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ABSTRACT

The motivation for this work is to find good designs for high-speed induction machines. Special
attention is paid to rotors suitable for these machines. Another goal is to find supply voltage
waveforms appropriate for a high-speed induction machine with a solid rotor. In order to design
good high-speed machines, modeling is modified and verified.

A laminated rotor made for high speeds was tested on a 65 kW 30600 /i, compressor drive. Two
squirrel cage solid steel rotors were tested on a 60 kW 60000 /in high-speed machine. In both
cases, the rotors were compared against a commercially used copper coated solid steel rotor. The
results showed that the laminated construction with a cage should be used whenever possible. At
higher speeds, a well-designed squirrel cage solid steel rotor would be better than a copper coated
solid steel rotor. The copper coated rotor is preferred at very high speeds.

Pulse amplitude modulation and pulse width modulation are techniques used to adjust the supply
voltage of electric machines. The feasibility of these modulation types for supplying high-speed
induction machines was tested. The results show that pulse amplitude modulation is the best choice
for a high-speed induction motor drive.

For the high-speed machines considered, the 3D effects made the 2D modeling of the
electromagnetic properties difficult. Two modifications to the current modeling software were
made. In the first modification, the end ring inductance was calculated with a separate 2D FEM
mode. In the other modification, the flux fringing in the air gap region was aso modeled with a
separate 2D FEM model.

A discrepancy between electromagnetic loss calculated and electromagnetic loss measured was
noticed. The measurements show circulatory currents flowing in the paralel paths of a stator
winding of a high-speed machine. These currents produce extra power loss not modeled in the
calculations. It is shown that taking circulatory currents into account, the model provides results
close to the measured ones. Thus, the model can be used for the designing and optimization of high-
speed machines.

Genetic optimization software was used to derive the optima parameters for a squirrel cage solid
steel rotor. General topology suitable for a high-speed induction machine was also studied by using
optimization. The results show that both the positioning and the volume of conductors in the rotor
are important. Considering the electromagnetic performance, the choice between alaminated and a
solid rotor core material isless significant for a high-speed induction machine.

O All rights reserved. No part of this publication may be reproduced, stored in aretrieval system, or transmitted, in any
form or by means, electronic, mechanical, photocopying, recording or otherwise, without the prior permission of the
author.
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1 INTRODUCTION

The need for high rotational speed is a built-in requirement in some industrial applications.
Compressors, pumps and machine tools can often achieve better performance at higher speeds. The
energy efficiencies of pump and compressor drives improve at higher speeds. The rate of material
removal in aspindle tool isincreased by an increase in speed. The sizes of the machines and drives
are reduced when the rotational speed isincreased.

The Laboratory of Electromechanics has taken part in a project for the development of high-speed
drive systems. In the Laboratory, el ectric high-speed machines and active magnetic bearing systems
have been studied. On the machines side, emphasis has been on high-speed induction motors. At the
beginning of the project, frequency converters had to be specially made as there were no suitable

products on the market.

1.1 High speed électric drive systems

Traditionally, a drive consists of aload machine, a power source and a gearbox. Nowadays, electric
induction motors are the most common source of mechanical power. Induction motors are low cost,

reliable and easily operated.

Electric motors, which are supplied by the electricity distribution network, have a supply frequency
of 50 or 60 Hz. Thus, these motors have a maximum operating speed of 3000 or 3600 Y/pin. A
gearbox in atraditional drive changes that speed into one more suitable for aload machine. Another
way to have a high rotational speed is to use a frequency converter, also called as an inverter. The
frequency converter transforms the 50/60 Hz supply frequency and voltage into a desired frequency
and voltage. High rotational speeds can be achieved and the sizes of the motor and the drive can be
reduced. There are fewer components subject to wear and tear if active magnetic bearings are used.
Lubrication is not needed anymore. Table 1.1 and Fig. 1.1 show the difference between these two
approaches and the benefits of high-speed technology. Fig. 1.2 illustrates a high-speed compressor
drive and arotary compressor drive.

The development of power electronics has made inverters available at the large power vs. speed
region. A voltage source inverter and simple scalar control are usually suitable for feeding a high-

speed induction motor in the applications considered. Newer power semiconductors can operate at
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higher switching frequencies without causing excessive switching loss. Different voltage
modulation techniques can be used. The voltage waveforms can be selected or optimized to produce

low loss, torque ripple, noise etc., depending on the application and demands.

The use of power electronics together with integrated control and information networks makes it
possible to use and supervise the drives efficiently and cost-effectively. Processes can be adjusted

without unnecessary losses by ssmply changing the supply frequency of the electric motor.

Feeding an electric motor from an inverter sets some new requirements for the design of a motor.
Anincrease in a supply frequency further emphasizes these requirements. The supply waveforms of
the voltage and current are not sinusoidal and more losses are induced in the motor. Some loss
components such as eddy current loss are strongly frequency dependent and its share of the total
loss increases as frequency increases. The change in loss balance makes the optimal design of the

high-speed motor different from the design of a 50/60 Hz conventional motor.

In thiswork, high-speed motors with a supply frequency up to 1000 Hz are studied. Output power is
in the range of 50 — 65 kW. For an electric motor with one pole pair, the increased frequency means
arotational speed up to 60000 Y/in. The torques produced by these motors are around 10 - 20 Nm.
In the motors studied, active magnetic bearings are used for contactless suspension. The motors are

fed by voltage source frequency converters.

The high-speed induction motor drives considered in this work have all the rotating components
attached to the same shaft. The compressor wheel is attached to the same shaft with the rotor. The
cooling fan of the motor is attached to the other end of the shaft. The cooling fan blows or sucks the

air through the inner parts of the motor, air gap and end winding regions.

Table1.1 Difference between a conventional and a high-speed compressor drive.

High-speed drive Conventional drive
Voltage source inverter YES NONE/YES
Electric motor small size and weight large size and weight
Gearbox & accessories NONE YES

motor on/off, choking or adjustment of

Control of power and work motor speed control compressor blades, motor speed control

Lubrication NONE oil / grease

Mechanical wear NONE bearings and gears
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Electric Load
Motor Gearbox Machine
Electricity
Conventiona network 1:10
high- i
(high-speed) drive 50y
3000 Y/ 30000/,
Frequency Electric Load
Electricity ~ converter Motor Machine
High-speed network ~
electric motor drive —_—
S0 Hz ~ 500 Hz
30000 Y

Fig.1.1  Difference between drives using either a gearbox or an inverter (converter) fed high-
speed electric motor.

Fig. 1.2  Two approaches for the same task. On the left, a 33000 Y/min 32 kW high-speed
induction motor drive with gas bearings. On the right, arotary compressor drive.
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1.2 Aim and contents of thiswork

The motivation and aim of this work is to find good designs for high-speed induction machines.
Specia attention is paid to rotors suitable for these machines. Another goal isto find supply voltage
waveforms appropriate for a high-speed induction machine with a solid rotor. In order to design

good high-speed machines, modeling is modified and verified.

In this thesis, comparisons of different rotor constructions are made. A trade-off situation between
mechanical and electromagnetic propertiesis studied. In two measurement cases, different rotors for
high-speed induction machines are tested. Different rotor constructions are also studied in two cases
of numerical optimization. The optimization algorithm is modified in order to decrease the
calculation time and provide data for the post processing of results. Different voltage supply
waveforms for a high-speed induction machine are tested. Circulatory currents in a stator winding
of a high-speed machine are shown to produce extra power loss and discrepancy between
electromagnetic loss measured and calculated. Separate 2D FEM modeling of end ring inductance

and effective length of a machine are implemented in the model of the machine.

In Chapter 2 some basic aspects in the design of a high-speed induction motor drive are discussed
with references to the field of science. Effects of a high supply frequency on the selection of
magnetic materials, dotting and winding are commented on. The importance of dimensioning the
air gap is emphasized as perhaps the most important single design parameter. The cooling of a
motor is acknowledged as an important subject since loss distribution and loss densities are
different from the conventional motors. The frequency converters used and the voltage modulation

are presented in the last section.

Chapter 3 concentrates on the rotors of the high-speed induction machines. Section 3.1 describes the
mechanical constraints limiting the rotor design. As a starting point for a development, a
commercialy used copper coated solid steel rotor is presented in Section 3.2. Two aternative
approaches are suggested. In Section 3.4, alaminated rotor suitable for high speeds is presented. In
Section 3.5, two solid steel rotors with a squirrel cage are presented for a comparison against a
copper coated solid steel rotor.

Chapter 4 presents the comparison of the laminated rotor and a copper coated solid steel rotor for a
65 kW 30600 %/ compressor motor. Section 4.1 describes the measurement setup and Section 4.2
is for the results of the comparison. The compressor itself is used to load the high-speed induction

motor. The results are concluded in Section 4.3.
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Chapter 5 reports the comparison of the squirrel cage solid steel rotors and a copper coated solid
steel rotor for a 60 kW 60000 */nin motor in a similar fashion. In this case, a back-to-back
measurement setup is used. Two identical machines are coupled together, one working as a motor
and the other as a generator. This setup provides more information and makes it easier to divide the
power lossinto components. The actual measurements were made at 50100 Y.

The effect of different supply voltage waveforms on the performance of the high-speed drive is
studied in Chapter 6. Comparison between pulse amplitude modulation and pulse width modulation
is presented in Section 6.1. The comparison is done both theoretically and by using measurements.
The same back-to-back measurement setup and the same high-speed drives are used asin Chapter 5.

The results of the comparison are concluded in Section 6.2.

The modeling and optimization methods used in this study are presented in Chapter 7. Handling of
3D phenomenain a 2D modeling are discussed. End ring inductance is modeled with a separate 2D
FEM model in Section 7.1. The effective length of a machine is also modeled with a separate 2D
FEM model in Section 7.2. Section 7.3 presents the cal culation results for the motor with the copper
coated rotor tested in Chapter 5. The results of the calculations are compared against the results

from the measurements.

Circulatory currentsin parallel paths of a stator winding are studied in Chapter 8. They are shown to
generate a considerable amount of extra loss, which is not modeled in the calculation software.
Section 8.1 provides the results of individual strand current measurements for the 60 kW 60000 /i
motor presented in Chapter 5. The circulatory current loss factors are calculated from the results.
Impedance of a circulatory current loop is measured in Section 8.2. Using information gained in the
sections above, an estimation model for the loss factor is defined in Section 8.3. The model is used
to estimate the values of the loss coefficient in the operation points measured in Chapter 5. Taking
into account the circulatory current effect, it is shown in Section 8.4 that the model discussed in
Chapter 7 gives relatively accurate results. Circulatory currents and voltage modulation are
discussed in Section 8.5.

Chapter 9 presents two optimization cases and proposes an improvement to optimization algorithms
used with time consuming numerical models. The improvement based on discretization and use of a
solution history is presented in Section 9.1. Section 9.2 presents the first optimization case, where a
squirrel cage solid steel rotor is optimized. The optimized rotor design is compared against the
designs measured in Chapter 5. In the second case, a general topology of arotor suitable for a high-
speed induction machine is studied. This optimization case with results and discussion is presented

in Section 9.3. The Summary of the work is given in Chapter 10.
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2 CONSTRUCTION OF A HIGH-SPEED MOTOR DRIVE

A high-speed motor has to be designed so that it works well with a high supply frequency provided
by an inverter. Mechanical constraints have to be considered carefully, when designing a rotor for
high rotational speeds. Friction loss becomes more significant and losses in general are generated in
asmaller volume than in a conventional motor. Cooling of a motor has to be adjusted accordingly.
The distribution of losses inside the motor aso changes and this changes the optimal design.

The answers to these design problems will introduce some differences in the design of a high-speed
induction motor, when compared with conventiona designs of the same power level. Some of the
changes in the design and reasons for them are discussed herein. Being a magjor issue in this study,
the rotor construction is discussed in more detail in Chapter 3. It is emphasized that the effects of
some changes are strongly interconnected and a single change cannot be considered without looking
at the whole design for a high-speed induction machine.

The high-speed electric machines are fed with an inverter. In voltage source inverters, DC-voltage
is modulated in order to have a correct amplitude and frequency for the voltage. In the last section

of the chapter, a short introduction to voltage modulation is presented.

2.1 Laminationsfor high frequencies

An aternating magnetic field induces eddy currents in conductive parts like iron cores and
windings. The eddy currents oppose the change of the flux and try to push it out. Thus the magnetic
field and flux can only penetrate a certain amount into a conductive material. The inner part of the
material cannot be used as a path for the flux. To illustrate this, a concept called a penetration depth
O is used. It is defined as a distance from a surface of a conductive material plane where an
amplitude of an electromagnetic incident wave penetrating into the material is decreased by factor
e’ or to around 37 % of its origina value. This penetration depth is given by the following
equation:

o"=\/ 2 =\/ 1 , (2.1)
wuo p Y T pg ey

where wis the angular frequency and f is the frequency of the incident wave. 1 is the permeability

of vacuum, 4 is the relative permeability of the material and yis the conductivity of the material.
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Some penetration depth values are calculated for materias in Table 2.1. The penetration depths for
the electric steel sheets are also calculated using Eq. 2.1. In the motors studied, 0.35 mm non-
oriented steel sheets have been used.

According to the table, the 0.2 mm sheet would be a good choice for a stator of a high-speed motor
supplied with 500 — 1000 Hz fundamental voltage and current. From the point of view of losses, the
0.2 mm sheet is clearly better than the 0.35 mm sheet, athough the difference becomes smaller at
lower frequencies. At 500 Hz, the specific total loss for the sheets was 27 "y against 17 “iig in
favor of the 0.2 mm sheet. Even thinner sheets are available nowadays, as high frequency

applications are becoming more common.

The losses are not the only issue in the selection of eectric sheets, however. The selection of a
lamination is a trade-off situation. The loss values of the sheets clearly suggest the use of thinner
laminations. On the other hand, cost and ease of manufacture suggest thicker sheets. Continuing
from this, Soong et al. (2000) also state the importance of a heat treatment to achieve the proper
lamination characteristics. Grain size, elongation and yield strength of the material can be adjusted
with different treatments. A large grain size is appropriate to minimize the hysteresis losses in
laminations for 50 Hz machines. In a high-speed motor, eddy-current loss become dominant and so
asmall grain size is more appropriate. With a correct heat treatment, a trade-off between hysteresis
and eddy-current loss can be found and the total loss is minimized. The heat treatment also affects

Table2.1 Penetration depth in different materials.

copper | steel?  |0.35 mm electric steel sheet?|0.20 mm electric steel sheet®
Conductivity y [M¥,]  @20°C 59.6 2.58 1.929 1.61
Relative permeability 1 @1T 1 602@50Hz | 6153@50Hz | 3362@1000Hz | 5092@50Hz | 4461@800Hz
@10 Hz 21 4.0 1.46 1.76
@50 Hz 9.2 18 0.65 0.79
Penetration depth &[mm)]
@500 Hz 29 0.28 0.27
@1000Hz | 2.1 0.20 0.19
Specific total 1oss [W/kg] @11 - 1.02@50Hz | 86@1000Hz | 0.97@50Hz | 44@1000Hz
Y Imacro, permeability taken from the virgin curve
2 Bochum V270-35A, permeability for peak magnetic polarization vs. peak magnetic field strength
% Bochum HF-20, permeability for peak magnetic polarization vs. peak magnetic field strength
“ Typical value for steel grade M270-35A of European Standard EN10106 (Surahammars Bruk 1998)
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the strength and ductility of the material. Basically, these two properties are only important at the
rotor laminations. There the goa would be to achieve maximum yield strength while keeping the

necessary level of ductility in order to avoid a cracking of amaterial.

The manufacture of the lamination stack has effects on the characteristics of the sheet (Boglietti
1999, Smith and Edey 1995). Punching of the sheets, for example, decrease the electromagnetic
properties of the sheet by inflicting high stress, altering the grain structure and removing the
insulation coating. The teeth of a high-speed stator or a rotor may be small and so the relative area
of the detoriating sheet can be large. More expensive manufacture techniques like precision
punching or laser cutting may have to be used. Soong et al. (2000) and Pyrhénen and Kurronen
(1993) have used laser cutting instead of punching.

Stacking of the sheets also has an effect on the electromagnetic properties. Mechanical stress may
have a similar kind of detoriating effect as punching. The stacking process must also address the
question of material homogeneities and the type of magnetic field variation that the stack is subject
to. In AC motors, mainly non-oriented sheets are used in the stator stacks. Because there are small
non-homogeneities due to the rolling of the sheets, the sheets are stacked so that the rolling
direction of the sheets varies throughout the stack. In the motors studied in this work, for example,
every 1/30™ part of the stack is rotated 60 degrees from the previous part. Another issue is the type
of the magnetic field variation. Bertotti et al. (1991) demonstrates that the loci of a time-varying
magnetic field is very different in different locations of a stator; aternating in places like inside the
teeth, rotating in places like the yoke end of the teeth and €elliptical in places like yoke. Thisraises a
question as to whether oriented sheets should be used as proposed by Boglietti et al. (1988). They
suggest that single oriented sheets could be stacked orthogonally so as to resemble a stack of bi-
oriented sheets. This Cross Magnetic Structure (CMYS) is said to produce less iron loss than a stack
of non-oriented sheets.

Table 2.1 also showed the data for the solid steel used in the rotors studied. The steel has high
conductivity and low permeability compared to the sheets. If measured, the specific total loss would
be high. If a solid steel rotor is used, the solid steel has to carry torque producing currents and the
magnetic flux. In this sense, high conductivity and permeability would be ideal. This kind of
material would produce the highest torque per volume but aso high loss density. However, if the
rotor had a copper coating or bars to carry the current, lower conductivity steels can be used mainly
as a flux path and the copper sections will carry the current for less resistive loss. The rotor of a

high-speed motor is considered in more detail in Chapter 3.
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2.2 Stator windingsfor high-speeds

Perhaps the most important thing in the design of the high-speed motor is to have a smooth
sinusoidal air gap flux at the surface of the rotor. Otherwise, the harmonic components will induce a
considerable amount of loss on the rotor. Thisis especialy so if solid rotors are used. Thisissueis
discussed alot in literature and the solutions proposed can be divided into two groups. One group of
solutions tries to make the magnetomotive force (mmf) produced by stator windings as sinusoidal
as possible. Thus, the aim is the reduction of the winding harmonics. The other group of solutions
tries to make the air gap permeance as smooth as possible. Solutions from both groups can be used
at the same time in order to reduce the harmonic content of the air gap flux. The solutions aiming

for the reduction of permeance harmonics are discussed in the next section.

Conventional induction motors usually have a single layer winding in the power range of the motors
studied. A high-speed motor is more sensitive to the winding harmonics and a smoother mmf
waveform is required. This can be done either by increasing the number of slots or by using a
chorded two layer winding. In principle, the more slots the better, provided that there is enough
room for the teeth and that the slots do not become too small. The reduction in loss at the rotor side
usually covers the increase of iron loss at the stator side. Some of the winding harmonics have the
same winding factor value as the fundamental component. These so-called slot harmonics are
pushed higher in the harmonics spectrum when the number of the slots is increased. This can be
seen in Table 2.2. The leakage factor at the bottom of the table describes the harmonics content of

the mmif. It can be seen that the quality of the mmf improves with the increase in dots.

