — 3.5
2y (3.5)

Being ls401 the axial length of the rotor lamination stack.
On the basis of the mutual-inductance matrix between the layer, it is possible to find

the following phasor relation:

Alk = &ATIC—I + ]ﬁ(A71 + ATQ + -+ Ajk—l) (36)
Wik-1
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Where:

B=onf (ﬂ) (hZ/NQ) (3.7)
PAL
It is possible to consider an arbitrary current in the first layer (ie., AI; = 1+ jO A).

Therefore, once determined the current for each layer Aly, we can calculate the total

current of the bar as:

I=|I1+Is+ ...+ 1 +1y| (3.8)

The DC losses can now be evaluated as follows:

N 2
PDC:Z(Rk' (I.WkTaArhk) ) (39)

k=1
Where:
N
Apar = ) (Wi - Ag) (3.10)
k=1

Basically, we did the assumption that the current density is homogeneous throughout
the entire bar. As a result, the total current is distributed proportionally across each
layer’s section. Visually, this is equivalent to segmenting the magnitude of the phasor
I into N parts through scalar summation. However, when calculating the AC losses,
we take into account the real phasorial current, denoted as Aly, for each layer. The

formula is the following:

N
Pac = ; (Rk - |A7k|2) (3.11)

Finally the skin effect coefficient is:

K (f) = II:_ZE (3.12)

It has to be noticed that it is a function of the frequency of the electrical phenomena
induced in the rotor. Consequently, K, varies in function of the rotor speed and,
therefore, the slip.

King: It is the skin effect coefficient for the end rings. For the computation, the skin

effect formula for rectangular conductors was used [31].
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Wring Sinh (2Wring /6) + Sin (2Wring /6)

Kring =
T8 6 cosh (2Wring/6) — cOS (2Wring /6)

5= 2-pal
27 f o

While w,j, is the height of the annular ring.

Where:

Figure 3.16: Squirrel cage rotor design

Speed vs efficiency cryogenic characteristics

Regarding the efficiency, the analytical curve and the load test data are very close.
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Figure 3.17: Speed vs efficiency cryogenic characteristics of Motor II (MUT)
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3.3 Room vs Cryogenic Temperature Comparison

3.3.1 Torque and Power

Figure 3.18 shows the comparison between the ambient and cryogenic tests. Both the ex-

perimental results and the analytical curves are represented.
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Figure 3.18: Speed vs torque characteristics comparison between room and cryogenic tem-
perature for Motor II (MUT)

Three main difference can be noticed:
1) The starting torque in cryogenic temperature is lower
2) The slope of the linear region in cryogenic temperature is higher

3) The peak of the torque in cryogenic temperature is higher

These changes must be due to the change in stator and rotor resistance between room and

cryogenic temperature. The following graph will help us analyze better what we said.
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Figure 3.19: Speed vs torque characteristics as function of the stator resistance
In Figure 3.19, a parametric variation of the stator resistance was made. All the other
parameters were kept constant. It is clear that if the resistance is lower (lower temperature)

then the starting torque increases and most of all the peak of the torque increases, while the

slope of the linear region remains constant.
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Figure 3.20: Speed vs torque characteristics as function of the rotor resistance

Similarly, in Figure 3.20, a parametric variation of the rotor resistance was made. We can see
that the peak of the torque remains constant while the slope of the linear region increases for
lower temperature. Moreover the variation in the starting torque due to rotor resistance is
even higher with respect to the variation due to stator resistance that we observed in Figure

3.19 and has an opposite trend.

Let us now examine the results from a quantitative point of view. Three different torque

comparisons were made in Table 3.2.

Ambient test | Cryogenic test | Variation
Maximum experimental torque [Nm] 1.037 1.471 +41.9%
Torque @ maximum efficiency [Nm)] 0.799 1.211 +51.6%
Torque @ same output power [Nm)] 0.646 0.590 -8.67%

Table 3.2: Comparison of torque values between ambient and cryogenic test

e The maximum experimental torque can be seen in Figure 3.18. For ambient and
cryogenic temperature it was obtained respectively with a stator current of 3.82A
and 4.76A. It must be pointed out, however, that the maximum current in cryogenic

conditions could be further increased (and consequently the torque);

e The experimental points at maximum efficiency are coloured in black in Figure 3.18.