The stator design can also be improved by selecting a short pitch double layer winding. The
pitching decreases the harmonic contents of the mmf and the air gap flux effectively. Perhaps the
only drawback is the decrease of the dot filling factor due to main voltage insulation needed
between two phases in a same slot. The winding factor for the fundamental mmf is also reduced
dlightly. Pyrhonen and Kurronen (1994) were quite satisfied with the results when changing from a
24 dot full pitch winding to a 5/6 pitch chorded winding.

Fig. 2.1 illustrates the 36 dot full pitch (one layer) and a 5/6 pitch (double layer) windings for one
phase. Table 2.2 shows the winding factors & for 24 and 36 slot windings with a full pitch or a 5/6
pitch. It can be seen that the quality of the mmf isimproved with chording. The winding factors are

calculated using the following formula (Richter 1951) :
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Fig. 2.1  On the left, one phase of a full pitch (one layer) winding for a 36 slot stator. On the
right, one phase of a 5/6 pitch (double layer) windings for the same stator.

Table2.2 Winding factors &, for three phase windings with one pole pair up to a harmonic

number 37. Slot harmonics are shown in italics. m=3, p=1

v Q=24 Wir=1 Q=24 W/T=5/6 | Q=36 W/r=1 Q=36 W/ T=5/6
1 0.958 0.925 0.956 0.924
5 0.205 0.053 0.197 0.051
7 0.158 0.041 0.145 0.038
11 0.126 0.122 0.102 0.098
13 0.126 0.122 0.092 0.089
17 0.158 0.041 0.084 0.022
19 0.205 0.053 0.084 0.022
23 0.958 0.925 0.092 0.089
25 0.958 0.925 0.102 0.098
29 0.205 0.053 0.145 0.038
31 0.158 0.041 0.197 0.051
35 0.126 0.122 0.956 0.924
37 0.126 0.122 0.956 0.924
O5,< 1000 0.0088 0.0062 0.0051 0.0029
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where mis the number of phases, q isthe number of slots per pole per phase, Wis the coil span, 7is

the pole pitch and visthe order of harmonic:

v =2km+1, kON (2.3)

The leakage factor o describing the harmonics content of the mmf is:

g =

The high frequency currents and stray flux may cause considerable skin effect and eddy-current loss
in the windings. To avoid this, random wound windings consisting of thin conductors are used.
Mekhiche et al. (1999) have used Litz wire. This kind of a filamentary conductor is used in high
frequency transformers and inductors. Litz wire yields low power loss but it can be more expensive

than conventional enamel coated conductors.

Another design problem related to windings is that rotor dynamic limitations often suggest quite
short but wide constructions for the rotor and for the stator accordingly. For a two pole motor, this
means relatively long end windings resulting in relatively higher ohmic loss and leakage
inductance. A four pole motor would be better in this sense but it would mean a double supply
frequency, higher iron loss, increased skin effect and higher switching loss for the inverter.

Consequently, another trade-off situation must be solved herein.

2.3 Air gap and slot opening

In addition to reduced winding harmonics, a decrease in the permeance harmonics is needed in
order to have a smooth sinusoidal air gap flux at the rotor side. Perhaps the most important single
parameter in the whole design of a high-speed motor, the air gap, affects the air gap permeance
variation alot. A long air gap is needed to dampen the harmonic components of the magnetic flux
seen by the solid rotor surface. As mentioned in previous section, the harmonics can induce most of
the losses at the rotor side.

For an induction motor, the long air gap is a problem because the rotor has to be magnetized from
the stator side. This means a high magnetization current, increased ohmic loss in stator windings
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and a low power factor. However, a common opinion seems to be that the increased need of

magnetization is more than compensated for by the reduction in rotor loss.

Andresen et al. (1986) made atest for a 7 kW 50 Hz induction motor. The initial air gap, 0.35 mm,
was selected according to rules commonly used. During the measurements, the authors reduced the
diameter of the rotor by grinding in two steps. The resulting air gap was increased to 0.5 mm and
finally up to 0.67 mm. Sinusoidal voltage supply was used to run the motor at 50, 100 and 150 Hz.
The results at a nominal torque showed that larger air gaps yielded much less power loss for the
motor as the frequency was increased. Total loss at 150 Hz dropped by athird, when the air gap was
increased from 0.35 mm to 0.67 mm. At 50 Hz and especially at no-load, the differences were
small. Thiswas due to increased winding loss compensating the decreased additional iron loss.

The results apply in similar fashion also for the inverter fed induction machines operating at even
higher frequencies. Thus, the selection of an air gap is mainly based on balancing the loss
components so that the sum of the losses is minimized (Patent US 5473211). Also, the air gap
affects the cooling if the cooling flow is forced through the air gap. This is the case in the motors

considered. The loss balance is discussed in the next section.

Table 2.3 shows the air gap & of the motors studied in this work and of some high-speed induction
motors reported in the literature. The ratio of & per the rotor diameter D,, the rotor type, nominal
power, nomina speed and the reference are given. It can be seen that the air gap is roughly ten
times higher in a high-speed motor compared to a conventional one. Still, good motors with good
efficiency values are reported and it seems that motors with alarge air gap are the solution for high-

speed applications.

The problem of magnetization of a high-speed motor could be avoided by using a permanent
magnet rotor. On the other hand, the mechanical design of the permanent magnet rotor needs
specia care, as the rotor is not as robust as solid steel rotors. These different motor types respond to
a different trade-off between electromagnetic and mechanical requirements and so both approaches
can bejustified.

The other way to decrease the permeance harmonics is to minimize the effect of the stator slot
opening by making it as small as possible (Takahashi et al. 1994, Lahteenmaki 1997). Magnetic or
semi-magnetic slot wedges close the slot opening totally and smoothen the permeance fluctuation to
agreater degree (Kaga et al. 1982). The down side is the increased |eakage reactance. In addition to
the solutions mentioned, Pyrhénen and Kurronen (1994) have tested a new kind of tooth tip shape
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Table2.3 Air gap characteristics of some high-speed induction motors and a conventional

induction motor. The air gap is ‘iron-to-iron’ airgap.

&/D; [%] V| & [mm] Y Rotor type Power [KW] | Speed [Ymir] Reference
5.7 4.00 solid coated 60 100000 Saari and Arkkio 1994
5.0 450 | solid coated 60 60000 Lahteenmaki and Soitu 20007
5.0 450 | solid coated 50 30600 Lahteenmaki et al. 19997
2.8 250 | solid caged 50 50000 L ahteenméki and Soitu 20007
25 1.27 laminated 21 50000 Soong et al. 2000
24 215 | laminated 50 30600 Lahteenmaki et al. 19997
solid
11 0.95 solid dlitted 12 13500 Pyrhénen and Huppunen 1996
solid caged
solid
1.0 1.00 solid coated 12 24000 Pyrhénen and Kurronen 1994
solid double coated
solid
0.8 0.40 <olid double costed 0.7 24000 Sharmaet al. 1996
04 0.80 laminated 37 1500 conventional motor
Y Some data not mentioned in the references; derived from other data or requested from the authors
2 Casein Chapter 4 is presented in Lahteenmaki et al. (1999) and case in Chapter 5 in Lahteenméki and Soitu (2000)

which enforces the fringing effect at the slot opening, thus smoothing the flux distribution. The
possible downsides of this approach are the difficulties and expenses in manufacture.

24 Lossesand cooling of a high-speed motor

The loss balance of a high-speed motor is different if compared against a conventional motor.
Because the phenomena behind the loss components are frequency or speed dependent in different
ways, the relative shares of the loss components change with the change of speed. The following
quotient of total loss P per output power Py illustrates this (Jokinen and Arkkio 1996):

R _ Pau* PN+t pen® +pin® 25)
Pout CVien

where P, is the ohmic loss not depending on frequency and pr, pe and pr are the loss coefficients
for hysteresis, eddy-current and friction loss. C is the utilization factor, which describes how much

torque per volume unit can be taken out from the rotor of avolume V. Letter n stands for the speed.
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It is seen that the relative share of ohmic loss decreases and the shares of eddy-current and friction
loss increase as a function of speed. The equation gives a dightly simplified behavior and does not
hold for a large change of speed. However, it illustrates well the idea of aloss distribution being a
function of speed. The change in the distribution gives a clue that the design of the motor should

also change as a function of afreguency.

Saari (1995) gave an example of difference in loss distribution between a conventiona and a high-
speed induction motor. The total losses of the 37 kW induction motors are shown in Fig. 2.2. There
were less resistive stator losses in the high-speed motor because of lower winding resistance. The
core losses were reduced with an increased air gap and thinner electric steel sheets. There were over
four times more friction, cooling and bearing losses in the high-speed motor, resulting in a higher

total loss.

Using design parameters given in Saari’s work, it can be calculated that the volumes of the stator
and rotor in the high-speed motor were only 23 % and 5 % of the volumes in the conventional
motor. This example shows well that the loss density of a high-speed motor is higher. High loss
densities affect the ideal topology of the motor. Totally enclosed fan cooled (TEFC) motors are not
feasible, since amajor part of lossis friction and cooling losses generated in the air gap region. The
hot air at the air gap must be taken out so that it does not start heating the stator and rotor. Thus, in
the motors studied by Saari and in the motors studied in this work, aforced open circuit air-cooling

isused. The air is circulated through the air gap and end windings space as shown in Appendix B.

4.0
P [KW] O Friction, cooling and
bearing losses

3.0

O Corelosses in the rotor
2.0 O Resistive rotor losses
1.0 E Corelosses in the stator
0.0 | M Resistive stator losses

1500 rpm 50 000 rpm

Fig. 2.2  Power losses of the 37 kW normal and high-speed electrical motors (Saari 1995). The
high-speed motor is equipped with a copper coated sold steel rotor.
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Cooling of the stator could need axial or radial cooling ducts for coolants but in the motors studied
this was not necessary. The fact that the stator was actually divided into two parts by a radial duct
was primarily because of the need to have cooling air circulation for the rotor. The cooling fan is
attached to the other end of the shaft. The fan either blows or sucks the air through the motor. From
the temperature rise point of view it is better to suck the air through the motor, since then the loss

corresponding to the pressure drop over the motor is not warming up the motor.

It is worth remembering that different motor constructions may benefit from different kinds of
cooling arrangements. Different coolants and cooling flow topologies can be chosen. In some cases,
direct cooling of arotor is considered costly and efficient stator cooling is used instead (Boglietti et
al. 1992). Fuchs and Frank (1983a, 1983b) go on to design a 75 kW 40000 “/,ni» homopolar motor in
order to avoid direct cooling. Thisis agood example, showing that the selection of a cooling system
and a motor type go hand in hand. The approach chosen by Fuchs and Frank is different from the
approach chosen in the project (including this work). The choice between different approaches is a
complicated issue that may be difficult to formulate exclusively. The problem of choice comes
down to the definition and weighting of the objectives, which is strictly speaking never the same for

two different projects.

Hydrogen or helium could be used as a closed circuit coolant because of reduced friction and
cooling loss and increased heat transfer (Gilon 1994, Saari and Arkkio 1995). Other cooling
systems like cooling of the stator with water or R134a could be combined for maximum
performance (Mekhiche et al. 1999).

2.5 Voltage modulation for the high-speed induction motor

The following description introduces the subject briefly. The idea is to illustrate the type of
frequency converter used in this work and the basic idea in the pulse amplitude and pulse width

modulation. More information can be found e.g. from Mohan et al. (1995).

On the input or supply network side of the frequency converter, there is a three phase choke and
diode bridge rectifier. Together with an intermediate or DC-link capacitor, the AC-voltage of the
supply network is rectified into a DC-voltage. On the output or load side, there is a three phase
IGBT inverter bridge changing the DC-voltage back into AC-voltage of some amplitude and

frequency. A schematic diagram of the converter can be found in Fig. 5.2 in Section 5.1.

The DC-voltage Uy produced by a diode bridge rectifier depends mainly on the amplitude of the
AC-voltage in the supply network Ug. In anideal case, Ugis
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U (2.6)

If the DC-link is not loaded, the voltage over the capacitor can be dlightly higher, charged to the
peak-to-peak value of the diode bridge rectifier:

Ug=v2u, (2.7)

The voltage source inverters (VSl) in general change Uy into an AC-voltage of some amplitude and
frequency. This is done using gate turn-off (GTO) thyristor or insulated-gate bipolar transistor
(IGBT) bridges, for example. The output frequency is inherently determined by the inverter bridge
control. For the output voltage, there are more possibilities.

In the pulse amplitude modulation (PAM), the output line-to-ground voltage waveform consists of
one pulse per half a cycle. For a three phase system, the length of a phase-to-phase pulse is 120
electrical degrees as shown in the bottom graph of Fig. 2.3. In the case of star connected stator
winding, these pulses form a four-step phase voltage and a two-step phase-to-phase voltage. The
voltage level is adjusted by changing the amplitude of the pulse. In the frequency converter, the
height of the pulse is determined by the DC-link voltage. In the frequency converter used, the diode
bridge rectifier cannot adjust Ug. The amplitude of pulses is aways * Uq. Using Eq. 2.6, the

amplitude of the fundamental of the output voltage U; is

u, :ﬁud :6—‘/2§uac (2.8)
Tt

Tt

Thus, another method other than PAM must be used to adjust the output voltage in this case. The
common solution is to also use the inverter bridge for the voltage control. In the pulse width
modulation (PWM), the output voltage waveform consists of many pulses per half a cycle as shown
in Fig. 2.4. The voltage level is adjusted by changing the width of the pulses. The height of the
pulses is constant. The maximum voltage corresponds to the situation when there is only one pulse
per half acycle and Eq. 2.8 applies.

There are different ways to select or to modulate the voltage pulse waveforms in PWM. In this
work, the VSI's use a synchronized carrier, sine-triangle comparison with added 3" harmonic. The
actual number of pulses per half a cycle depends on the pulse number N, defined as the ratio of

switching frequency fsy and the output frequency fs
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N, = ffi: (2.9)
The switching frequency is the frequency at which the inverter bridge can connect the output line to
positive or negative DC-link voltage and back. In case of synchronized modulation, N, must be an
integer. For the carrier comparison method used, N, must be odd and dividable by three in order to
have quarter and half wave symmetric voltage:

N =3k k=135,. (2.10)

p

The amount of the 3" harmonic added to the sine wave is 1/6 of the sine in the VSI used in this

work. The modulating function g(t) for one inverter bridge is then

glt)= gagsin(wt)+%sin(3a)t)§, (2.11)

where ga is the modulation index. Adding of the 3" harmonic results in having a flat top modulation
function. The 3" harmonic does not cause any currents in a symmetric three phase system. g, is
defined as a ratio of amplitude of the modulating signal per the amplitude of the triangular carrier
signal. The output voltage is linearly dependent on g, when g(t) < 1. The amplitude of the carrier
signal is constantly 1. It can be seen that adding of 3™ harmonic increases the linear operation area
for the fundamental part of g(t).

Fig. 2.4 shows an example of this type of PWM modulation. More information on this and other
PWM techniques is given in Holz (1994), in which the modulation method used here is called a

synchronized carrier modulation implemented with suboscillation method.
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3 ROTOR CONSTRUCTIONS

Starting from Francois Aragon’s experiments in 1824, electromagnetic induction and applications
were studied and experimented with by Faraday, Ferraris and Tesla among others (Lindell 1994).
Ferraris built several types of induction motors with a copper cylinder rotor in the 1880's. He came
to the conclusion that a maximum efficiency of 50 % could be achieved at 50 % dlip. Tesla put his
copper winding, or a cage, on a solid iron cylinder. In this way efficiencies higher than 50 % were
achieved. In the 1891 Electrical Exhibition in Frankfurt, Germany, both Dolivo-Dobrowolski and
Brown introduced three phase induction motors with efficiencies of around 90 %. Coming to the
20" century, induction motor construction was principally the same asit is today. At some time, the
lamination technique used in dynamos and transformers was adopted for the rotors of induction

machines as well.

In order to have a good efficiency, the rotor of an induction motor should usually provide the

following two basic functions.

. High permeability flux path is needed so that most of the magnetic field energy generated is
usable at the air gap for the production of the torque.

. The rotor has to have low resistivity flow paths for the electric currents induced so that the

ohmic losses relating to torque producing currents are low.

0  Ferromagnetic materials have the high permeability needed but they lack the low resistivity if
compared to other metals. This problem is usually solved so that the two functions are

performed by different parts of the rotor.

This kind of functional division calls for electromagnetic anisotropy in the rotor. Usuadly, the
anisotropy is realized with mechanical design. The so-called core part is made of laminated
ferromagnetic material and the current circuit part is made of high conductivity metal, usually
copper or aluminum. The current part is usually referred to as a cage winding or a squirrel cage in
an ordinary induction motor. Another way to realize the anisotropy would be the use of anisotropic
materials or material matrixes as suggested by Ito et al. (1988) .

Laminating the ferromagnetic core has some benefits. Firstly, it increases the resistivity seen by

eddy-currents. The torque producing currents are forced to use the low resistivity squirrel cage and
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the anisotropy is thus enforced. More importantly, hindering the eddy-currents in the magnetic flux
path ensures that the flux can penetrate the rotor as planned. Eddy-currents try to push the inducing
magnetic field out of the rotor and the magnetic flux would then be pressed near to the surface of
the rotor. Magnetic saturation would occur and inner parts of the core and the squirrel cage would
become useless. The effect of resistivity on penetration depth and laminations in general was briefly
touched on in Section 2.1.

In arelatively low dlip operation the use of the solid core would not be a problem. In synchronous
machines, there is no dip and the rotor core can be made of solid material because only the
harmonics induce eddy currents there. But for high-speed induction machines, even a low dip
operation means relatively high frequencies. Another problem with a solid rotor is the harmonics as
they can be the main source of loss in the rotor. For the harmonics, the slip is always higher than
one, yielding small penetration depth. The harmonic flux components concentrate on the surface of
the rotor and if the surface is not laminated or dlitted or of high resistivity, high eddy-current loss

will occur.

The reduction of harmonic loss is studied and reported by many authors. In sections 2.2 and 2.3, the
way in which the harmonic loss could be minimized by changing the stator and air gap parameters
of the machine design was studied. On the rotor side, similar effort has been put in order to solve
the problem. A more conventional method is the dlitting or grooving of the rotor surface. The
surface impedance of the rotor is increased and hence saturation together with eddy-current loss
decreases. A more fundamental approach can be read from Rajagopalan and Balarama Murty
(1969). The dlitting is often done axially along the air gap, as was done in a solid rotor by Pyrhonen
and Huppunen (1996). An example of a circumferentially grooved rotor is presented by Ikeda et al.
(1990)

The downside in the axia dlitting is that at very high speeds the friction between the rotating rotor
and the air increases. This means increased friction loss which can outweigh the gains in reduced
harmonic loss. The importance of friction loss could be seen in Fig. 2.2. However, if the ditting is
seen as a good thing to do, the increase in friction loss can be eliminated by using retainer rings, i.e.,
smooth cylindrical sleeves. This technique is often used in homopolar high-speed motors (Fuchs
and Frank 1983a). The sleeves are also used to strengthen the mechanical construction. This often
becomes important in high-speed permanent magnet motors, where the permanent magnets could
need an additional support (Takahashi et al. 1994).

In order to avoid dlitting, other methods have been studied. It could be said that the dlits or grooves

are guiding the fundamental flux component into the rotor, whereas the harmonic flux components
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and eddy-currents traveling on the rotor surface see increased impedance. The same effect can be
achieved by using different materials. Pyrhdnen and Kurronen (1994) used aluminum-iron aloys to
coat a solid rotor. The surface impedance became high and eddy-current loss was reduced. The
result was even better when a copper layer was put between the aluminum-iron layer and the solid
core. With the copper layer the resistance seen by fundamental currents was reduced. This yields a
lower dip relative to the torque, which is essential in a high-speed machine in order to have a non-
saturated and efficient operation. This result was also attained by Sharma et al. (1996), when they

tested copper, iron-cobalt and iron-nickel layers on a solid steel rotor.

In conclusion, laminated squirrel cage rotors for high-speed induction motors are preferred because
of better electromagnetic characteristics. With solid rotors, the efficiency tends to be poor and the
machines would need to be larger or increased cooling would be required. However, in high-speed
applications, the mechanical properties of solid materials are well in place. In fact, at a very high
power vs. speed range the historical concept of a solid rotor motor may be the only possible
solution. The mechanical constraints of the rotor are discussed next and the literature review in
Table 3.1 will show that solid steel rotors are adopted widely in high power high speed applications.

3.1 Constraintsfor a high-speed rotor

In the following, the magjor constraints for a high-speed rotor are presented on a general level. An
accurate modeling of these phenomena requires specialization in the field not presented here. Some

references are given for the models used in this research project.

The constraints limiting the design of a high-speed rotor could be divided into mechanical and
therma constraints. These constraints affect the choice of materials used in rotors as well as the
right length/diameter ratio. The thermal constraints relate to the loss components inside the rotor
and in the air gap. They aso relate to the choice of the cooling system. The mechanical constraints
often dominate the design. They give limits to the size of the rotor, affect the choice of materials
and set requirements for the quality of manufacture and manufacture techniques. Mechanica as
well as thermal constraints are affected by the application. A good compressor or a spindle tool
design may look different because of different boundary conditions given. The different, often
contradictory constraints for a rotor affect each other so they have to be considered simultaneously
in the design process. Fig. 3.1 illustrates how the different constraints put pressure on the topology

of the rotor.
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Fig. 3.1  Pressure put on the rotor designed for subcritical operation by physical constraints.
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3.1.1 Centrifugal forces

Centrifugal forces arise when a rotor is rotating around its axis. The forces induce stress to rotor
materials. At a particular speed, the stress reaches the level where mechanical deformations are no
longer reversible. To avoid this, the rotor design has to be such that the stress is below that level in
every point in the structure. Some safety margins are set, since the materials always have some
inhomogeneities and irregularities. Reichert and Pasguarella (1995) present the following formulae
for cal culating maximum diameter D, for rotors:

D, < 83”‘5“ for asolid rotor and (32
oren?(3+ vpj
4o 1-v, :
D, < T - dS  for alaminated rotor, (3.2
pren?(3+v,) 3+v,

where gmax IS the maximum stress allowed, p is density, vp is Poisson’s number and d; is the inner

diameter of the lamination stack. n is speed in revolutions per second. Rearranging Eq. 3.2 yields

v =TDn< . , (33)

where v, is the circumferential speed. Using Eq. 3.3 with parameter values set for typical laminated
sheets — O = 400 MPa, p = 8000 Y3, Up = 0.3 — and assuming a d, half of D;, maximum
circumferential speed of 240 "/s is given. Considering the fact that the lamination stack has to also
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support the squirrel cage winding, an upper limit around 200 /s can be accepted. This result is
reported by Viggiano and Schweitzer (1992) based on their own research and literature study. They
also demostrate that squirrel cage rotors can tolerate higher centrifugal forces if closed dots are
used instead of open dlots. With closed dlots, the stress is more evenly distributed inside the
lamination stack.

Rearranging Eq. 3.1 with parameter values for MoCn 315 solid steel used in the high-speed rotors —
Omax = 590-690 MPa, p = 7800 Y3, Ve = 0.3 —, an upper limit of around 460 ™/ can be accepted.
Selecting metals with even higher values for g, circumferential speeds up to 550 /s could be
used (Jokinen and Arkkio 1996).

The results above indicate that solid rotors are capable of standing much higher circumferential
speeds. The possibility of increasing the diameter of the rotor or the rotational speed can be
capitalized as a higher power/speed ratio. Eq. 3.2 shows that the performance of a laminated rotor
can be improved by decreasing the inner diameter d..

A modern way to calculate the stresses inside the rotor construction is to use numerical analysis,
finite element modeling (FEM), for example. The effect on slotting and squirrel caging can be taken
into account more accurately. Examples of use of FEM can be found from Viggiano and Schweitzer
(1992), Mekhiche et al. (1999) and Soong et al. (2000).

3.1.2 Bending critical speedsof arotor

As is the case with a musical instrument's string, there are natural frequencies that are not much
attenuated by the rotor structure. Mechanical unbalance is an important source in triggering these
vibrations. At a critical speed, the rotational frequency of the rotor and the unbalance coincides with
the natural frequency of the rotor and the rotor starts to vibrate excessively.

The first two critical vibration modes have low frequency values and at those frequencies the rotor
vibrates almost as a rigid body. These frequencies are often referred as rigid body critical speeds.
These speeds are passed easily because the magnetic bearings can dampen these vibrations. Only a
low frequency, low amplitude control force is required. The rest of the critical vibration modes are
referred to as the bending modes. The critical speeds corresponding to these modes are not easily
passed because alarge amount of high frequency control force is needed.

Viggiano and Schweitzer (1992) give a rough estimate for the first bending critical speed w; for a

|aminated rotor:
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2
W, = I(:j)r g BIZEzr 1 (34)

r

where E is the Young's modulus and I, is the length of the rotor. It can be seen that a short, thick
rotor has higher critical speed. Eqg. 3.4 shows that the performance of a laminated rotor can be
improved by increasing the inner diameter d,. This is contradictory to the result related to the

centrifugal stresses and a trade-off between these performance characteristics must be made.

The lamination stack has a low bending stiffness, i.e., alow E if any. The squirrel cage can have
some stiffening effect as will be reported in Section 3.4. Some stiffness can be achieved by
mechanical stiffeners or frames but these approaches are not reported in literature considering high-
speed machines. If a subcritical operation for the motor is required, the laminated rotor has to be
made smaller compared to a solid rotor construction. This is because a low stiffness decreases the

natural frequency values.

A mechanical unbalance in arotor causes radial forces and vibrations when the rotor rotates around
its rotational axis. It aso triggers the bending vibrations near the critical speeds. As far as the
unbalance is considered, a solid rotor performs better. The balance does not usually change as a
function of temperature and time. The laminations tend to move around somewhat because of the

centrifugal stresses and bending of the rotor, especially at high rotational speeds.

Active magnetic bearings can be used as atool in the mechanical balancing of arotor. This aspect is
studied in detail by Lantto (1999). In the same study, unbalance compensation with active magnetic
bearing control is aso presented. This unbalance compensation is used in the bearing control of the
high-speed machinesin Chapters 4 and 5.

Lantto (1997) presents a rotordynamic model based on FEM suitable for high-speed rotating
systems. The verification of the model showed a good accuracy in comparison to the measured and
calculated results.

Considering the constraints of centrifugal forces and critical bending modes together, it is seen that
the possible power/speed range is smaller for the laminated rotor than for the solid steel rotor
(Jokinen and Arkkio 1996). This holds true if the utilization factors of both constructions are
approximately the same. If a solid rotor is well designed, having a squirrel cage or a coating for a
low resistivity current paths, thisis a quite a safe assumption to make.
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3.1.3 Rotor lossand friction loss

In addition to the mechanical constraints, the rotor design is affected by friction loss and the loss
generated inside the rotor. Usually the rotor is cooled by heat convection from the rotor surface to
the surrounding air and then to stator. If a certain amount of rotor loss P; is to be transferred, the
minimum limit for the rotor dimensions is approximated by the equation (Reichert and Pasquarella
1995):

P

DIl z2——, (3.5
TAT

Where D, and |, are the diameter and length of the rotor, a is the effective heat transfer factor and
AT isthe temperature difference between the rotor and the stator. If aforced cooling system is used,

a and AT can be defined between rotor and air in the air gap.

On the other hand, friction loss caused by the rotating surface of the rotor also depends on the rotor
dimensions. The friction loss grows rapidly as a function of circumferential surface speed or a
diameter of the rotor. To start with, the friction loss of a rotating rotor with radius r, can be
estimated using the following equation (Saari 1998):

Pf = kaf pnwsrr4|r ! (36)

where k; is a roughness coefficient of the rotor surface, C; is a friction coefficient and wis angular
velocity of the rotor. From the point of view of loss, it would be better to have along slim rotor. But

thisis contradictory to the result relating to critical speeds. There, a short thick rotor is preferred.

Rotor loss components are often calculated numerically with FEM. Ohmic loss, eddy-current loss
and hysteresis |oss components are given by a coupled solution of el ectromagnetic fields and circuit
equations (Arkkio 1987). State-of-art software uses 3D modeling but 2D modeling is still widely
used. The calculation of friction and cooling lossis often performed using analytical formulae based
on experimenta research. Computational Fluid Dynamics (CFD) could be used for more accurate
modeling of friction and cooling loss (Shanel et al. 2000).

With al the loss components modeled, the temperature rise of the motor parts can be calculated.
Lumped parameter thermal networks (Saari 1998) give reasonable results with little computational
effort. Coolant flows can be included in the network with flow controlled temperature sources
(Jokinen and Saari 1997). For more accurate modeling, a thermal FEM could be used. The thermal
and electromagnetic FEM can also be coupled together (Driesen et al. 2000).
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3.2 Solid rotorswith a coating for high speed induction machines

Copper coated solid stedl rotors used in this study are produced by High Speed Tech Oy Ltd. The
company manufactures these for high-speed induction motors in the range of 70 to 250 kW and
50000 to 18000 */yin, respectively (Lantto 2002).

The copper layer covers the whole rotor from the end ring to the end ring, acting both as an infinite
number of bars and as the end rings. It is the main circuit path of the fundamental currents. Some
part of the fundamental current circulatesin the solid steel part of the rotor cross section.

The idea of the construction isto have the current carrying conductors placed in such away that the
mechanical properties of the rotor are as good as possible. Strength of 100 MPa can be achieved in
the bonding between a smooth copper layer and a solid steel part. For a thin copper coating this is
more than adequate and the limit of centrifugal forces tolerated is not set by the bonding but by the
yield strength of the solid steel part.

While prioritizing the mechanical strength, some magnetization properties are lost as a trade-off.
The air gap from stator iron to rotor iron is much higher than in constructions where the copper isin
bars. This causes a higher magnetization current and higher ohmic losses in the stator winding. But
an increased air gap also means a decreased harmonics content of a magnetic flux seen by the rotor.

The air gap surface is smooth (in Eg. 3.6, ks = 1) in order to avoid excessive friction loss.

The cross section of the motor is illustrated later in Fig. 3.2 as seen by a mesh generator of the 2D
finite element analysis software used for calculations. In the calculation, the copper coating is
divided into bars.

3.3 Challengeof arotor design

In conclusion, solid rotors yield better mechanical characteristics but a laminated construction
generally gives better electromagnetic characteristics. It follows that a laminated rotor should be
used whenever mechanically possible. This raises two questions. How can we improve the
mechanical properties of laminated rotors and how can we improve the electromagnetic properties
of solid rotors? Answers to these questions have been one of the main issues in the project that this
study is a part of. Two solutions are proposed in the next two sections and they are compared
against the commercial solution discussed in the last section. They have been reported separately in
Lahteenmaki et al. (1999) and in Lahteenméki and Soitu (2000). Table 3.1 contains some high-
speed induction motors found in literature. They are ranked in descending order with respect to the

circumferential speed. It can be seen that there are no laminated constructions found above the 200
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Table3.1 High-speed induction motors found from literature, ranked in descending order of

circumferential speed V..

ve [m/g] Y | D, [mm] ¥ Rotor type Power [kW] | Speed [Ymi] Reference
367 70 solid coated 60 100000 Saari and Arkkio 1994
283 Q0 solid coated 60 60000 Lahteenmaki and Soitu 2000
236 90 solid caged 50 50000 Lahteenmaki and Soitu 2000
193 330 solid caged 2610 11160 Wood et al. 1997
185 118 laminated 100 30000 Viggiano and Schweitzer 1992
1827 348 | laminated 6000 10000 Schmied 1990
1687 80 laminated 35 40000 Siegwart et al. 1990
144 90 solid coated 65 30600 Lahteenmaki et al. 1999
laminated
134 51 laminated 21 50000 Soong et al. 2000
laminated
126 200 solid caged 200 12000 Ikeda et al. 1990
solid
124 99 solid coated 12 24000 Pyrhonen and Kurronen 1994
solid double coated
63 50 ! I ‘ 0.7 24000 Sharma et al. 1996
solid double coated
solid
62 88 solid dlitted 12 13500 Pyrhdnen and Huppunen 1996
solid caged
16 198 laminated 37 1500 conventional motor

Y Some data not mentioned in the references; derived from other data or requested from the authors

2 Givenin Viggiano and Schweitzer (1992)

/s limit. However, there are some solid rotor constructions reported under that limit. This shows
that the circumferential speed is not the only constraint to consider but that other constraints may

also indicate the beneficial use of a solid rotor construction.

3.4 A laminated rotor for a 65 kW 30600 Y/, compressor motor

As a part of the project, a new type of rotor was tested for a 65 kW 30600 Y/, compressor
application. This laminated rotor has a thin lamination layer containing a squirrel cage. The

laminated rotor was compared against the commercially used copper coated solid steel rotor
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presented in Section 3.2. The idea (Patent FI 100749) and the actual design of the rotor are not part
of thiswork. The cross sections of the motors are illustrated in Fig. 3.2. The pictures are made by a
mesh generator of the 2D FEM software. In the calculations, the copper coating of the coated rotor
isdivided into bars.

The idea behind the design of an improved laminated rotor is to combine the mechanical strength of
a solid rotor with the electromagnetic performance of a laminated rotor. The rotor is partly
laminated so that a squirrel cage can be fitted within the lamination whilst there is still enough room

for the magnetic flux to go around the bars.

26 round cage bars were installed in the holes in the lamination stack, i.e., the rotor has closed dots.
The ratio d/D; was 0.66. Thickness of the laminated sheets was 0.35 mm. Emphasis was put on
manufacturing the combined lamination and cage system so that it would have some mechanical
stiffness. The electromagnetic characteristics are close to the ones of an ordinary squirrel cage rotor
with closed dots. A part of the fundamental current circulates in the solid part of the rotor cross
section. When the conductivity of the solid material is good, it acts as an extra bar. The lamination
confines the harmonic components of the flux and only a small amount of loss is induced in the
solid part. The amount of copper in the rotor cross section was the same in both of the rotors, but

there was 27 per cent less copper at the end rings of the laminated rotor.

In the application, the circumferential surface speed of the rotors was 144 ™/ at the nominal speed.
Hence, the centrifugal stress was not a problem. The problem comes from the bending critica
speeds. The compressor wheel and the cooling fan at the other end of the shaft bring the bending
critical speeds downwards.

In the application, active magnetic bearings are used. In general, magnetic bearings are not very

stiff and this influences the critical speed problem. Asis mentioned in Section 3.1.2, the rigid body

Fig. 3.2  Cross sections of the copper coated solid steel and laminated rotors.
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critical speeds are passed relatively easily because the magnetic bearings can dampen these
vibrations. Only a low frequency, low amplitude control force is required. The critical speeds
corresponding to the bending modes are not easily passed because a large amount of high frequency
control force is needed. For this reason, the high-speed applications usually operate under the first
bending critical speed.

Considering the bending critical speeds, the important parameter is the material elasticity. As shown
in Eq. 3.4, the rigidity of the rotor depends on the elasticity and the density of the materials,
together with the geometry. The Young's moduli E for the steel used and for copper are 210 GPa
and 120 GPa, respectively. The bending rigidity of the lamination stack is very low compared to
these. In calculations, a good approximation for the lamination stiffness is E = 0. For this reason,
the height of the lamination stack has to be kept small. This applies to all the laminations of the
rotor, the electric machine lamination and the possible laminations of the magnetic bearings and

position sensors.

The free-free natural frequencies of the two rotors were measured using an accel eration sensor with
102.4 ps sampling. The sensor was fastened to a rotor. The rotors were suspended on a non-stiff
low-attenuating media in order not to distort the modes and the frequency values. An impulse was
given and the vibration amplitude was recorded with the acceleration sensor. Different suspension
methods, impulses and sensor positions were tested. All the tests gave the same results. Fig. 3.3
shows a picture of the measurement process. From the sensor data recorded, the vibration spectrum
was calculated. Fig. 3.4 shows the sensor output in time domain and the corresponding fast Fourier
transformation spectrum for the laminated rotor system including the compressor and cooling

propellers. The spectrum has clear peaks for the two free-free natural frequencies.

The rotors were measured with and without the compressor and cooling propellers. A rotordynamic
FEM software based on work of Lantto (1997) was used to calculate the free-free natura

frequencies.

Table 3.2 shows the measured and cal cul ated results for the first two bending modes. The measured
result for the laminated rotor system, 530 Hz, indicated that the 510 Hz nominal operating speed
was very near the first bending critical speed. The ratio of the nominal speed and the critical speed
is 0.96. Viggiano and Schweitzer (1992) presented ratios of 0.6, 0.93 and 0.94 for three different
cases. In the real operation, the natural frequencies increase somewhat as a function of a rotational
speed. Hence, in readlity the margin is a bit larger than 0.96. The solid steel rotor had much higher
critical speeds and higher nominal speeds could have been used in this respect.
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Fig. 3.3  Measurement of the bending critical speeds of the laminated rotor. On the right, an

acceleration sensor is attached. The rotor lies on an air bubble matrix.

Acceleration [g]
o

0 0.2 0.4 0.6 0.8 1 1.2 14 1.6 1.8

|
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Frequency [HZ]

Fig. 3.4  Theoutput signal from the acceleration sensor and the corresponding spectrum.
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Table3.2 Thefree-free natural frequencies (FFNF) measured and calculated.

Measured FFNF [HZ] Calculated FFNF [HZ]
1% zero speed 2" zero speed 1% zero speed 2" zero speed

Solid rotor 1040 2270 1040 2282
Solid rotor system 828 1520 837 1527
Laminated rotor 678 1495 526 — 678" — 998 1391 - 1657" - 2122
Laminated rotor system 530 847 457 — 5307 — 788 1164 — 12589 — 1528

Solid steel: E=210GPa, p=7800"%,3 =03

Copper: E=120GPa, p=8930"%,3, =033

Lamination: E= O0GPa p=7600"93 =03

Compressor wheel:  E=  0GPa, p=2630'93 »=0.33
Y 1% FFENF fitted O E = 40 GPafor lamination stack and squirrel cage combined. FFNF values: 0 — 40 — 210 GPa
2 1% FENF fitted O E = 22 GPafor lamination stack and squirrel cage combined. FFNF values: 0 — 22 — 210 GPa

As Table 3.2 shows, the measured and calculated results for the solid steel rotors were almost the
same. Based on this, the effective stiffness of the combined lamination and cage was approximated.
The stiffness was set as a free parameter and it was adjusted so that the first natural frequency
matched the measured result. A comparison of the measured and calculated results indicates that
there is some stiffness achieved by a careful manufacture. However, the calculated stiffness was
different in the cases of arotor alone or the rotor with the compressor and cooling propellers. This
would indicate that the stiffness of the combined lamination stack and the squirrel cage is not
constant. In this case, the error in the estimation of the second natural frequency raised doubts about

correct modeling.