They were found watching at the speed vs efficiency plot in Figure 3.22;
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e The third comparison was conducted at an output power nearly identical to the nom-
inal ambient value, as illustrated in Figure 3.21. For the cryogenic torque, we used
the precise experimental data point. For the ambient torque, we performed a linear

interpolation between the two points closest to 91.6W.

In all the three comparisons we can notice a significant increase in torque performance from
ambient to cryogenic operations. In the final scenario, a reduced torque indicates that, for
the same output power, the motor operates at a higher speed. Given that the volume of the
machine is proportional to its torque ( T oc D?L), maintaining the same output power under
cryogenic conditions permits the use of a more compact motor, resulting in weight and space

savings.
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Figure 3.21: Speed vs output power characteristics comparison between room and cryogenic
temperature for Motor II (MUT)

Regarding the power, a big increase in performance (Table 3.3) can be obtained in cryogenic
conditions. The points with the maximum efficiency (black dots in Figure 3.21) have been

considered for the comparison.

Ambient test | Cryogenic test | Variation
Maximum Output Power [W] 129.9 222.6 +71.4%
Output Power @ maximum efficiency [W] 109.2 185.2 +69.6%

Table 3.3: Comparison of output power values between ambient and cryogenic tests

28



3.3.2 Efficiency

Figure 3.22 shows the comparison of the speed vs efficiency characteristics in ambient and

cryogenic conditions for the motor under test.
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Figure 3.22: Speed vs efficiency characteristics comparison between room and cryogenic
temperature for Motor II (MUT)

The maximum efficiency has seen a significant increase, as shown below:

Ambient test | Cryogenic test | Variation
Maximum Efficiency 62.9% 89.7% +26.8%

Table 3.4: Comparison of efficiency values between ambient and cryogenic tests for Motor
IT (MUT)

Despite the significant increase in efficiency, an important observation has to be done: it is
not the optimum choice to design a motor for ambient conditions and then make it work
in cryogenic to improve its efficiency. Even though efficiency might go up, to get the best
performance, the motor should be properly designed for cryogenic conditions.

From Figure 3.18, we can see that if we move horizontally at nominal torque up to the red
cryogenic curve, we do not reach the maximum efficiency point. The same for Figure 3.21
if we move horizontally at nominal power. Finally, also in Figure 3.22, we can see that the

maximum efficiency points occur at different speeds.
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3.4 Comparison with a Similar Motor

Below are summarized the parameters of the equivalent circuit for both 90W motors and
for both operating conditions, ambient and cryogenic. As we can see, the variation of the

parameters is very similar for the two motors, giving validity to the conducted tests.

Motor I Motor I o
Variation
Ambient | Cryogenic
Equivalent iron losses resistance | 116.4 | Q | 104.3 | Q | -10.4%
Equivalent magnetizing reactance | 7.33 | Q | 7.24 | Q -1.2%
Stator resistance 1.10 | Q | 0175 | Q | -84.1%
Rotor resistance 0914 | Q | 0240 | Q | -73.4%
Stator reactance 0532 | Q [ 0532 Q| +0.0%
Rotor reactance 0.532 | Q [ 0532 | Q| +0.0%
Mechanical losses 1.96 | W | 3.83 | W | +95.4%

Table 3.5: Variation of the parameters of 90W Motor I from ambient to cryogenic conditions

Motor II Motor 11 L
Variation
Ambient | Cryogenic
Equivalent iron losses resistance | 111.11 | Q | 98.48 | Q | -11.4%
Equivalent magnetizing reactance | 11.21 | Q | 11.63 | Q | +3.75%
Stator resistance 1.150 | | 0.150 | Q | -86.9%
Rotor resistance 1.316 | Q [ 0382 | Q | -71.0%
Stator reactance 0.827 | Q [0.886 | Q | +4.7%
Rotor reactance 0.827 | Q | 0.886 | Q | +4.7%
Mechanical losses 079 | W | 1.19 | W | +50.6%

Table 3.6: Variation of the parameters of 90W Motor II (MUT) from ambient to cryogenic

conditions

Table 3.7, shows the variation of the parameters for the two 90W motor and also for a
550W induction motor tested in our lab. The iron losses resistance and the stator and rotor
resistances experienced almost the same variation. It is interesting to notice that the iron
losses had a very similar variation independently of the power rating of the machine.