The laminated rotor was then compared against the commercially used solid steel rotor with a
copper coating. The stator was the same and only the rotors were changed during the comparison.
Asthe effective air gap for the laminated rotor was only 48 % of the air gap for the solid steel rotor,
alower stator current and a better power factor was expected. The actual compressor was used as a

load machine. The results of the comparison are presented in Chapter 4.

35 Solid rotorswith asquirrel cage for a 60 kW 60000 /i motor

As apart of the project, a new type of rotor was tested for a 60 kW 60000 %/, motor. The rotor has
asquirrel cage mounted at the surface of the solid steel rotor. Two such rotors were made. One rotor
has 16 bars and the other 26 bars. The rotors were compared against the commercially used copper
coated solid stedl rotor presented in Section 3.2. The actual design of the rotors are not part of this

work. The cross sections of the motors areillustrated in Fig. 3.5.



42

Fig. 3.5  Cross sections of the copper coated and the squirrel cage solid steel rotors.

The idea behind the design of the squirrel cage solid steel rotors is to combine the mechanical
strength of a solid rotor and the electromagnetic performance of a squirrel cage rotor. A drilling of
dots to the solid steel was considered difficult so the squirrel cage was constructed at the surface of
the rotors, i.e., the rotors had open slots. The down side of the open slot design is the permeance
harmonics and additional loss in the stator teeth. A minor advantage is a lower |eakage inductance
of arotor bar.

Mounting of copper as bars is more difficult than the making of a coating, however. A good contact
between steel and copper is hard to achieve, especialy at the sharp corners of the dots. As a
conseguence of the problem, the shape of the slot and the amount of the copper are limited. Deep
bars are denied and increasing the number of bars will decrease the total amount of copper. Thisisa
problem since a fair number of deep bars would be likely to produce an electromagnetically optimal
construction. This problem can be seen also in Fig. 3.5, where a 26 bar rotor could only have 60 %
of the copper compared to that in the other rotors. The amount of copper was even further reduced
because of a bit of careless machine tooling. This reduction of copper had an unfortunate effect on

motor performance, as can be seen later on.

The methods used to measure and to calculate the bending critical speeds are the same as for the
other case presented in the previous section. Mechanical characteristics of the squirrel cage solid
steel rotors are almost identical to the copper coated rotor. The bending stiffness is about the same,
asis seen from Table 3.3. Fig 3.6 shows the output of the calculation software. The mode shapes of
the first two free-free natural frequencies are plotted together with the rotor geometry for the coated

rotor.

The picture shows how the bending modes split into a forward and backward mode. The frequency

of the forward mode is a bit higher than that of the zero speed mode. The forward mode rotates in



Table 3.3 The free-free natural frequencies (FFNF) measured and cal culated.

Measured FFNF [Hz] Calculated FFNF [HZ]
1% zero speed 2" zero speed 1% zero speed 2" zero speed

Coated solid rotor 1887 3019 1919 3006
16 bars solid rotor 1898 3038 1907 3014
26 bars solid rotor 1917 3090 1923 3023

Solid steel: E=210GPa, p=7800"93 =03

Copper: E=120GPa, p=8930"Y,3, vp=0.33

Lamination: E= O0OGPa p=7600"93 =03

the same direction as the rotor and the rotor unbalance. As the unbalance is the main excitation
source of the vibrations, backward modes can be ignored. In case of the copper coated rotor, the
actual 1% bending critical speed calculated is then 2031 Hz compared to the zero speed free-free
natural frequency of 1919 Hz.

Because the squirrel cage type construction had not been tested before, some precautions were
made to avoid any mechanical breakdowns. A mechanical integrity at 50000 Y/, with an operation
temperature of 150 °C was confirmed. Thus, the comparisons were made at 835 Hz or 50100 Y/in
supply frequency, not at the rated speed of 60000 Y/nin. The reduced speed corresponds to the
circumferential speed of 235 "/s instead of the rated speed of 283 "/s. In both cases the
circumferential speed is still above the 200 /s limit considered safe for the laminated rotors. The
maximum load at the new operation point was adjusted according to the temperature rises of the

stator and rotors.

Fig3.6  The mode shapes of the first two free-free natural frequencies.



In comparison of the rotors, the stator was the same and only the rotors were changed. The loading
of the motors was done using a procedure known as the back-to-back test. Two machines were
coupled together, one running as a motor and the other as a generator. The DC-links of the inverters
were connected so that the power circulated through the machines and inverters. Only the losses
were taken from the electric network. The load was varied by running the motor with a higher
supply frequency than the generator. Thus, the slip and the load of the machines were determined

by the frequency difference of the inverter outputs.

Electromagnetic characteristics of the squirrel cage solid steel rotors are closer to a laminated
squirrel cage rotor. The air gap from iron to iron is about the same as that of alaminated high-speed
construction. Asthe iron-to-iron air gap for the squirrel cage rotors was only 56 % of the air gap for
the coated rotor, a lower stator current and a better power factor was expected. The results of the

comparison are presented in Chapter 5.

Fig 3.7 The copper coated solid steel rotors for the 65 kW 30600 /i, compressor motor on the
right and for the 60 kW 60000 /i motor on the left.
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4 COMPARISON OF ROTORSFOR 65 KW 30600 */y;y COMPRESSOR DRIVE

In this chapter, a copper coated solid steel rotor and a laminated rotor are compared. These rotors
were introduced in Sections 3.2 and 3.4. The laminated rotor was designed to combine the
mechanical properties of a solid steel rotor and the electromagnetic properties of a laminated
squirrel cage rotor. The comparison was made for a 65 kW 30600 Y/nin compressor motor. The
compressor and the induction motor are integrated so that the compressor wheel and the rotor of the

induction motor are on the same shaft. The compressor and the rotors tested are shown in Fig. 4.1.

4.1 Measurement setup

The comparison was made using the same three-phase stator for both rotors. The motor was fed
from VACON CX 90 (90 kW, 210 A) voltage source inverter (VSI). The load was adjusted using
an airflow measurement orifice. The orifice is a chamber with several small air holes leading to it. It
is mounted at the inlet of the compressor. By closing a certain number of air inlets, the pressure
drop across the compressor and the airflow volume can be adjusted. This loading method only
yields quite a discrete set of measurement points because the number of holes was limited to 20 and
the operation region of the compressor included only a part of the adjustment range available. The
no-load measurements were done without the compressor wheel.

Power 65 kW
Voltage 400V
Current 150 A
Supply VSl
Speed 30600 Ypin
Stator winding 3 phase, full pitch
Stator connection DD

Stator slots 36

Poles 2
Insulation class F

Cooling Forced air cooling
Bearings AMB
Load Air compressor

Fig. 4.1

copper coated solid steel rotor and on the right alaminated rotor.

A photograph and data of the 65 kW 30600 /i high-speed compressor. On the left, a
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The compressor drive has an active magnetic bearing system. It includes the actua bearing
magnets, power electronics and control electronics. An unbalance compensator mentioned in
Section 3.1.2 is a part of the control electronics. Loss measurement for the AMB system was made

during the other comparison presented in the next chapter.

Fig. 4.2 shows a schematic diagram of the measurement setup. The input current, voltage and power
were measured with a Norma 6000-series power analyzer. Shunts were used in the measurement of
currents. The DC link voltage, the current and voltage in the DC resistance measurement were
measured with Fluke multimeters. The reading of one PT100 thermoelement in stator winding was
also stored. The accurate speed information of the rotor was given by a rpm sensor of the magnetic

bearing system. The rpm sensor is acommercial product based on Hall sensors.

The average temperature of the winding was measured using DC resistance measurement. The
measurement was conducted so that at the end of aload test, the inverter was disconnected from the
motor mains and the DC supply was connected immediately after. The resistance was measured for
two minutes while the rotor was coasting down. In this way, an accurate value of the temperature
was obtained with only a marginal interpolation to the instant of the disconnection. Fig. 4.3 shows
an example of a measurement result. Some measured data points are taken away between 40 and 60
seconds. There, the DC measurement was distorted by low frequency AC signals induced by the
stopping rotor. As can be seen from the figure, the temperature drops rapidly. Thus, the

measurement is best done instantaneously and not after waiting for the rotor to stop.

The shaft power of the compressor and induction motor could not be measured. Hence, absolute
values for efficiency could not be calculated. However, the comparison of the rotors could be
performed using relative values and other indicators for losses and performance.

NORMA  2* Fluke HP Honeywel |
D 6100 8842A 5316B  DPR 3000
U | T

in in U I rom ambient .
P f pf in in P Tori Orifice

VACON Switch @

Electricity CX 90
network Compressor

~
=

T 50Hz | & 510 Hz Induction motor l Air out

Fig4.2 Schematic diagram of the measurement setup. NORMA uses three-watt meter method.

Current is measured with shunts.
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Fig4.3 The result of an average temperature measurement for the stator winding.

4.2 Comparison and results

Three characteristics were chosen as a basis for a comparison: The input current, the temperature
rise of the stator and the dlip. Because the shaft power was not known, the comparisons were made
as a function of the input power. Operation characteristics of the motor were measured at different
supply frequencies, magnetization levels and loads. The comparison gave quite similar results in
every case. Thus, only the measurements done for nominal speed and magnetization are presented.

4.2.1 Temperatureriseinthe stator winding

The temperature rise of the stator winding was identified as one of the characteristics to be
compared. A lower temperature rise in the stator winding indicates lower losses, at |east at the stator
side of the motor. Also, a lower temperature makes it possible to increase the utilization of the
motor, i.e.,, to get more power out from the same motor size. This argument is based on the

assumption that the temperature rise of the rotor is not a problem with either of the rotors.

For each load point, the average temperature of the stator winding was measured after the
temperatures of the motor had reached a steady state. This was followed by thermocouples and the

PT100 thermoelement. Ambient temperature was measured with mercury thermometer.

The average temperature rise of the stator winding is plotted in Fig. 4.4. There is a mgjor difference
between the two rotors. At the input power of 65 kW the temperature rise with the copper coated
rotor is 97 K. At the same input power, the temperature rise with the laminated rotor is only 84 K.
In order to meet the requirements for insulation class B (IEC Standard 34-1 1994), 62 kW can be
fed into the motor with a laminated rotor. Comparing input powers at the temperature rise of 80 K,

the laminated rotor would give 39 % increase in the utilization factor for class B.
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4.2.2 Input current

A lower input current indicates lower magnetization current and better efficiency at partial loads. A
smaller frequency converter could be selected in some cases. Because the resistive loss in the stator
winding is the main loss component to determine the temperature rise in the winding, the input
current and the temperature rise are assumed to go hand in hand.

This can be seen in Fig. 4.5, which shows that the input current of the laminated rotor is 11 per cent
lower at the input power of 65 kW. The difference is over 50 per cent at no-load. Thus, the
laminated rotor is superior to the copper coated rotor in this respect. Thisis mainly due to a smaller
air gap in the case of the laminated rotor as stated in Section 3.4.

4.2.3 Slip of therotor

The dlip of the rotor was chosen as a third characteristic for the comparison. The dlip s does not
relate to the total loss of the rotor but it gives the minimum load loss Py needed to produce the
electromechanical power P, from the airgap power Ps. The operation principle of an induction
machine dictates that the loss related to the torque producing components of power is the air gap
power times the dlip:

1-5)Q
m .QS QS t

where Qn, and Qs are the mechanical and synchronous speeds of the rotor. Py is a resistive loss
mainly generated in the copper coating or in the squirrel cage. The dlip depends on the impedance

of therotor. The smaller the impedance or resistance, the smaller the slip and the load loss Py:

s= %t; O R'TI: 4.2
Fig. 4.6 shows that the comparison of dlip goes against the laminated rotor. At the input power of 65
kW, the dlip of the laminated rotor is 52 % higher than the slip of the copper coated rotor. The rotor
current in the laminated rotor seems to face a higher resistance. The amount of copper in the rotor
cross section was the same in both of the rotors, but there was 27 per cent less copper at the end

rings of the laminated rotor.
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Because of the lamination, the iron part of the laminated rotor is not utilized by the fundamental
current. This increases the current density in the squirrel cage compared to the coating. A higher
dip and loss indicates a higher temperature rise. A higher temperature rise further increases the
resistance and the slip. Assuming that the air gap power per input power is about the same for both
rotors, the above result would indicate that the laminated rotor has about 40 % more loss. Thisis so
mainly for the fundamental component of power producing the torque. On the other hand, the
harmonic loss at the surface of the copper coating and in solid iron can be considerable. Thus, the

total efficiencies of the rotors are difficult to compare.

4.2.4 About the mechanical robustness

The copper-coated solid steel rotor had already proven to be a very robust construction. The
robustness of the laminated rotor was then to be tested. After about 100 hours of testing and several
thermal cycles there were no visible signs of detoriation. The combined lamination and squirrel
cage system gave no sign of decreasing stiffness. As mentioned in Section 3.4, the 510 Hz operation
frequency was close to the 1% bending critical speed. The decreasing stiffness would have led to a
passing of the critical speed. This can be seen from the data in Table 3.2. The AMB system would

have prevented that from happening with an alarm signal and an automatic run-down of the motor.

4.3 Conclusion

Two different rotor constructions for a high-speed induction motor were tested for a compressor
application. In the application considered, the limiting characteristic for the use of alaminated rotor
was the 1% bending critical speed of the rotor. In Section 3.4, the stiffness of the combined
lamination stack and the squirrel cage was calculated to be 22 — 40 GPa. The measurements proved

that the laminated construction has some stiffness and that the calcul ated result is reasonable.

The results of the measurements were in favor of the laminated rotor construction. The laminated
rotor construction yields lower temperature rise for a stator, smaller input current and better power
factor. The average temperature rise in the stator winding was more than 13 per cent lower
throughout the measured operation region of the compressor. The input current was more than 10
per cent lower. Considering the utilization of the motor, 39 % more power could be taken out from
the laminated rotor for insulation class B.

However, the laminated rotor operated at higher dlip. This can indicate higher loss and temperature
rise in the rotor. As the shaft power could not be measured, it is difficult to conclude anything

concerning the total efficiency of the induction motor with the two different rotors. To further
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improve the laminated design, more copper should be put into the squirrel cage, especialy at the

end rings.

Mechanical considerations properly addressed, the laminated rotor type presented here can be used
in a high-speed compressor drive instead of a copper coated rotor. If the rotor is well designed, the
induction motor can have significantly better operating characteristics than with a coated rotor.
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5 COMPARISON OF ROTORS FOR 60 KW 60000 /yn HIGH-SPEED MOTOR

In this chapter, a copper coated solid steel rotor and two solid steel squirrel cage rotors are
compared. The rotors were introduced in Sections 3.2 and 3.5. The solid steel squirrel cage rotors
were designed to combine the mechanical properties of a solid stedl rotor and the electromagnetic
properties of a squirrel cage rotor. The comparison was made for a 60 kW 60000 /i, motor. The
tests were done having two identical motors coupled ‘back-to-back’ with a flexible coupler. The
back-to-back test setup and the rotors tested are shown in Fig. 5.1.

During the measurements, there was a specific opportunity to measure the rotor surface temperature
on-line. The temperature was measured with an infrared camera via the cooling duct dividing the
stator stack. Only the exhaust pipe of the cooling air had to be removed. This is done to the motor
on theright in Fig. 5.1. The figure also shows a stripe of paint at the surface of the rotors, painted
for the temperature measurement purposes.

Power 60 kW
Voltage 400V
Supply VSl

Speed 60000 pyin
Stator winding 3 phase, full pitch
Stator connection YY

Stator dots 36
Parallel paths 2

Poles 2
Insulation class F
Cooling Forced air cooling
Bearings AMB

Load Back-to-back

Fig.5.1 A photograph and data of the 60 kW 60000 %/, high-speed motors coupled with a
flexible coupler. From left to right, 16 bar, coated and 26 bar rotors.
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The copper coated solid stedl rotor is similar to the rotor used for the 65 kW compressor drive
presented in the previous chapter. The circumferential speed at 60000 Y in is 280 ™/s. As mentioned
in Section 3.5, a maximum speed of 50000 /i, was specified for the squirrel cage rotors. Thus, the
comparison was made at 50100 Y/in, the circumferential speed being 235 /. Even at this speed, the

use of alaminated squirrel cage rotor is not possible. Reasons for this were discussed in Chapter 3.

5.1 Measurement setup

In the comparison, two similar high-speed motors were used. The motors were coupled and the
other motor worked as a motor tested and the other as a load machine, i.e., a generator. Both
machines were connected to a VACON CX 90 (90 kw, 210 A) VSI supply. The DC-links of the
frequency converters were connected together. With this kind of a set-up, only the power loss was
taken from the grid. The set-up was kept the same and only the rotors were changed during the

comparison. Fig. 5.2 shows a schematic diagram of the measurement setup.

The AMB system was fed separately via UPS so that in an event of electricity blackout the bearing
system would have stayed operational. This arrangement was done only for research purposes asin
real applications the bearing system gets its power from the DC-link of the inverter. With this set-up
the total power consumption of the bearing system could be measured. A set of measurement points

was taken at zero speed and up to 835 Hz. The level of loading did not have any effect on the power

NORMA  Fluke HP
D 6100 8842A 5316B
Uin Iin U
Pin fin " rpm
PC PC PC

Honeywdl |
Synchronous DPR 3000
7 ( ) PC Tambiem
Tthermocoupls
1
=~ 1 =
DC link generator
- Rectifier IGBT NORMA
D 6100
VACON CX 90

Fig.5.2  Schematic diagram of the measurement setup. NORMAS use three-watt meter method.
Currents are measured with shunts. Setup is controlled with a PC, using |EEE 488 bus.
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loss. The unbalance compensator was set to start at 280 Hz. From Fig. 5.3 it can be seen that the

compensator reduces the loss when turned on.

Although not visible from the figure, the control voltage and current amplitudes of the bearing
magnets drop significantly. This result was presented by Lantto (1999). The AMB system provides

the rotational frequency information of the motors.

Cooling of the motors was arranged by using external cooling compressors. This was done only for
experimental purposes. In a commercial application, there is a cooling fan attached to the other end
of the motor shaft. The cooling air is blown into the end winding regions via axial ducts in the
frame. The flow of air circulates the end winding space and also comes out from the cooling duct

dividing the stator stack. The cooling flow arrangement is shown in Fig. B1 in Appendix B.

The load was adjusted by reducing the supply frequency of the load generator. The rotational
frequency of the coupled shaft system was in between the two supply frequencies. Thus the motor
had a positive dlip and the generator a negative slip value. In this way, the adjustment of the load

was easy compared to using an actual load machine, as in the previous chapter.

Electric characteristics were measured using NORMA 6000-series power anayzers. One NORMA
was connected to the mains of the motor and another to the mains of the generator. A third
NORMA was connected to the supply of the VSI units. The difference in power readings of the
motor and the generator showed directly how much power was lost in the two machines. From the
readings of the third NORMA, the total power loss of the drive units could be documented,
excluding the AMB loss and the cooling loss. The power analyzers also provided a Fourier analysis
for the current, voltage and power. Harmonic components up to the order of 40 were measured. The

sampling was synchronized to the fundamental of the voltage, using external low passfilters.

500

400 L'/./‘/’/‘\H

300

200

Power loss [W]

100

0

0 200 280 400 600 800 1000
Supply frequency [Hz]

Fig. 5.3  Power loss of the active magnetic bearing system of the motor as a function of speed.
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As reported in Lahteenméki et al. (1999), one problem of checking the calculations against
measurements is that there is no information on the temperature of the rotor. In this case however,
the temperature could be measured. The stators of the high-speed machines had a cooling channel
dividing the stator core into two parts. The frame and the cooling flow outlets were manufactured so
that it was possible to see the surface of the rotor via the cooling channel. This made it possible to
use an INFRAMETRICS 600 IR infrared camerato record the surface temperature of arotor online.
The radiometer had a liquid nitrogen cooled detector measuring the heat radiation coming from the

rotors. The optics of this infrared camera were sufficient to zoom only on the surface of the rotor.

The rotors were painted at the point of the cooling duct in order to have the emittance of the rotor
surface close to unity. This made the calibration of the measurement easier. Since the emittance of
the paint was not exactly unity, there was some error in the results. A calibration of the
measurement system showed that the readings were 2 - 3 K lower than the real temperature.
However, this standard error does not affect the comparison of the different rotors. According to the
specifications, the noise level of the imaging radiometer is negligible. This method of measuring the
temperature of the rotor was considered very useful.

5.2 Comparison and results

The operation characteristics of the motor were measured at hominal and reduced magnetization
levels. The comparison gave quite similar results in both cases. Thus, mainly the results of the 835
Hz measurements with the nomina magnetization are presented. The waveform of the supply
voltage had one pulse per half cycle, i.e, a pulse amplitude modulation (PAM) was used. A
synchronous generator was used as an electricity network in order to adjust PAM voltage. This was
illustrated in Fig. 5.2.

The measured characteristics were input power, input current, power factor, slip and temperature
rises of the stator winding and rotor surface. The average temperature of the stator winding was

measured using the DC-resistance measurement explained in the previous chapter.

Efficiency could not be derived accurately because shaft power could only be indirectly derived
from other measurements. For this reason, most comparison results are shown as a function of the

input power of the motor tested.

Before continuing, it is emphasized that during the measurements only one 26 bar rotor was
available. In the generator machine, the 16 bar rotor was used during the measurements. The results

of the power |oss measurements for the 26 bar rotor must be reviewed accordingly.
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521 Temperaturerisein the stator winding

The temperature rise of the stator winding is considered first. Lower temperature rise in the stator
winding indicates smaller loss, at least at the stator side of the motor. Also, alower temperature rise
makes it possible to increase the utilization of the motor, i.e., to get more power out from the same
motor size. This argument is based on the assumption that the temperature rise of the rotor is not a

problem.

Fig. 5.4 shows the temperature rise of the winding with different rotors as a function of the input
power. At 835 Hz, the input power of 50 kW corresponds approximately to the nominal torque and
power. It can be seen that the temperature rise of the copper coated rotor is 5 per cent higher than
that of the 16 bar rotor. The difference is about 8 % at no-load.

From the Figure, it can be seen that the temperature curve for the 26 bar rotor ends at around 47
kW. This is because the temperature rise of arotor surface became a limiting factor for the loading
of the motor. As mentioned in Section 3.5, the maximum allowed temperature for the squirrel cage
rotors was 150 °C. At no-load, the temperature rise of the stator winding for the 26 bar rotor was
similar to that of the 16 bar rotor. When loaded, the temperature rise approached the values
recorded with the copper coated rotor. The difference in results of the different rotors is much

smaller than in the previous case for the laminated and solid stedl rotor.

5.2.2 Input current and power factor

The input current of a motor was chosen to be another characteristic to be compared. A lower input
current and a better power factor mean that a smaller frequency converter could be selected in some
cases. Fig. 5.5 shows that compared to the 16 bar rotor, the input current of the copper coated rotor
is 10 per cent higher at 50 kW input power. The difference is over 30 per cent at no-load. Figs. 5.3
and 5.4 indicate that the squirrel cage rotor with 16 bars is somewhat better than the copper coated
rotor in the way that it can be more heavily loaded in this respect. The effect of the large airgap for
the copper coated rotor is the main reason for this comparison result.

Fig. 5.6 shows the difference in power factors for the different rotors. The values are quite low for
all the rotors. This is due to the relatively large air gap, which is common to high-speed induction
machines, as shown in Section 2.3. The iron-to-iron airgap for the copper coated rotor is 80 %

larger than for the others. Thisis clearly seenin the results.
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5.2.3 Temperatureriseand dlip of therotor

Figs. 5.7 and 5.8 show that the copper coated rotor outperforms the squirrel cage rotors as far as the
temperature rise of the rotor and the dip is considered. The temperature of the rotor surface was
coolest with the copper coated rotor. At the input power of 50 kW, the temperature rise is 6 % less
than that of the 16 bar rotor. The difference is bigger if the dlip is considered. The dlip of the 16 bar
rotor is 33 % higher than that of the copper coated rotor. This indicates that for the 16 bar rotor

there is a higher power loss relative to the torque producing components of power.

As is mentioned in Section 3.5, the total amount of copper in the 26 bar rotor was accidentally
reduced during the manufacture. The rotor operated with a high dip and produced an increased
amount of loss. The increased |oss resulted in reaching the limiting rotor surface temperature of 150
°C much earlier than with the other rotors. The difference between the coated and the 16 bar rotor
can aso be explained to some extent as a similar error in manufacture. This issue is further
discussed in Chapter 9, where the squirrel cage design is optimized.

5.2.4 Total loss of theinduction motor

Fig. 5.9 shows the total loss of both the machines as a function of the input power of the motor. It
includes the electromagnetic loss and friction loss. The friction loss is afunction of dlip and thus the

amount of friction loss differs dlightly from point to point.

The figure confirms that the 26 bar rotor has the highest amount of power loss. The difference
would be even greater if the generator had also had a 26 bar rotor during the test. The copper coated

rotor and the 16 bar rotor performed better with no significant difference in between them.

Because amajor part of the lossis friction loss, the resolution of the figure is not so good if electric
loss is to be compared. However, a more accurate division of loss is possible when a back-to-back

test setup is used. Friction loss itself was measured using a retardation test.

5.2.5 Division of power lossinto loss components

From the measurement results, it could be seen that while the copper coated rotor and the 16 bar
rotor had about the same amount of total |oss, the loss distribution was different. The Copper coated
rotor had more resistive loss at the stator side due to high stator current. On the other hand, the 16
bar and 26 bar rotors had more load loss. A following procedure was used to separate the measured
loss between the two machines and into different loss components. The fact that both the motor and

the generator are exactly the same, except with the 26 bar rotor, makes the division easier.
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To start with, the total 1oss of the two motors is measured. The total loss is the difference of the
input power of the motor and the output power of the generator. The AMB loss and cooling

|oss are excluded.

The resistive losses in the stator windings of the motor and the generator are calculated from
the measured current and DC-resistance. The DC-resistance measurement is started
immediately after each load test. A computer controlled relay system disconnects the VSI from
the motor mains and connects the DC-voltage source within a fraction of a second. The DC-
current is measured with a NORMA power analyzer and the voltage with a Fluke multimeter.

Eddy-current effects are not taken into account in the loss value.

The harmonics loss fed to the machines is measured with the NORMA power analyzers. The
share of resistive loss in the stator winding is already calculated in step 2. This component was
only around 5 % of the harmonics loss, so most of this power loss is generated in the stator iron

or in therotor.

The friction loss is measured with aretardation test. The test starts with the motors running at a
small overspeed and at no-load. The VSI supply is cut off and the rotors come coasting down.
It takes almost half an hour for the rotors to stop from the nominal speed. The AMB system
provides the rotational speed as a function of time. When the moment of inertia is known, the

friction loss can be cal cul ated.

The retardation test could be done with and without the forced cooling. The difference in the
friction loss values is the cooling friction loss. This component was only around 1 % of the

friction loss in the motors studied.

The division of load loss and no-load loss is based on a definition that at zero dlip there is no
load loss. The magnetization loss is thus defined as the rest of the loss when all the loss
components mentioned before are subtracted from the total loss at zero dlip.

Mainly because of the friction loss, the exact zero dlip operation was not possible to achieve
and the total loss at the zero slip was extrapolated.

This magnetization loss is then divided between the motor and generator. The division is based
on the cal culated magnetization voltage which is the supply voltage corrected with the resistive
voltage drop in the stator winding. The ratio of the losses in the motor and the generator is
relative to the squares of the magnetization voltages. Because of the voltage drop in the

winding, the magnetization loss actually changes a bit as a function of the load.
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6. Therest of thelossisdefined as aload loss. The division between the machines is related to the
square of the dip, taking the rotor temperature into account. The load loss is generated in the
rotor but also in the stator. The division of the loss between these parts of the motor is difficult.
Eq. 4.2 can be used to calculate the theoretical load loss needed to produce the torque and the
power. Fig. 5.12 shows that this minimum |loss was less than half of the load |oss measured.

The division of loss leads to the estimate of the shaft power. Figs. 5.10 — 5.11 show the results as a
function of the estimated shaft power. Fig. 5.10 shows that the motor with a copper coated rotor has
the most electric loss at no-load but the least electric loss at full load. The 26 bar rotor operates well
in a no-load situation. There the reduction of the copper in the rotor does not have such a negative
effect. As can be seen from Fig. 5.11, the electric efficiencies with different rotors are about the
same. However, even small differences are important because the cooling of the motors is difficult.

Fig. 5.12 shows the power loss components at the individual full load points. The amount of the
friction loss for the 26 bar rotor is higher than for the other rotors. The surface of the rotor was not

entirely smooth. This result underlines the importance of having a smooth rotor surface.

5.2.6 Resultsfor low magnetization level

Figs. 5.13 — 5.18 show the measurement results in case of a lower magnetization level. The
magnetization was set to 85 % of the nominal value. Comparison of different rotors yielded similar

results than with the nominal magnetization.

Comparing to the nominal magnetization, the temperature rises of the stator winding decreased at
no-load and remained the same at full load. Stator currents decreased at no-load but increased at full

load. Power factors were higher in the whole operation range.

The input and output power are limited by the temperature rise in the rotor. The 26 bar rotor had a
maximum slip of 1.7 %, which means as much as 14 Hz frequency for the fundamental flux in the
solid steel rotor. Only 41 kW could be fed to the motor before reaching the temperature limit for the

rotor.

At no-load and at partial loads, the power loss values are lower than with the nomina
magnetization. At no-load, the difference is around 10 %. At full load, the coated rotor performs
dlightly better than the 16 bar rotor. Thisis probably because of the lower dip for the coated rotor.
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5.2.7 About the mechanical robustness

As alast operation characteristic it should be mentioned that all the tested rotors gave no sign of
mechanical detoriation or fault. The 50000 “/min and 150 °C limits for the squirrel cage rotors were
adeguate and higher speeds and temperature could be tested in the future.

With the squirrel cage rotors, a trade-off must be made between the maximum speed and the
amount of copper in the cage. This is because the amount of copper is limited by the centrifugal
forces acting on the rotor. For a certain rotational speed, the squirrel cage has to be designed so that
it gives a good performance while meeting the mechanical limitations. Basically this means the
selection of an optima height, width and number for the bars. This is done in a numerical

optimization case in Chapter 9.

5.3 Conclusion

Three different solid rotor constructions for a high-speed electric motor were tested. Two solid steel
rotors with a surface mounted squirrel cage were presented and compared against a commercialy
used copper coated solid stedl rotor.

The results showed that the squirrel cage rotors could increase the utilization factor and efficiency if
properly designed. In the application considered, the limiting characteristic for use of the squirrel
cage rotors was the mechanical coupling of copper and steel in the rotor and thus the measurements
were made at 835 Hz for a 1000 Hz drive.

The squirrel cage rotors have better magnetization properties. They yielded alower temperature rise
for the stator winding, a smaller input current and a better power factor. The copper coated solid
steel rotor had the smallest rotor and total loss and best efficiency at maximum load. Also, the
copper coated rotor has a mechanical advantage. The full potential of the 1000 Hz drive could not
be reached with the squirrel cage rotors because of the mechanical limits. Only a properly designed
squirrel cage rotor will have an electromagnetic advantage at the high speed/power range.

Because the differences in performance were relatively small, it is hard to make any definitive
judgment. The stator and rotor constructions were not optimized together or separately. It is perhaps
safe to say that both approaches have possibilities. A properly designed squirrel cage rotor could be
an electromagnetically better option, especially at a lower speed range. The coated rotor should
probably be emphasized at higher speeds because it is mechanically stronger.
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6 VOLTAGE MODULATION FOR THE HIGH-SPEED INDUCTION MOTOR

In this chapter, effects of different voltage modulations on the performance of the high-speed
induction motor drive are studied. Preference for different voltage waveforms is derived

theoretically and compared against the measurements. The back-to-back measurement setup for the

60 kW 60000 */in high-speed motor drive is used in the measurements. The setup was presented in

Chapter 5, where a comparison of different rotors for the high-speed motor was reported. The

motors studied here have copper coated solid steel rotors.

The motivation for this part of study was to see how different voltage modulations affect the power
loss in the high-speed motor and the frequency converter feeding the motor. The study concentrates
on the type of a frequency converter that has a voltage source inverter feeding the motor. Fig. 6.1

shows the frequency converters used to feed the high-speed machines with an appropriate voltage

and frequency. Current source inverters are not considered in this study.

=

Three phase frequency converter

Model VACON NX5
Current 205A
Voltage 380 -500V
Input frequency 45 - 66 Hz
Output frequency up to 7200 Hz
Switching frequency up to 16000 Hz
Input side choke + diode rectifier
Intermediate link DC-voltage capacitor
Output side IGBT - inverter
Output signal PWM voltage

Modulation type

synchronized carrier, sine-
triangle comparison with
added 3 harmonic

Fig.6.1 A photograph and data of the frequency converters used to supply the 60 kW 60000

Y/ in high-speed machines in the back-to-back test setup. Converters in the picture are

fitted side by side in the rack, power cables above connecting the DC-links.
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6.1 Comparison of PAM and PWM for 60 kW 60000 /i, drive

In comparison of modulation techniques, different performance criteria can be selected. For
example, torque, speed and position precision are important in machine tools and the modulation
should be optimized in that respect. In the application used in this study, the more important criteria

are efficiency and utilization.

For the high-speed induction motor studied, the utilization depends on the temperature rise of the
stator winding. The harmonic currents produce extra loss in the winding and the winding loss is the
most important loss component for the temperature rise (Saari 1995). From this point of view, the
voltage waveform should be selected so that the harmonic content of the current is the smallest. If
skin effect is neglected, the power loss depends on the rms-value of the harmonic currents but not

on the frequency of the harmonic components.

Iron loss due to the harmonics is frequency dependent. Much of the power loss caused by
harmonics are induced in a copper coating of a coated solid steel rotor. Due to skin effect thislossis
frequency dependent. Thus, if the efficiency of the motor is to be maximized, both the rms-value
and the frequency spectrum of the harmonic current must be considered.

In PWM modulation, increasing the switching frequency increases the number of the pulses per half
acycle. According to the assumption that the harmonic currents mainly see the leakage reactance as
a load, the higher the switching frequency the better. This is because the harmonic content of the
voltage is moving upwards in frequency scale as the switching frequency goes up. Thus, the
amplitude of harmonic currents decrease. The downside is then the increased switching loss that is
proportional to the switching frequency. The switching loss in the IGBT bridges can become a
major loss component for the frequency converter at high load and switching frequency. This will

be seen in the measurement results later on.

In the next section, a theoretical comparison between different voltage waveforms is made. The
comparison considers the harmonics loss in the motor. It is assumed that the loss is relative to the
rms-value of the harmonic current. The comparison is not influenced by the load impedance of the
motor. This is made possible by comparing the different voltage waveforms against PAM. The
comparison method was used by Holtz (1994).

After the theoretical comparison, the results of the actual measurements are reported. At this point,
the main issues are the utilization and power loss of the motor and the power loss in the inverter.

The relation between harmonics current and harmonics loss for the different waveformsis studied.
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Having the maximum switching frequency of 16000 Hz, output frequency of 835 Hz and Eg. 2.10
in Section 2.5, the following waveforms were compared: PAM and PWMs for 3, 9, and 15 pulses
per half a cycle (pphc). Because the frequency converter used could not adjust the DC-link voltage,
PAM was realized by changing the supply voltage of the converter. The voltage waveforms are
presented in Fig. 6.2.

6.1.1 Theoretical comparison

The rms harmonic current |, supplied to the stator windings of the motor is

=g IO -] 61)

where iy isthe fundamental current. The harmonic current depends on the voltage waveform as well
as on the load impedance. In order to eliminate the load impedance from the comparison, a
distortion factor d is used:
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Fig 6.2 Output voltages produced by PAM and PWM for a star connected three phase winding.
Fundamental of phase-to-phase voltage also plotted.
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d=—"n_ (6.2)

l h,PAM

where I, pam is the harmonic current for PAM waveform. If discretized harmonic current spectrum

isknown, asis the case with synchronized modulation, we get

d= h?, (6.3)
where h, isthe " order normalized component of the current spectrum

h=—v", v=23.. (6.4)

l h,PAM

The power loss considered here is proportional to the square of the harmonic current. The square of
dis called aloss factor, showing the relative goodness of the modulated voltage as far as the power
loss is considered. Fig. 6.3 shows the loss factor for the compared voltage waveforms as a function
of the modulation index ga. According to the definitions, d and d” for PAM are aways equal to one.
It can be seen that PWM waveforms having 15 and 9 pphc outperform PAM at higher values of g,,
which is the most likely operation region of the inverter. The voltage waveform having 3 pphc is

significantly worse at any but maximum values of ga.
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Fig. 6.3  Lossfactor as afunction of modulation index. PAM yields loss factor of 1.
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6.1.2 Thermal measurements

Therma measurements for the high-speed motor were performed in the same way as was reported
in Chapter 5. To be precise, the nominal shaft power at 50100 Y/nin is 50 kW but here the input
power of the same amount is selected as a reference point. Operation points in which both the
motors are supplied with the same frequency is considered as a no-load point. At those points, the
input power is consumed as magnetization and friction loss. The current and phase-to-phase voltage

waveforms measured are shown in Figs. 6.4 —6.7.

Fig. 6.8 shows that from the utilization point of view PAM gives the best performance. 8 % more
power can be fed to the motor at the temperature rise of 100 K compared to PWM having 15 pphc.
This temperature rise is close to the 105 K limit for insulation class F (IEC Standard 34-1 1994). At
the nominal power of 50 kW, the temperature rise for the PWM having 15 pphc was 5 K higher
than for PAM.

Other PWM waveforms performed worse and PWM having 3 pphc could be considered
unacceptable. The result was interesting because the theoretical examination predicted better

performance for the PWMs having 9 or 15 pphc.