The biggest concern is on the reactances: the negative variation for the 550W motor supports
the thesis pointed out in Section 3.1.3.

Regarding the mechanical losses, despite the difference between the two 90W motors, we

could assume that the variation, from ambient to cryogenic, increase for bigger machines.
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90W Motor I | 90W Motor II (MUT) | 550W Motor
Equivalent iron losses resistance: -10.4% -11.4% -10.6%
Equivalent magnetizing reactance: -1.2% +3.75% -2.6%
Stator resistance: -84.1% -86.9% -84.0%
Rotor resistance: -73.4% -11% -60.3%
Stator reactance: +0.0% +4.7% -7.6%
Rotor reactance: +0.0% +4.7% -7.6%
Mechanical losses: +95.4% +50.6% +146%

Table 3.7: Comparison of the equivalent circuit parameters variation

Figure 3.23 shows the speed vs torque characteristics comparison in cryogenic conditions for

Motor I and Motor II. As we can see, the experimental data of the two motors are quite

overlapped even if Motor I was made to work at a higher current: 158% of its nominal

current for Motor I against 112% of its nominal current for Motor II.

Regarding the analytical curve, the peak torque for Motor II is much lower than Motor I and

it is shifted to the right towards higher rotor speed and therefore lower slip: this is mainly

due to the difference between the leakage reactances, that are higher for Motor II. It is well

known, in fact, that the maximum torque and the maximum torque correspondent slip are

inversely proportional to the leakage reactances:
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Figure 3.23: Speed vs torque characteristics comparison between Motor I and Motor 11
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Regarding the speed vs efficiency plot in Figure 3.24, both the analytical curves and the

experimental points are overlapped.
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Figure 3.24: Speed vs efficiency characteristics comparison between Motor I and Motor II

(MUT)

In conclusion, a comparison of the cryogenic performance of the three induction motors is

made in Table 3.8. Regarding the efficiency, all the motors saw a considerable increase,

reaching values around 85% + 90% in cryogenic conditions. In terms of torque and output

power, the 90W Motor I experienced an excellent increase, while for the 90W Motor II and

the 550W Motor the increase was lower, but still very high.

90W Motor I | 90W Motor II (MUT) | 550W Motor
Maximum efficiency +22.2% +26.8% +20.6 %
Torque @ maximum efficiency +171% +51.6% +84%
Output power @ maximum efficiency +189% +69.6 % +96%

Table 3.8: Comparison of performance variation from ambient to cryogenic conditions
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Chapter 4

Additional Load Losses

4.1 Theoretical Overview

The efficiency of an electric motor can be determined by one of the following equations:

P
Ndirect = Pn:jzt (41)
Pein — Pa
Nindirect = % (42)
e,in
P out
ndirecs = —— M 4.3
Nindirect Pm,out n Pd ( )

The direct method (Equation 4.1) involves measuring the actual inputs and outputs directly.
The indirect method calculates the efficiency by mean of the power losses, either subtracting
them from the electrical input power (Equation 4.2) or adding them to the mechanical
output power (Equation 4.3). Therefore, using the second method, it is essential to take into
account all kind of losses. In Section 4.1.2 the details of the direct and indirect methods will
be further discussed.

The conventional losses are typically divided into: stator and rotor joule losses, iron losses
and mechanical losses. There are, however, other non conventional losses that the standard
procedure of performance calculation do not take into account. These additional losses are

called stray load losses.

4.1.1 Physical Phenomena Underlying Stray Load Losses

Stray load losses can be classified into those due to theoretical imperfections, and those due
to industrial imperfections [32]. The first group exists by nature, while the second group can
be attenuated by improving the processes of manufacturing of squirrel cage rotors.

The physical origins of the stray load losses in induction machines are related to the following:

e The magnetic property limitations of iron that lead to saturation at load current;
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e The geometrical structure (slots, winding, air gap) around the active region of the

machine.

e Cross-bar currents due to imperfect insulation of the squirrel cage rotor bars.