Temperature rise of the rotor surface was measured in the same way as was reported in Chapter 5.
Fig. 6.9 shows that these results are consistent with the temperature rises measured for the stator
winding. Here the difference between PAM and PWM having 15 pphc was only marginal. It is
worth mentioning that temperature rises even this high are not limiting the utilization of the motor.
The copper coated rotor can take temperatures of around 180 °C according to the manufacturer of

therotor.

Both temperature rise measurements show that the differences between the waveforms do not
depend on the load. This indicates that the differences are due to the different harmonic loss

components. Thisisasit should be.

The temperature of the inverters IGBT bridge was also recorded using the monitoring feature of the
frequency converter. The temperature was measured by the inverter module itself. The results in
Fig. 6.10 show well the influence of switching losses on the temperature. The temperature was near
the maximum level of 85 °C when using PWM having 15 pphc. The switching frequencies for
PWMswith 15, 9 and 3 pphc and for PAM were 12525, 7515, 2505 and 835 Hz, respectively.
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Phase-to-phase voltage and phase current measured for PWM having 9 pphc.
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Phase-to-phase voltage and phase current measured for PWM having 15 pphc.
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Fig. 6.8  Measured average temperature rise in the stator winding.
140 /.J
120 P—— j//.
g 100 A——’/—/f/ /
3 ————
§ 80 —4— 3 pulses
% 60 —=— 9 pulses
g —e— 15 pulses
g 40 —e— PAM
|_
20
0
0 10 20 30 40 50 60
Input power [KW]
Fig. 6.9  Measured temperature rise of the rotor surface.
80 /
70
e
S, /_./,/I/
o 50 ¢ I ——
5 [ A | ¢ —®
® 40 - ———& .
Lo} o
g' 30 —e— 15 pulses
= 20 —=— 9 pulses
—A— 3 pulses
10 —e— PAM
0 |
0 10 20 30 40 50 60
Input power [KW]

Fig. 6.10 Temperature of the IGBT module in the inverter for the motor.
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6.1.3 Power loss measur ements

In the power loss measurements, the losses were measured for both drives together. Knowledge of
the actual shaft power would be needed in order to divide the losses in the machines between motor
loss and generator loss. While the division of losses in back-to-back measurement was discussed
and implemented in Chapter 5, no division is made here. Only the measured results are presented

without any assumptions. The results are presented as a function of the input power of the motor.

Fig. 6.11 shows the total loss for the motor and the generator combined as a function of the input
power of the motor. Again, PAM performs better than the PWM waveforms. The result is in
agreement with the temperature rise measurements for the motor shown in Figs. 6.8 and 6.9. At the
nominal power of 50 kW, the motor-generator system has 4 % more loss with PWM having 15
pphc than with PAM. Also here, the differences in the results are not a function of load.

Fig. 6.12 shows the total loss of the frequency converters combined. The result is in accordance
with the temperature measurement for the IGBT bridge in the previous section. The loss increases
as a function of switching frequency. At the nominal point of 50 kW, the PWM having 15 pphc
produces as much as 121 % more loss in the converters than PAM. This is a serious draw-back of
the good quality PWM waveforms. At no-load the difference is 94 %. Power loss for the converters
without load was 400 W.

Fig. 6.13 shows the total loss of the induction motor drives combined. It is the power loss taken
from the electricity network and measured with a single NORMA power analyzer. The result shows
that PAM is superior to the PWM waveforms in this respect. At the nominal power point, PAM
produces at least 17 % less power loss than the PWM waveforms. At no-load, the use of PAM
reduces the loss at |east 19 %.

It is worth mentioning that the total loss also includes the friction loss, which is around 3700 W for
the machines combined. Considering only the electromagnetic losses of the drives, the difference
between PAM and the PWM waveforms is even larger. Then the reduction is at least 23 % at the
nominal load and 26 % at no-load.

It isinteresting to see that at the nominal load, the PWM having 9 pphc yields less power |oss than
the PWM having 15 pphc. The increase in switching loss eats up the benefits of a better voltage

waveform. At no-load point, these PWM waveforms produce the same amount of |oss.

Fig. 6.14 shows the calculated values for the electric loss in the motor, using a model presented in

Chapter 7. Theresults are well in line with the total 10oss measured for the machinesin Fig. 6.11.
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Fig. 6.14 Calculated electric loss of the motor.

6.1.4 Harmonics measurements

In the harmonics measurements, the harmonic content of input current and loss were measured for
the high-speed motor. NORMA power anayzer measured the harmonic content of the input
voltage, current and power up to the 40" order of harmonics. The power analyzer calculates the
harmonic components from the sampled values using discrete Fourier transformation. The
measurement was synchronized to the fundamental frequency. The component values were

averaged values over 1024 periods of fundamental.
Fig. 6.15 shows the total harmonic distortion (THD) of the input current. THD is defined as
2"

THD =12 | (6.5)

Il

where |1 is the fundamental current. The results are in accordance with the theoretical comparison.
The PWM waveform having 15 pphc yields the lowest THD vaues and the PWM having 3 pphc
the highest. The distortion factor d for PAM and the PWM having 9 pphc are close to each other as
could be seen from Fig 6.3, where the square of d was plotted. The value of the modulation index
was g, = 1 for the PWM waveforms at the operation point measured. Measured data for input

power, fundamental current and harmonics current are given in Table 6.1.

Fig. 6.16 shows the measured harmonic loss produced by the harmonic currents. The harmonics
loss is the sum of harmonic loss components measured by the power analyzer. This time, the results

do not agree with the theoretical comparison. The measured loss for PWM waveforms is
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considerably higher than expected. The PWM waveform having 15 pphc and PAM produce about
the same amount of loss even if d* and the THD measured for PAM are higher. The PWM
waveforms having 3 and 9 pphc are inferior to PAM, but the difference is bigger than it should. On

the other hand, the result agrees well with the temperature rise measurements for the motor.

The above result is presented in another way in Fig. 6.17. There the amount of harmonic loss Py, is
divided by the square of the corresponding harmonic current I,. Thus, the effective harmonic

resistance R, measured is defined as

|;U

R, = (66)

0 N

It can be seen that for the PWM waveform having 15 pphc the effective resistance is about three

times higher than for PAM. The resistance goes up clearly as afunction of the switching frequency.

The switching frequency fs, or pulse number N, determines the harmonic spectrum of the PWM
waveform. Increasing N, will move the harmonic content of the spectra upwards in the frequency
scale. Theideais that a higher frequency voltage will see a higher impedance, and a lower amount

of current and lossisinduced. This applies well if the ohmic lossis considered.

On the other hand, hysteresis and eddy-current loss and the loss due to the circulatory currentsin
the stator winding increase as a function of the frequency. As is shown in Section 2.4, the relative
importance of ohmic loss decreases proportional to the speed of the electric machine. The relative
importance of hysteresis loss is constant and the importance of eddy current loss increases
proportional to speed. The measurement results imply that the increase of this phenomenon severely

decrease the benefits of having higher switching frequency and pulse number in high-speed motors.

Table6.1 Measured datafor input power, fundamental current and harmonics current.

3 pphc 9 pphc 15 pphc PAM

Pin[W] | 1:[A] | Ih[A] | Pin[W] | 12[A] | In[A] | Pin[W] | 12[A] | In[A] | Pin[W] | 1L[A] | In[A]

5091 88.0 46.8 4469 88.1 33.6 4112 87.9 20.7 3831 88.0 32.2

19178 | 954 46.8 | 19022 | 95.7 33,5 | 18933 | 96.0 20.8 | 18808 | 96.2 32.3

31088 | 107.4 | 46.7 | 31366 | 108.6 | 33.6 | 31235 | 108.6 | 20.6 | 31467 | 109.4 | 32.5

41971 | 121.7 46.7 | 40419 | 120.4 33.5 | 42471 | 1238 20.7 | 43111 | 125.1 32.6

47505 | 130.9 | 33.6 | 51275 | 137.3 20.7 | 51874 | 138.6 | 32.7

53972 | 141.2 | 33.7 | 58935 | 150.2 20.6 | 59788 | 152.1 | 32.8
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In order to improve the performance of the PWM inverter, some modifications must be made. One
option would be to optimize the pulse waveform. This would be done by determining the switching
instants for the individual pulses in order to have the lowest harmonic loss (Zach 1989). The
switching instants for each pulse number and modulation index could be stored in the memory of
the modulator. The optimization could be started using the same theoretical approach as presented
in Section 6.1.1. More accurate results would require the use of a full model for the motor and
possibly aso for the inverter. This could be a challenging task because the model should include,
for example, the effect of circulatory currents in the stator winding.

The PWM waveform having 9 pulses per haf a cycle could be selected for the optimization.
According to the results, it seems to generate a reasonable compromise between the inverter and
motor loss, yielding a decent loss level for the drive system.

Another way to improve PWM and also PAM waveforms would be to put a LC filter between the
inverter and the induction machine. This approach is used by Huppunen and Pyrhénen (2000) for a
12 kW 13500 /i high-speed solid rotor induction motor. The losses of the motor would decrease
without increasing the losses in the frequency converter. Another advantage stated in the study is
that the filter can compensate some of the reactive load of the induction motor. This may have a
beneficial impact on inverter sizing.

6.2 Conclusion

The results of the measurements show that the idea of moving the harmonic content of voltage and
current upwards in spectral scale by increasing the switching frequency does not apply well for the
high-speed induction machine. The currents of higher harmonic order produce more loss than the
same amount of lower order harmonics. This result, together with the consideration of inverter and
drive loss, implies that PAM should be preferred as a voltage waveform for high-speed induction

machines.
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7 MODELING HIGH-SPEED MACHINES

In this chapter, some problems encountered in the modeling are discussed. Some modifications are
made in order to make the models more appropriate for high-speed machines. In Section 7.3, the
calculation results for the 60 kW 60000 ¥/,i» motor are reported and compared against the results of

the measurements done in Chapter 5.

The modeling of a high-speed machine is a challenging task because different physical phenomena
must be considered simultaneously. Because of high loss densities in the machines, the correct
modeling of losses and cooling is essential. Thus, the electromechanical model should be somehow
coupled to the thermal model. The electromechanical as well as the thermal models are presented

shortly in Appendixes A and B.

In addition, arotordynamic model has to be used to confirm the feasibility of the rotor design. For a
detailed description of the rotordynamic FEM model used, the work of Lantto (1997) is referred.

The high-speed induction motors considered in this study are relatively short in length and large in
diameter. This causes problems if a2D FEM is used since the 3D effects are considerable. The 2D
FEM assumes that the currents in the motor flow only in axial direction and the magnetic flux flows
on a cross section plane of the motor. Thisis not the case in the real motor and the 3D effects have

to be considered in more detail.

7.1 Modeling of the end region inductances

In the 2D FEM available, the 3D end region effects of the stator winding are included in the circuit
equations. The resistance for the stator phases includes the resistance of the end winding regions.
The leakage reactance Xs of the stator end winding is calculated using an empirical equation
(Richter 1951):

N 2
X, =g Haugl A, (7.1)
m Da 0

where Q is the number of the stator slots, mis the number of phases and g is the number of slots per
pole per phase. N, isthe number of turnsin seriesin a coil and a is the number of parallel paths. 1A

can be rewritten as (Jokinen 1982):
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1A, =21, 1A, (7.2)

where | and |,, are the lengths of a coil end and a circular part of the end winding. A and A, are

empirical coefficients depending on the type of the winding system.

The end ring resistance and inductance of the squirrel cage are considered in a similar manner. In
the case of a coated rotor, the coating is divided into bars and end ring parts and the same model can
be used. The resistance of an end ring is calculated based on its dimensions and conductivity. In the
initial FEM model, the inductance of the end ring was calculated using empirical equations for a
thick cylindrical coil in air with a constant current density in the coil. These equations were
presented by Foelsch (1936) with an error of less than 0.3 %:

L. = ugN.2a ., (7.3)

where N, is the number of turns and a. is the average diameter of the coil. For the end ring, N¢
equals one. A; is a coefficient depending on the dimensions of the coil. A total of eight equations for

At are needed to cover all the dimensions with the accuracy mentioned above.

For the high-speed rotors considered, this however does not give accurate results. The end rings are
mounted on the surface of a solid ferromagnetic iron. Thus, the real values for the end ring
inductance are higher than those given by Eq. 7.3. Also, the Foelsch method supposes that the
current is constant in amplitude and direction around the coil. In reality, there is something close to

asinusoidal current coverage around the end ring.

To get another approximation for the end ring inductance, a separate 2D FEM cal culation was made
using free 2D FEM software called FEMM (Meeker 1999). In this case, a differential piece of an
end ring was modeled in a planar coordinates system. Fig. 7.1 shows a quarter cross-section of the
motor with a copper coated solid steel rotor. The magnetic field is induced by the end region
currents in the stator and the rotor. The bottom boundary has the Neumann boundary condition and
the right boundary has the Dirichlet boundary condition set. The rotor is situated at the bottom. The
copper coating lies at the surface of the rotor. The end ring part of the coating is darkened. The
other half of the stator stack, divided by the cooling duct, is on the right and the stator end winding

isnext toit in the center. On the l€eft, thereisa solid iron stator of the axial magnetic bearing.

Considering the small slip and the lamination of the stator core, the conductivities of the stator and
rotor parts were zeroed. Only in the stator of the axial bearing can some eddy currents be seen
flowing. No skin effect for the end ring or saturation of the iron parts was modeled. In the

calculation for the inductance, only the end ring current was used to determine the self-inductance.
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Fig. 7.1 A picture of a2D FEM model to approximate the end ring inductance.
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The inductances given by the 2D FEM were about four times bigger than calculated from Eq. 7.3
for the rotor constructions compared in Chapter 5. The model is not accurate but increasing the
value of the inductance from the values given by Foelsch’s method can be justified. Using a higher
value for the end ring inductance decreases the possibility of overestimating the motor
characteristics. This is one example showing that for an accurate modeling a true 3D FEM should
be used.

7.2 Modeling of the flux fringing in theair gap

The flux fringing in the air gap is another problem for a 2D FEM model. The model assumes that
there are no axia flux components, if the 2D plane is set as a cross section of the motor. In reality
the flux fringes, especially at the air gap region. Thus the modeled flux density needed to calculate
the electromagnetic torque is incorrect. Also, the magnetizing current goes wrong because of the
incorrect air gap reluctance. Usually, this problem is solved by calculating an effective core length.
The length of the motor isincreased so that the average flux density is correct. The filling factors of

core parts are decreased so that the flux density in theiron staysasit is.

Often, such arule of thumb is used so that the length of the motor is increased with the value of the

air gap at the each end of the core (Richter 1951). For example, a stator core of 100 mm with an air
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gap of 1 mm would yield an effective length of 102 mm. More accurate solutions are discussed in
the literature. Flack and Knight (2000) discuss several methods that can be used to model the radial
ventilation ducts for large induction motors, from Carter’s correction factor approach to full 3D
models. The results were interesting as they pointed out that an analytica equation based on
Carter’s correction factor could yield almost the same results as a 3D FEM.

In the high-speed motors considered in this study, the flux fringing effect is strong. This is because
the motors are relatively short compared to the air gap. For the copper coated rotor, this is
especially important, as the iron-to-iron air gap is even larger. This was seen in Table 2.3. In
addition, the use of aradia cooling duct in the stator doubles the flux fringing regions.

Usually, the effective length is cal culated so that the average flux density of the fringed flux, normal
to the stator and rotor surface, corresponds to the constant flux density in the region where the flux

has only the norma component:

J(B [h)dl

D JBdl Lo, (7.9

leff

where n is the unit vector normal to the integration path. This definition for the effective length

should give a good estimation for an air gap permeance and the magnetization reactance.

Estimation of torque per slip characteristic isimportant for solid stedl rotors. A low slip operation is
needed in order to avoid extensive saturation and iron loss in the rotor. The problem in the
calculation of effective length is that the magnetization reluctance and the torque cannot be correct
at the sametime. The air gap torgue depends on the square of the flux density (Arkkio 1987):

T = e rB,B,dS, (7.5)
luO (rs - r‘r)

where L is the permeability of vacuum and rs and r, are outer and inner radii of the air gap,
respectively. B, and B, are radial and tangential components of magnetic flux density, respectively.
The linear averaging gives values which are too large for |« If a more accurate estimation for the
air gap torque is needed, the effective length has to be calculated as proportional to the average of

the square of the flux density:

i[(B [h)dl

!

lg =
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To approximate the flux fringing for the high-speed motors, 2D FEM software FEMM (Meeker
1999) was used in a similar fashion as was previously used for the end ring inductance. Fig. 7.2
shows a cross-section of the motor with a copper coated solid steel rotor. The magnetic field is
induced by the currents at the stator end windings. A planar co-ordinate system is used. The
Neumann boundary condition is set on the symmetry axis of the rotor. An artificial flux path was
built to model the back iron of the stator and to close the path between the rotor symmetry axis and
the stator core. Figs. 7.3 and 7.4 show the air gap flux distribution close to the stator and rotor
surfaces. The long air gap smoothens the stator flux peaks and the peaks are not visible at the rotor
side.

Table 7.1 shows the results for the calculation of the effective length. The calculations were done
using different integration paths. The first integration was done from the end of one end ring to
another. Only a small part of the fringing flux was left out. All the flux was captured by integrating
from one end of the rotor to another. The result of the linear averaging (Eqg. 7.4) was dlightly
different when the different integration paths were used. The change of a path did not affect the
quadratic averaging result (Eg. 7.6) significantly, since the square of the flux is small beyond the
end rings. The integration path was close to the rotor surface.

The results show how the real iron core length of the stator lic is significantly smaller than the
approximations for the effective length. This is a good example of how 3D effects make
straightforward 2D modeling difficult.

?H BN
] RGN

L. .

Fig. 7.2 A zoomed picture of a2D FEM model to approximate the flux fringing.

I
I§

[
I




85

Table7.1 Calculated effective length for a high-speed motor with a copper coated solid rotor.

lett =lic

Ieff :|ic + 4@

2D FEM, linear?

2D FEM, quadratic?

Effective length |« [mm] 108.0

127.6

128.9-131.8%

117.2

Y An average of flux across the integration path (Eq. 7.4)

2 A average of flux squared across the integration path (Eq. 7.6)

9 The smaller value; integration path from end-ring to end ring. The bigger value; integration along the whole rotor
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Fig. 7.3  Theair gap flux density distribution close to the stator core.
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7.3 Calculationsfor the motor with a copper coated rotor

One of the goals in the research project was to compare the calculated and measured results of the
high-speed motors in order to find out the feasibility of the models. The results of a comparison for
the 60 kW 60000 Y/,n motor with a copper coated solid steel rotor are presented here. The

measurement setup and the results were discussed in Chapter 5.

The motor characteristics were calculated using the electromagnetic model described in Appendix
A, with the modifications presented in this chapter. The impedance of the end ring was cal culated
using the 2D FEM as explained in Section 7.1. The flux fringing was aso taken into account using
a 2D FEM model. The results of the linear and quadratic approximation for the effective length
were used. The values for the effective length were shown in Table 7.1. The two different linear
approximations yielded nearly the same results. The results given by the linear approximation with

ashorter integration path are shown in the following comparison.