After listing some of the physical causes for the stray load losses, their possible consequences
will be analyzed.

Regarding fundamental frequency components:
e Skin effect in the stator winding;

e Eddy current losses in end region copper, steel and other metallic part owing to end

region leakage fluxes.
Regarding high frequency components:

e Skin effect in the rotor cage, harmonic rotor currents due to the third space harmonic

caused by iron saturation;

e Teeth pulsation losses in the rotor and the stator caused by the distortion of the air

gap flux density distribution due to the slot openings;

e Losses in the stator winding due to harmonic currents and circulating currents in delta

connected stator windings due to the third space; harmonic caused by iron saturation

e Iron losses in the stator core due to the third space harmonic caused by the distortion

of the field distribution due to iron saturation [33].

4.1.2 Efficiency and Losses Estimation According to Different Stan-
dards

Regarding the direct efficiency measurement, the IEEE 112-A standard specify the procedure
to follow. As far as the indirect efficiency measurement method is concerned, there are

different possibilities to estimate the losses:

e Total losses estimation through calorimetric method. This methods compute all the

losses together, both the conventional ones and the stray load losses;

e Segregation of the losses and indirect measurement of the stray load losses according
to IEEE 112-B;

e Segregation of the losses and direct measurement of the stray load losses according to
IEEE 112-E;
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e Segregation of the losses and assumed value of the stray load losses according to IEEE

112-E1. The following table shows the stray load losses as a percentage of the output

power.
Machine rating [kW] | Stray load losses
1-90 1.8 %
91 - 375 1.5 %
376 - 1850 1.2 %
>1850 0.9 %

Table 4.1: Assigned values in stray load losses in IEEE 112

The National Electrical Manufacturers Association (NEMA) recommends 1.2 % for induction
motors rated less than 1850 kW, and 0.9 % for ratings 1850 kW and above.

Although many measurement estimation method are proposed in literature [31-36], as well
as in IEEE-E, we will refer to the IEEE 112-B standard that defines the stray load losses as
the difference between the total measured losses and the conventional losses, as in Equation
4.4 [37].

PResidual = PElectrical - PMechanical - PCanventional (44)
Where:

PConventional = PJs + PJr + Plron + PMech (45)

It has to be noticed that Pgesiguar 1S the raw unsmoothed residual loss. To obtain the real
stray load losses, a linear regression analysis, plotting Presiauar values against the square of

the torque, T2, must be done.

Presidual = A -T>+ B (4.6)

Where A (slope) and B (offset) are constant coefficients. The offset B, which can be positive

or negative, is removed to obtain the corrected stray load loss.

PStray =A- T2 (47)
However, the intercept B should be considerably smaller (< 50%) than the stray load losses

at rated torque, otherwise the measurements may be erroneous.

Finally, the standard only applies to machines operating at ambient temperature.

4.2 Experimental Results at Cryogenic Temperature

As stated in the previous section, the IEEE 112-B was used, considering therefore the seg-

regation of the losses and indirect measurement of the stray load losses.
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The conventional losses of Equation 4.5 were computed according to the IEC 60034-2-1
standard as follows:

o Py = SRSIS2 where R; is the stator resistance of the equivalent circuit and I is the
stator phase current;

e Pion = f(U2) as a function of the magnetizing voltage;
® Pj. = (Piy—Pjs— Piron) - s where s is the slip;

® Pucch = Pmecno - (1= 5)%° where Pecno are the mechanical losses at zero voltage found
in the no load test.

The result, in cryogenic conditions, for the motor under test is the following:

0 T T T T

O  Experimental points
Linear regression -

Residual Losses [W]

&t R%=0.95 o o |

-9 1 1 I I
0 0.5 1 1.5 2 2.5

Torque Squared [(Nm)]2

Figure 4.1: Residual load losses Motor 11 (MUT)

It is important to underline that the coefficient of determination R? of the linear regression
is very sensitive to the measurement accuracy. In particular, if a point is very far from the
linear trend, some measurement errors are certainly present. In other words, it is possible
to consider the stray-load loss curve as a quality factor of the performed measurement.

The negative slope of the residual losses is something unexpected. It is important to point
out, however, that the IEEE 112-B standard considers motor with rated power greater then 1

kW in ambient conditions. Our analysis is focused on a 90 W motor in cryogenic conditions.
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Figure 4.2: Residual load losses Motor I

Regarding the Motor I, the same negative slope can be seen in Figure 4.2 for torque values

lower than the reference torque. T is the torque value at maximum efficiency in cryogenic
conditions.

For torque values higher than 7,.r, a positive slope has been observed.
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Figure 4.3: Stray load losses comparison between Motor I and Motor II (MUT)

Figure 4.3 shows the comparison of the stray load losses, obtained after removing the offset
of the linear regression, of Motor I (with 0 < T < T}..y) and Motor II in cryogenic conditions.
Considering the absolute value of the stray load losses, they represent 2.00 % of the reference
output power at maximum efficiency for Motor I and 2.65 % for Motor II. These values have
the same order of magnitude of the one showed in Table 4.1.

However, from the slope, it can be seen that the Motor II has more stray load losses than
Motor I. This is expected because of its more irregular behavior under cryogenic conditions.
As already stated in Section 3.1, in fact, we experienced some problems with the no-load

test and it had to be repeated several times.
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Chapter 5

Conclusions and Future Works

5.1 Conclusions

In this thesis, the performances of a conventional three phase 90W induction motor have
been evaluated by comparing its operation at ambient temperature to its behavior when
submerged in liquid nitrogen. The effects of cryogenic conditions on the overall performance
and its equivalent electric circuit parameters have been examined. To validate our results,
they have been compared with data from a prior study on a comparable 90W induction
motor.

The study involved conducting no-load and locked rotor tests on the induction motor to de-
termine its equivalent circuit parameters in ambient and cryogenic conditions. Using these
parameters, an analytical model has been used to calculate torque and efficiency. In parallel,
a test bench for the motor under load has been set up in both conditions, coupling it with
a DC generator. The experimental data obtained was then compared with the theoretical
predictions, and the results were consistent.

As expected from literature, the motor in LN2 had an increase in mechanical losses of +95.4
% with respect to room temperature. Also iron losses increased by +10.4 % due to the
higher conductivity of the core in cryogenic conditions.

However, significant improvements of the performance have been observed in cryogenic en-
vironment. The torque at maximum efficiency increased by +51.6 %, while the power at
maximum efficiency increased by +69.6 %.

All in all, the maximum efficiency increased from 62.9 % to 89.7 %, thus meaning that even
a small motor can achieve a very high efficiency by mean of cryogenic cooling.

Concerning the stray load losses under cryogenic conditions, a negative slope trend as a
function of squared torque can be observed. This deviates from standard expectations, even
if it is worth noting that such standards typically apply to larger motors operating at ambi-
ent temperatures. The observed results, however, are confirmed by the analysis of the other
similar motor. Based on our analysis, stray load losses constitute 2.65 % of the output power
at peak efficiency in cryogenic conditions.

In conclusion, the results of this thesis affirm that despite several drawbacks, primarily the
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complexity of the cooling system and the high costs, cryogenic electric motors are highly
promising. They offer significant improvements in performance metrics such as efficiency,
torque and power density, making them the best solution for application demanding high

power with limited space requirements, as the aeronautical sector.

5.2 Future Works

Since the output power and torque of the motor under test were measured through the
coupled DC generator, the tests could be repeated using a torque sensor to obtain more
accurate data.

Moreover the negative variation of the reactances from ambient to cryogenic conditions
should be further investigated, as well as the negative slope of the stray load losses.
Finally, it would be interesting to use an inverter to power the machine and observe how the

parameters and the performance of the motor change with changes in frequency.
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Appendix

Skin Effect Calculation

function [Rr_dc,Rr_acl,Rr_ac2, KL, Kr, Kr_rect] =
skin_effect_cage (f,rho_al)
nhu0=4xpixle—7;

global x_slot
global y_slot

%% Rr’ DC

% rho_cu=1.68e—8x(1+0.00404x(75—-20));
% rho_al=2.65e—8%(14+0.00390%(75—20));
% Yov2

% rho_al=2.65e—8x%(225+75)/(225+20);

global N % Number of conductors in series per slot
global kwl

global s

global pp

global Zph

tau_1=0.0096;