The electromechanic characteristics were calculated using the time stepping method and second
order finite elements. The finite element mesh consisted of 3620 elements and 7313 nodes. Four
periods of supply frequency were modeled. Each period was divided into 360 steps, making a total
of 1440 steps. The values of the characteristics were calculated using the measured values for the
dlip. The measured temperatures were used to modify the resistivities of the stator winding, copper
coating and solid steel. The amplitude of the fundamental voltage measured was used to scale ideal
PAM waveforms as a supply voltage.

Fig. 7.5 shows the measured and calculated stator current as a function of the input power. The
linear approximation for |« is better suited for the estimation of the air gap permeance and the
magnetization reactance. It yields a result closer to the measured vaues. The quadratic

approximation leads to overestimation of the current.

A similar result comes from the comparison of the measured and calculated power factors. In Fig.
7.6, the values of the measured power factor are determined from the input voltage, current and
power. The linear approximation of Il gives results close to the measured ones. The quadratic

approximation leads to an underestimation of the power factor.

Fig. 7.7 shows that the quadratic approximation of lg models well the torque-dlip curve. In this
case, the linear approximation leads to an underestimation of the torque. Thus, the quadratic

approximation could be used for torque and the linear approximation for current and power factor.
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Fig. 7.8  Electromagnetic loss measured and cal cul ated.

Considering the results shown in Figs. 7.5 — 7.7, it seems that the electromechanic characteristics
can be modeled and estimated reasonably well. One of the reasons for this is that the temperature
rise of the rotor was known. However, Fig. 7.8 shows that the calculation of electric loss goes
wrong. At no-load, the calculations agree well. However, as the loading increases the calculated
results underestimate the power loss independent of the determination of the effective length. It
seems that some loss components or loss phenomena depending on the stator current are not

modeled correctly or not taken into account. Thisissue is studied further in the next chapter.

7.4 Conclusion

A 2D finite element method was modified to take some 3D effects into account. Separate 2D FEM
models were used to calculate the end ring inductance and the effective length of the motor. The
value of the end ring inductance was increased as the solid iron core was present in the field

solution.

The effective length was approximated in two different ways. In the linear approximation, the
length is a function of average ar gap flux density. This approach emphasizes the correct
calculation of magnetization inductance. In the quadratic approximation, the length is a function of

the average of the flux density squared. This approach emphasizes the correct calculation of torque.

Comparison of calculated and measured results agreed quite well. The only major difference wasin

electromagnetic loss measured and cal culated.
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8 CIRCULATORY CURRENTSINA STATOR WINDING

The difference between the el ectromagnetic power loss measured and calculated in Section 7.3 was
disturbing. The difference seemed to be a function of the input current or load of the high-speed
induction motor. At the nominal operation point, the model used in the calculations underestimated
the loss by almost 20%. This raises questions about the usability of the model in designing and
optimization of the high-speed machines.

Circulatory currents in the filamentary stator windings were suspected as a possible reason for the
difference in the results. These currents can flow in parale strands and paths of a filamentary
conductor winding. This would mean an increased loss in a stator winding. The loss component
would be a function of current in the same way as is the discrepancy in the results of comparison
mentioned above. Thus, the high-speed motor in question was disassembled for the measurement of
the possible circulatory current effect. Fig. 8.1 shows the stator prepared for the measurement.

The reason for the circulatory currents is the magnetic flux penetrating the windings inside the
stator slots. The flux causes eddy currents that change the current density distribution in the parallel
strands. The amplitude and the phase angle of the currents in paralel conductors are different from

each other.

In the FEM model used, the current density in the stator winding is assumed to be constant. The
eddy-current loss is modeled separately from the field solution by using Eq. A1l. Thus, the
circulatory currents in the parallel strands and paths of the filamentary winding are not modeled. In
order to model the filamentary winding precisely, every individual strand should have its own
voltage equation (Eg. A3) solved together with the field solution. Doing this kind of model is
difficult. Every strand should be meshed in detail. As there can be thousands of strands in the stator
winding, the size of the model may become unfeasibly difficult to solve. Using macro elements as

described by Szilics (2001) could decrease this size of the system of equations.

Even if solving the modeling problem is possible, one problem remains. The positions of the strands
inside the slot of a manufactured machine are not known. Accurate and correct positioning of
strands of a filamentary winding is considered expensive and time-consuming, if not impossible.
This difference between modeling and reality will inherently generate a difference in calculated and

measured results for the stator winding loss.
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Fig.8.1  Stator of the 60 kW 60000 /i, high-speed induction motor prepared for the individual

strand current measurement. The rotor is taken away.

8.1 Measurement of strand currentsof the filamentary winding

The strand currents were measured without the rotor, with three phase sinusoidal voltage and at
different frequencies. Synchronous generator was used to produce the voltage. In the measurements,
constant current amplitude was maintained. Individual strand currents and their phase angle relative
to a reference signa were measured. One phase-to-phase voltages was selected as a reference
signal. The measurement setup isillustrated on the left hand side of Fig. 8.6.

The strand currents were measured with a current clamp meter. The model of the current meter
amplifier was a Tektronix tm502a and the model of the current clamp probe was an AM503. Fig.
8.1 shows the current clamp probe and the strands taken out from inside the insulation layers. The
current meter signal and the reference signal were synchronously sampled at 10 kHz and post
processed using a MBC-11 control board made by HST Ltd. The average temperature of the phase

winding was measured at frequent intervals with a DC-resistance method.

Table 8.1 shows the measured circulatory current loss coefficient k. for the phase windings and the
whole three phase winding at different frequencies. The coefficient is defined as

N
—N

2
Ll

cC S N, 2
Zl_n
n=

where N is the number of parallel strands and i, is the complex value of the current in strand n. The

P
==, 8.1
- 61)

loss factor isthen equal to the ratio of loss produced in the case where circulatory currents exists P
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Table8.1 Circulatory current loss coefficient k.. measured at different frequencies.

15 Hz 50Hz | 150Hz | 300Hz | 450Hz
Phase U 1.001 1.005 1.042 1.159 1.340
Phase V 1.001 1.008 1.069 1.257 1527
Phase W 1.001 1.003 1.029 1113 1.246
Q‘a’lirf‘sv‘?:lgmge 1.001 1.005 1.047 1.176 1371

relative to the situation where the sum of the current is equally divided between the strands Pey. The
latter lossis essentially the loss calculated by the present FEM model.

In the stator winding measured, there are two paralée coils in each phase. Each coil has 100
conductors or strands in parallel. Figs. 8.3 — 8.5 show the measured strand currents of the phase
windings at 15, 150 and 450 Hz respectively. It can be seen how the individual strand currents start
to have a different amplitude and phase angle as the frequency increases.

Fig. 8.2 showsthe circulatory part of the loss coefficient (k.. — 1), which seems to be proportional to
the square of frequency. The difference in coefficients between the phases is quite large. This and
Figs. 8.3 — 8.5 show how the randomness of the winding leads to the asymmetric properties of the
phases. There are also significant differences between the parallel paths of the same phase.

The circulatory current coefficient can be reduced with a careful and consistent manufacture
process. The positions of the strands and parallel paths are rotated inside the slot and between the
dlots. For example, a single strand would lie on a slot bottom region in one slot and in a slot
opening region in the next slot. The idea is to have equal flux linkages for each strand and parallel

path. However, thiskind of systematic process may increase the cost of the winding.
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Fig. 8.2  Circulatory parts of the current coefficients k. of the phases of the stator winding.
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Fig. 8.3  Strand currents in the two parallel paths for phase U in complex coordinate system.
Circles show the amplitude of the average strand current. Line shows the direction of

average current.
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Fig.84  Strand currents in the two parallel paths for phase V in complex coordinate system.

Circles show the amplitude of the average strand current. Line shows the direction of

average current.
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Fig.85  Strand currents in the two parallel paths for phase W in complex coordinate system.
Circles show the amplitude of the average strand current. Line shows the direction of

average current.
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8.2 Impedance of the circulatory current loop

The impedance of acirculatory current loop was also measured as afunction of frequency. Thiswas
done in order to see whether the frequency of the circulatory current would affect the load
impedance it sees. The impedance was measured by selecting two individual strands. The strands
were disconnected from the terminal end. Thus, the current had a path from one strand end to the
star connection and back along the other strand. A sinusoidal test signa was produced with an
arbitrary waveform generator, a Sony/Tektronics AWG2005. The signal was amplified with a
Kepco bipolar operational amplifier. Voltage, current and phase shift between them was measured.
The phase shift was read from a HP 54600A scope. The current amplitude of the signal was selected
to correspond roughly to the strand current in a nomina operation point of the high-speed motor.
The measurement setup isillustrated on the right hand side of Fig. 8.6.

Fig. 8.7 shows the measured impedance and load angle or the phase shift between voltage and
current of the circulatory current loop. The result shows that the impedance is mainly resistive up to
the frequency of 10 kHz. For the 60 kW 60000 Y/in high-speed motor, a significant part of the
harmonics spectrum lies within this region. As the emf inducing the currents is proportional to the
frequency and the impedance can be assumed constant up to 10 kHz, the circulatory current loss

produced becomes proportional to the square of the frequency.

The result implies that moving the harmonic components of the supply voltage and current up in the
frequency range will increase the loss relative to the current because of the circulatory currents.
This may degrade the benefits of using pulse width modulation as opposed to pulse amplitude
modulation. Thiswill be discussed more in Section 8.5.

NORMA Tektronix
D6100 MBC-11  tm502a
I in u | . H P
Pin fin “ "] In
54600A
un
in an
Tektronics Kepco
Synchronous AWG2005 amplifier
generator
I (] [ == T
7 I 0Hs T~
15- 450 Hz -
Stator 50 kHz

Fig. 8.6  On the left, the measurement setup for strand currents. On the right, the measurement

setup for impedance and load angle of acirculatory current loop.
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Fig. 8.7  Impedance and load angle of acirculatory current loop.

8.3 Estimation model for winding loss coefficient

The sinusoidal voltage supply used in the measurement of the strand currents could only be used up
to 450 Hz. This was a problem since the high-speed motor was measured and calculated at the
supply frequency of 835 Hz. In order to estimate the circulatory current loss factor k.. for the stator
winding at that frequency, a model for the circulatory current was formulated. The model would be
able to predict the value of k. a any frequency and temperature based on a single reference
measurement. The model was tested with the measured data to see if it worked and then it was used
to approximate kg at 835 Hz.

If acirculatory current loop similar to the loop measured in the previous section is considered, the

following voltage equation can be written:

_ _do di_,
ecc—IIE Wl ==t = 2R L (8.2)

where e is the circulatory current emf equal to the electric field strength E integrated around the
loop I. @, is the magnetic flux passing through the loop, L, is the self-inductance and i¢ is the

circulating loop current. R, isthe resistance of one of the parallel conductorsin the loop.

If the parallel strands were ideally wound in the slots and end winding regions, e, would be

insignificant and no circulatory currents would be induced.

The results of the loop impedance measurement showed that the impedance seen by e is almost
constant in the frequency region for the main harmonics currents of the 60 kW 60000 /i high-
speed motor. If the impedance is assumed resistive, the last term from Eq. 8.2 can be omitted.
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Because @, is approximately at the same phase as the average coil current i, in the conductors, the

circulatory current i, o Of a conductor n then has 90° phase shift compared to e and

oo =iy —ige) O &0 1 (83)

~n.cc Rn Rn

This means that inc is proportiona to the frequency f as a result from Eq. 8.2, and inversely
proportional to the resistance of a strand. According to the assumptions there should be 90° phase

shift between in o and iae. Thisisillustrated on the left hand side of Fig. 8.8.

Figs. 8.3 — 8.5 show that the measured results agree on this, especialy at low frequencies. The
strand current points tend to lie in a plane perpendicular to the average strand current vector. At 450
Hz the phase shift is no longer 90°. This indicates that the circulatory currents loop is no longer

purely resistive.

The model used to estimate the circulatory current loss factor ke is based on the relation in Eq. 8.3.
Theideain the model isfirst to have a reference measurement yielding a strand current distribution.
The individual strand currents are divided into an average current part and a circulatory current
path. Then the circulatory parts of the strand currents are scaled to another frequency and resistance.
In practice, scaling the resistance means the scaling of temperature. The strand currents are then

ref
i, = i_:e +i_[ffCC R‘TL . where (8.4)
“ = 1S and (8.5)
—ave NC ;_n '
e =i —ime - (8.6)

However, it was found out that this division did not give very good estimations when the frequency
of the estimated point was higher than that of the reference point. Instead, i, was divided into two
components. The component to be scaled is the projection of i, into the plane of strand currents.
The equation for the plane was numerically fitted into the strand currents data in a least-squares
sense. Thus, the model takes into account the phase angle between the average strand current and
circulatory strand current components.

IR I and (8.7)

=ncc — =ncc|plane * Zn,ccOplane
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ref
_ -ref - ref - ref Rn f _ -ref - ref - ref
= lae +|_n,chpIane + I_n,cchIane Rn f ref Lave +|_n,chpIane + I(scl_n,cchIane ’ (88)

I

where kg is the scaling factor for the change in frequency and resistance. The right hand side of Fig.
8.8 shows the components of the strand vector used in this model.

Table 8.2 shows the measurement results for the first paralel path of the phase winding V. The
circulatory current loss factors k.. and scaling factors k. measured are given. The strand current
distributions were shown in the left hand column in Fig. 8.3. The phase winding was measured at
two temperatures at 450 Hz. In the “hot’ measurement, the average temperature of the winding was
100.5 °C. In other measurements the temperature was 23 — 26 °C. The effect of temperature on the

scaling factor can be seen when comparing the data of the two measurements at 450 Hz.

Table 8.3 shows the results of the estimation of k. with Eq. 8.8. It seems to give good
approximations for ke. It can be seen that for ke > 1, the model seems to overestimate ke.. For kg <
1, the model seems to underestimate k. in some cases. However, based on these results, it can be
said that the model for estimating the strand current distribution and k.. works quite well.

The left side of the graph in Fig. 8.9 shows how the strand current distribution is estimated up to
450 Hz, based on the data measured at 15 Hz. It shows how the estimated distribution is slimmer
and wider than the real distribution. The value of k. is overestimated by 10 %. Thisis arelatively
small error when considering the length of the extrapolation.

The right side of the graph in Fig. 8.9 shows how the strand current distribution is estimated down
to 15 Hz, based on data measured at 450 Hz. It shows how the estimated distribution is close to the
real distribution. The estimated value of k. isamost equal to the measured value.
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i VL e
| n|jptane, ~
n,cc H - -
| 1 -
av nO plan ~ i
S T ave
> - P
I, In
| |
eoc

Fig. 8.8  Vector diagrams for strand currents. On the left, initial approach from Egs. 8.2 and 8.3.
On the right, current component division according to the estimation model, Egs. 8.6
and 8.7.



Table8.2 Circulatory current loss coefficients k.. and scaling factors ke measured for phase V.
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Ksc
kc m fref
‘ 15 Hz 50Hz | 150Hz | 300 Hz 4520';'2' 450 Hz
. |15Hz 1.002 XXX 0.30 0.01 0.050 0.045 0.033
> |50Hz 1.015 331 XXX 0.33 0.17 0.15 0.11
o)
= |150Hz 1132 10.05 3.03 XXX 0.50 0.45 0.34
“g 300 Hz 1.485 20.06 6.05 2.00 XXX 0.90 0.67
"E 450 Hz, hot 1578 22.26 6.71 221 111 XXX 0.74
& 450 Hz 1.984 20.96 9.03 298 1.49 135 XXX

Table 8.3 Circulatory current loss coefficient ke estimated at different frequencies for phase V.

k. estimated / error-%
15Hz 50 Hz 150 Hz 300 Hz 450 Hz, hot 450 Hz
- |19Hz XXX 1.00/0 1.00/0 1.00/0 1.00/0 1.00/0
% 50 Hz 1.02/0 XXX 1.02/0 1.02/0 1.01/0 1.02/0
o)
% 150 Hz 1.13/0 1.13/0 XXX 1.12/-1 1.12/-1 111/-2
‘g 300 Hz 153/3 152/2 151/2 XXX 147/-1 144/-3
B |450Hz hot | 165/5 1.64/4 1.63/3 1.60/1 XXX 1.54 /-2
E 450 Hz 2.18/10 216/9 2.14/8 2.08/5 2.05/3 XXX
+ I Measured at 15 Hz P I MWeasured at 450 Hz
*++ o Measured at 450 Hz ":., o Measuredat 15Hz
'HE* o +. Estimated to 450 Hz & . +. Estimatedto 15Hz
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Fig.89  Estimated strand current distributions for parallel path 1 in phase V. On the left,

estimation based on the data measured at 15 Hz. On the right, estimation based on the

data measured at 450 Hz.
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8.4 Calculationsfor the motor with a copper coated rotor

In Chapter 7, the measured and calculated results for the high-speed motor with a copper coated
rotor were compared. The results of the comparison showed that the electromagnetic loss was
underestimated in the calculations. The error increased with increasing input current and input

power.

As no measurements for the circulatory current coefficients could be made at 835 Hz, the estimation
model presented in the previous section was used. The reference data for the estimation was the
strand current data at 450 Hz.

The stator winding losses cal culated were adjusted with the circulatory current loss factor k... Table
8.4 shows the values for the phases and the average value at full load. The average value was used
in the calculations. Different values for k.. were used at different load points because the resistance
and thus kg changes along with the temperature. The value of average k.. was between 1.69 — 1.83,

depending on the load.

Only the loss factor of fundamental frequency was calculated. Thus, the adjustment is less than if
the harmonic loss components were modified with their own factors. The model used to predict ke
seemed to overestimate it when kg, > 1. However, the length of extrapolation was small, kg = 1.4.

According to the test data in the previous section, the error could be 3 -5 %.

Cadculations were done with linear and quadratic approximations for the effective length of the
motor. These approximations were defined in Section 7.2. Fig. 8.10 shows that now the difference
between the measured and calculated loss is relatively small. At the input power of 50 kW, the
quadratic approximation underestimates the electromagnetic loss by 3 %. For the linear
approximation, the loss is 5 % lower than measured. The calculations overestimate the loss at no-
load. The quadratic approximation gives 11 % and the linear approximation 3 % higher loss than
measured. Comparing Figs. 7.8 and 8.10, it can be seen that the circulatory currents can explain
much of the difference between the calculated and measured electromagnetic loss. Especialy, the

difference’ s dependence on load or current is reduced.

Table8.4 Circulatory current loss coefficient k. estimated at 835 Hz and at full load.

Phase U PhaseV | Phasew | AAVerage ke for the stator
winding
450 Hz measured 1.340 1.527 1.246 1.371

835 Hz estimated 1.633 1.928 1.458 1.691
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Fig.8.10 Measured and calculated electromagnetic loss of the high-speed motor with a copper
coated rotor. In the calculations, stator winding loss is multiplied with circulatory

current loss factor Kec.

Knowledge of the detrimental effect of circulatory currents can be used to improve the design of a
stator and stator windings for high-speed machines. The unsymmetrical flux linkage of parallel
strands or parallel paths should be minimized. This could be done by changing the dimensions of a
stator slot so that the leakage flux through the slot is decreased. The windings should be wound so
that all strands and paths have balanced positioning inside the dots as a whole. Using a Litz-wire

could improve the winding or make the manufacture of a symmetrical strand distribution easier.