Lcore=0.055;

gamma—=atan (tau_i/Lcore);

Lbar=0.055/cos (gamma ) ;

% delta=sqrt (2xrho_al/(2+xpi*x104xdxpixle—7));
Abar=20.44e—6+cos (gamma ) ;

Nbars=22;

Br=2xpi/Nbars;

Da=(42e—3-Te —3);

Aa=9e—3*7e—3;

wa=sqrt (Aa);

Kr=1;

Rr=Krxrho_al*Lbar/Abar+2/(4xNbars*sin (Br/2)"2)xrho_al*pi*Da/Aa;
Krs=3/Nbars x(Zphxkwl) "~ 2;

Rr_dc=Krsx*Rr;

delta=sqrt (2«xrho_al /(2% pixfxnhu0));



% Kr=h/deltax(sinh (2xh/delta)+sin (2xh/delta))/(cosh(2«xh/delta) —...
cos(2xh/delta));

[Kr, KL]l=Kr_calc(b,h,Lbar,f s,1/rho_al);

% rectangular
beta=sqrt ((s*2xpixfxnhul)/(2*xrho_al));
csi=betaxhxlength (b);

Kr_rect=csix(sinh (2xcsi)+sin(2xcsi))/(cosh(2%csi)—cos(2xcsi));
%0

Kr_ringl=wa/deltax(sinh (2«wa/delta)+sin (2xwa/delta))/(cosh(2xwa/delta)—...
cos (2xwa/delta));

Kr_ring2=wa/deltax(sinh (2xwa/delta)+sin (2xwa/delta))/(cosh(2xwa/delta) —...
cos(2xwa/delta));

%0
Ra=rho_alxpixDa/Aa;

Rr1=Krxrho_alxLbar/Abar+2«Ra/(4+ Nbarsxsin (Br/2)"2);
Rr2=Krxrho_alxLbar/Abar+Kr_ringl«Kr_ring2*2«Ra/(4+« Nbarsxsin (Br/2)"2);

Rr_acl=KrsxRrl;
Rr_ac2=KrsxRr2;

Rslot=KrsxKr«rho_alxLbar/Abar;
Rring=Krs*2 /(4% Nbars*xsin (Br/2)"2)xrho_alxpixDa/Aa;

end

Kr Calculation

function [Kr, KL] = Kr_calc(b,h,Istack ,f,s,cond_al)
% function Kr = Kr_calc(b,h,lstack ,f,s,cond_al)
nhu0=4xpixle—7;

% £=50;

w=2%pix*f;

% s=1;

n=length (b);

% cond_al=1/(4.37e¢—8);



R=1/cond _alxlstack./(b.xh); % resistances
L=nhu0Oxlstack«h./b; % inductances

Ib=1; % initial value
I=zeros(1,n);

I[(1)=Ib/n;

[2=zeros (1,n);
12(1)=1Ib/n;

for 1i=2:n

I(i)=R(i—1)/R(i)*«I(i—1)+1lixsswxL(i—1)/R(i)*sum(I(1:i—1));
% delta=w*(nhuOxcond_al )*(sum(h)"2/(n"2));
% I2(1)=b(i)/b(i—1)*I2(i—1)+lixdeltaxsum(I2(1:i—1));
end

Ib_f=abs(sum(I));

% Ib2_f=abs(sum(I12));
% losses AC
Pac=sum(abs(I)."2.xR);

% Pac2=sum(abs(I12)."2.%R);

% losses DC
Abar=sum(b.xh);
[_de=Ib_fxb.xh/Abar;

%

% 12_dc=Ib2_fxb.xh/Abar;

Pde=sum(abs(I_dc ). 2.xR);
% Pdc2=sum(abs(I12_dc)."2.xR);

Kr=Pac/Pdc;
% Kr2=Pac2/Pdc2
% end

sumLI=0;
sumLIdc=0;
for j=1:n

It =0;

for k=1:j



It=It+(I(k));
end
sumLI=sumLI4+L(j)*abs (It)"2;

I[t_dc=0;
for k=1:]j

It _de=It_dc+(I_-dc(k));
end

sumLIde=sumLIdc+L(j)*abs(It_dc)"2;
end

Kl=sumLI/sumLIdc;
end
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