8.5 Effect of circulatory currentson harmonic loss

Circulatory currents influence the general frequency dependence of the electromagnetic loss. EQ.
2.5 in Section 2.4 showed that increasing the speed of a high-speed motor changes the balance
between different loss components. Like eddy-current loss, circulatory current loss is proportional
to the square of speed or frequency. Thus, a bigger share of the electromagnetic loss is frequency
dependent than had been previously thought.

This result may affect the selection of voltage supply waveforms. Because of the frequency
dependence of hysteresis, eddy current and circulatory current loss, the currents of a higher
harmonic order produce more loss than the same amount of lower order harmonics. This was
proven in the measurements for different supply voltage waveformsin Chapter 6.

The influence of circulatory currents on harmonic loss was studied based on the strand current
distributions measured at 450 Hz. The loss coefficient k.. was calculated separately for each

harmonic order. The measured impedance curve (Fig. 8.7) for the current loops was taken into
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account when calculating the scaling factor kg.. The average temperatures measured for the
windings in Chapter 6 were also taken into account. The estimation model presented in Section 8.3
(Eg. 8.8) was used to calculate the values for k..

The current spectra measured in Chapter 6 were modified by square root of k., thus yielding the
effective current spectra for the power loss. Results for PWM with 15 pulses per half cycle and
PAM are presented.

Fig. 8.11 shows the average value of kg for the three phase winding as a function of frequency. It is
seen that the model gives very high values for k.. It is clear that the extrapolation from 450 Hz is
inaccurate. It is reminded here that the frequency of the fundamental was already 835 Hz. The
coupling between the current distribution, circulatory emf e, and temperature distribution is not
present in the model. If the coupling was modeled, the k. curve in Fig. 8.11 might saturate at some
higher frequency. Thus, the result on the effect of the circulatory currentsis only qualitative.

Fig. 8.12 shows the current spectra measured at full load points. It shows that PAM has steadily
decreasing amplitude for the components. The PWM has low amplitudes for 5" and 7" order
harmonics but higher amplitudes at higher frequencies. The rms-values of the harmonic currents are
32.8 A for PAM and 20.6 A for the PWM, as measured in Chapter 6.

Fig. 8.13 shows the same spectra corrected with the square root of ke, yielding an effective current
spectra for power loss. It shows how the higher order currents for the PWM have a major effect on
total harmonic content. The rms-values of the effective harmonic currents are 175 A for PAM and
265 A for the PWM.

Using DC-resistance of the stator winding, the harmonic loss due to the circulatory currents is
calculated. The effective currents would give harmonic loss of 800 W for PAM and 1870 W for the
PWM. These loss values are much too high. The total harmonic loss measured in the motor was
only 700 W for PAM and 770 W for the PWM.

Even if the values for k.. and effective currents are too high at higher frequencies, the result shows
that the circulatory currents could be one thing to decrease the usefulness of PWM for high speed
induction machines. On the other hand, if the k.. - curve shown in Fig. 8.11 saturates at higher
frequencies, the situation might be different. The harmonic currents of 5" and 7" order could
increase more relative to higher harmonics. Thus, PWM might win the comparison after all. Thisis
an interesting issue and subject for further studies.
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8.6 Conclusion

Circulatory currents in the stator winding were suspected of causing some of the discrepancy
between electromagnetic loss measured and calculated. Stator winding of a high-speed motor was

prepared for the measurement of individual strand currents of the filamentary winding.

Circulatory current loss coefficients were measured at different frequencies up to 450 Hz with a
sinusoidal input current. The measurement proved circulatory currents flowing in the paralel
strands of the filamentary winding and causing significant power loss. At 450 Hz, the effective
circulatory current loss factor was 1.37. This means a 37 % increase in power loss in the stator

winding due to the circulatory currents.

A model to estimate the value of the loss coefficient at the frequency of 835 Hz was made. Thisis
the supply frequency used in the measurements in Chapter 5. The estimated value for the effective
circulatory current loss factor was used to scale the calculated values of the power loss in the stator
winding. This was done for the motor with a copper coated rotor. After this scaling, the calculated
electromagnetic loss agrees well with the measured one. Thus, taking the circulatory currents into
account improves the validity of the model in the design and optimization of high-speed machines.
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9 OPTIMIZATION OF SOLID STEEL ROTORS

In this work, numerical optimization was used to find suitable values for the design variables of a
squirrel cage solid steel rotor. Computational optimization of the rotor design was performed. The
16 bar and the 26 bar rotors compared in Chapter 5 were already designed and manufactured but the
existence of better designs was checked.

The rotor designs suitable for a high-speed induction machine were also studied in a more general
fashion. The goal was to find designs that were electromagnetically advantageous. Numerical
optimization was used to find these designs for the 60 kW 60000 i, high-speed motor. Different
topologies were given as initial designs and it was left to a genetic optimization algorithm to find

the optimal designs. The agorithm is presented in Appendix C.

The optimization process can be very time consuming if numerical modeling is used. The FEM
model used in this work belongs to that category. In the first section, an improvement for the
optimization algorithms is suggested in order to reduce the computation times. The optimization
cases and the results are presented later in this chapter.

9.1 Optimization of electric motors modeled with FEM

A genetic optimization algorithm (GA) was used to find solutions to the cases mentioned above.
GAs have been studied and used for designing electric machines, such as in Palko (1996), Bianchi
and Bolognani (1998) and Lampola (2000). Lahteenmaki (1997) used a GA with a model for high-
speed electric motors. The model includes FEM for electromechanical calculations and/or thermal

network software for the calculation of temperature rise and cooling and friction loss.

The numerical optimization process of an electric machine — or any device or problem — can be
divided into three discrete items. an optimization algorithm, a numerical model for the optimization
case and an objective function. The results of the optimization are subject to verification, which
often means the building and testing of a prototype. This division of the optimization process is
illustrated in Fig. 9.1.
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Optimization (of electromechanical devices)
- A design process for meeting the expectations of the decision maker -

Goals, preferences Predictions Solving tools . Reality
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Design process:

1. Setting goals
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3. Finding a solution

4. Realisation of a product

Fig. 9.1  Division of the optimization processinto different tasks.

Heavy models are considered to be numerical models which take a considerable amount of time and
efficient computers to solve. These models are not very informative as far as the needs of
deterministic optimization algorithms are considered. They miss the analytical presentation and first
and second order derivatives of the objective function are often used by the optimization
algorithms. Finite differences can be used instead of derivatives, but that may lead to case specific
tuning of algorithm specific parameters. Using a stochastic algorithm like GA is justified for the

following reasons:

e The GA does not need the derivatives of an objective function. If the model includes a
numerical computation such asin FEM, the objective function cannot be described explicitly as
a function of the design variables. Hence, the derivatives of the function can only be estimated
using finite differences. This is not good because the numerical model can include noise and
the calculation of the finite differences means the calculation of many designs. Since the
calculation of each design can take several minutes or tens of minutes, this should be avoided.

»  The objective function describing the goodness of a design may have severa local optima. As
the algorithms based on a calculation of gradients or a Hessian matrix often converge to a local

minimum, the global solution may not be found. The GA searches for the solution from the
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whole solution space determined by the limits for the variables and other constraints. Thus, it is

more likely that the global optimum is found.

* When designing new kinds of motors like high-speed motors, the optimal designs may be quite
different from the conventional designs. The GA is not sensitive to the initia point of the
design, which is often the case with the deterministic algorithms. The GA is more like an
intelligent stochastic algorithm, combining the ‘freedom of prejudice’ of a stochastic algorithm
with the ability of an deterministic agorithm to ‘ concentrate on the relevant designs'.

The downside of using a stochastic algorithm is that it takes a large number of function evaluations
to get the result. Using a heavy model like FEM means that each function eval uation takes severa
or several tens of minutes to calculate. In order to decrease the optimization times and make more
use of the time spent, a practical improvement not found in the literature review is suggested. This
improvement is applicable to any algorithm but it is most efficient when used with a stochastic

optimization algorithm running a heavy model.

9.1.1 Combination of discrete search space and solution history

Solving heavy models like FEM can take most of the time used in optimization. In this work, the
FEM model discussed in previous sections and Appendix A uses roughly 95 % of the computation
time. Hence, the lower number of designs calculated the better. Unfortunately, this is contradictory

to the nature of the stochastic optimization algorithms.

The idea of the discretization of the search space is to avoid evaluation of designs that are
practicaly the same. For example, an induction motor with an air gap of 2.0 mm is no different
from amotor with an air gap of 2.001 mm. The discretization should be selected so that the smallest
difference between two designs is noticeable and realizable. In the above example, the machine
produced would probably have the air gap somewhere near 2.0 £ 0.05 mm. Higher tolerances would

be possible but not necessarily cost-effective.

For optimization algorithms using heavy models, the discretization is not a problem since the
gradient and Hessian information of the objective function is unavailable anyway. Finite difference
approximations could still be used. A proper discretization could actually improve the use of finite
differences because of noise inherent in the models. However, the relation between discretization or
relative perturbations and the accuracy of finite differences is a complicated issue (Palko 1996) and

avoided by using stochastic algorithms.
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Another way to decrease the number of function evaluations is to make sure that the same design is
not evaluated more than once. The stochastic agorithms have no deterministic path to follow and
the probability of calculating the same point several times in a discretized solution space exists.
This phenomenon can be significant when using algorithms that concentrate their search on a
portion of the solution space only. For example, the smulated annealing algorithm and GA used in

this work does so to some extent.

In order to avoid repeated evaluation of the same design, a search or solution history can be used.
The history data includes the free variables and the corresponding objective function value, but it
can also include more information on the designs calculated. Every design evaluated is stored in the
memory or in afile. The new designs to be evaluated are compared with the designs in the history
data. If the design is already evaluated, the value of the objective function is returned and the time
consuming calculation with a heavy model is avoided. Even with alarge history data, the time spent
in the comparison of designs is a fraction of the time used in heavy modeling. Fig. 9.2 shows the

flow chart of the optimization process with a solution history.

To demonstrate the effect of using discretization and solution history, optimization run data for the
rotor topologies are presented in Table 9.1. The actual results of the optimizations are presented in
Section 9.3. The results in the table show that the optimization time is reduced by 29 — 47 %,
depending on the individual run. Summing up all the evaluated and calculated designs respectively,

Initial design:

discretization

Solution history:

comparison
Evaluation:
Yes
(FEM) model
Solution history: No GA:

storing data ew discrete designs

Fig. 9.2  Flow chart of optimization with discretization and solution history.
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the average time saving is 39 %. The calculated designs cover the solution space more efficiently
because the designs have noticeable differences between them. Thus, not only is time saved but the

results contain more information for post-processing.

The time used in optimization relative to the amount of designs calculated is different from case to
case. One reason for thisis that different cases have different meshes and mesh sizes to start with.
The size of the mesh also depends on the values of free variables in some cases. Another reason is
that in some cases the solution space of the free variables was not subjected to non-linear
constraints. These constrains would have neglected the possibility of impossible combinations for
values of the variables. Only linear constraints could be used with the present GA software. An
improper value combination is detected by the FEM mesh generator and a penalty function value is
returned for that design. Thus the design is considered evaluated but no time is consumed since no

actual FEM calculations are made.

Another use for the solution history is the opportunity to include more information on the calcul ated
designs. In the case of an induction motor, different loss components, power factor, supply voltage
and current, dlip, torque and temperature rise data could be stored. Then, the solution history can be
used for post-processing of the optimization results. Different objective functions can be vaued
simply by taking the data needed for the evaluation from the history data. Thus, the stored data can
be used not only for a sensitivity analysis as a function of designs, but also as a function of the
objective function, or indeed both. In addition, statistical analysis can be used to find relationships
between designs and their characteristics in much the same way as with measured product data
(Kytoméaki et al. 1997). The solution history can be used as a database for ‘surface fitting' where
the behavior of the solved points is approximated by functions that are faster to solve. An example

Table9.1 Effect of discretization and use of solution space to decrease the computation. The rotor

topologies areillustrated in Figs. 9.7 —9.13.

Optimization case | Freevariables| Generations elaigtlg cgilga?; O%tllr?::[?]t]' on| Ti m[% Z]aved
Coated 2 8 323 181 46 44
Cage A 6 14 593 412 101 31
CageB 8 44 1970 1049 153 47
CageC 7 33 1488 928 203 38
Double coated 3 11 474 334 119 30
Coating, laminated 2 8 315 173 34 45
Grooved 4 13 550 389 175 29
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of this is the use of linear and cubic spline functions as a replacement for a FEM model as
illustrated in Bianchi and Bolognani (1999). One potential use for the solution data would be the

teaching of a neural network system.

This combined use of discretization and solution history is applicable to any algorithm but it is most
efficient when used with stochastic optimization algorithms like GA, fuzzy logic (Bianchi and
Bolognani, 1996) or smulated annealing. There, the reduction of calculation time is likely to be
most significant. The use of solution history in surface fitting is aso utilized best with stochastic
algorithms, since the fitting requires large amounts of data in order to give a good estimation of the
real behavior of the objective function.

9.2 Optimization of a squirrel cagerotor of the 60 kW 60000 /i, motor

A numerical optimization of the rotor design was performed for asquirrel cage solid steel rotor. The
16 bar and the 26 bar rotors compared in Chapter 5 were already designed and manufactured but the
existence of better designs was checked. For the squirrel cage rotors seen in Fig. 9.3, the main
variables are the number of cage bars and the width and height of abar. The air gap was also taken
as a free variable. The dimensions of stator and stator winding were kept constant. The objective
was to minimize the temperature rise in the stator winding as this was considered the limiting factor
for the utilization of the motor. The objective function for the temperature rise AT was of the

following form:

AT = as (Wcus pcus + Wf% pf% + Wrot prot - 1) + S’ (91)

where as is a scaling factor and peus, Pres @Nd prot are the normalized power loss for the stator
winding, stator iron and rotor, respectively. Weus, Wres and Wy are the corresponding weights. The
normalization is done so that the losses of the initial 16 bar design yield zero as a value for the
function. S is the penalty function term. The scaling factor and weights for the loss components
were derived from the results of a sensitivity analysis for a therma network model made by Saari
(1995). The power loss components were calculated with the finite element model discussed in
Chapter 7.

The rotor design was optimized and the comparison was made at the nomina power of 60 kW at the
rated speed of 60000 Y/ although speeds only up to 50000 %/, could be tested, as discussed in
Chapter 5. Designs were supplied with PAM. The model for the motor included stator end windings
and rotor end rings.
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Fig. 9.3  Cross sections of the 16, 26 and 22 bar squirrel cage rotors. The 22 bar rotor on the
right is the result of optimization, giving alowest temperature rise of the stator

winding.

The main constraint for the feasible design was the mechanical constraint limiting the height of the
slot relative to the width of the solid iron tooth. This constraint was given by the manufacturer of
the rotors. The constraint was not originally linear but for optimization purposes it was linearized,
as can be seen from Fig. 9.4. There the constraint divides the search space into a feasible and a
restricted domain. A penalty function was used to keep the designs in the feasible area. Because
external penalty functions were used, the solutions of the optimization tend to be rather on the
restricted side. This phenomenon indicates that the mechanical constraint due to the centrifugal

forces and stress really prohibits otherwise optimal solutions.

9.2.1 Optimization results

Table 9.2 shows the result of the optimization compared with the actual rotors tested in Chapter 5.
The value of the objective function is shown in the last row of the table. The values were scaled so
that the initial 16 bar design received a zero value. A positive value meant a hotter stator winding
and a negative value for a cooler winding. The geometries of the squirrel cage rotors are shown in

Fig. 9.3 and the progress of the optimization run isillustrated in Fig. 9.4.

The result shows that a compromise has been made between the number of bars and the amount of
copper. Large numbers of small bars induces less loss at the stator teeth because the permeance
fluctuation is smaller. On the other hand, increasing the number of bars decreases the amount of
copper because of the mechanical constraint. Fig. 9.5 shows that the bar height relative to the bar
width is maximized as long as there is a balance between that ratio and the amount of copper.

The importance of an adequate amount of copper was seen in Chapter 5. There the 26 bar rotor

performed poorly because of the mistake in the manufacture. Asis seen from Table 9.2, the amount
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Table9.2 Design variables and calculated data for the 60000 Y/ 60 KW high-speed motor.

Design variables and calculation results Iln?tlba?rdrgtgn 26 bar rotor Op;[iortr:)irzed cogtzgrfnrtor
Number of bars 16 26 22 -
Height of bar or coating [mm] 4 25 55 2
Width of bar [mm)] 9 5 35
Amount of copper [mm?], designed/realized 565/459 322/225 424/- 553/511
Air gap, iron-to-iron [mm] 2 2 2.25 45
Calculated total electric loss at 60 kW shaft power [W] 3479 2992 2641 2516
Calculated share of lossin the stator [%0] 66 53 57 58
Calculated resistive loss in the stator winding [W] 528 524 513 727
Calculated relative temperature rise of stator winding [K] - -4.9 -8.1 7.0

of copper was only 70 % of the specified amount. According to the calculations, the 26 bar rotor
would have been better than the 16 bar rotor if manufactured according to the specifications.

Different loss components are shown in Table 9.2 and Fig. 9.6. It is interesting to see that while the
total electric loss for the copper coated rotor was the smallest, the temperature rise of the stator
winding is the highest. The reason for this is the resistive loss in the stator winding, which was
highest for the coated rotor. This result gives the example that a best utilization factor and a best

efficiency do not necessarily go hand in hand.

9.2.2 Discussion

The above optimization case results suggested a squirrel cage design which is slightly different than
the manufactured and tested designs. The result is reasonable and there are no obvious faults in the
optimized design. However, the reliability and the accuracy of the models affect the result.

As is shown in Section 5.3, the calculation of electric loss did not match the measured results too
well if the circulatory currents were not modeled. Modeling circulatory currents causing extra loss
in the stator winding would affect the result of optimization. A smaller air gap would be preferred in

order to decrease the magnetization current.

Ancther difficulty is the formulation of the objective function. If the weights in Eq. 9.1 are
incorrect, the result of the optimization will also be incorrect. For the circulatory currents, the power
loss for the stator winding peus should be increased. The difficult question is by how much?
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9.3 Optimization of general topology of arotor

In this part of study the general topology of a rotor was looked at. This kind of work suits well for
the numerical optimization since absolute values are not of key interest. The main idea is to get a
general view of the possible solutions and their relative strengths and weaknesses. The copper
coated design was also calculated with a laminated core to see if there were any difference in
performance. In addition, a plain solid steel rotor with axial grooves was optimized to see the effect
of missing good conductivity regionsin the rotor design. The seven design cases were as follows.

» Coated design in Fig. 9.7, a solid steel rotor with a cylindrical copper coating on it. The two

free variables are the outer diameter of the rotor and the thickness of the copper coating.

e Cage A design in Fig. 9.8, a solid steel rotor with a copper cage of circular bars. The six free
variables are the outer diameter of the rotor, number of bars, diameter of bar, distance of bar
from rotor surface and the width of the rotor slot opening. The last variable was the index for

the dot filling material, representing air, copper or iron.

 CageB designin Fig. 9.9, asolid stedl rotor with a copper cage of quadrilateral bars. The eight
free variables are the outer diameter of the rotor, number of bars, upper and lower width of bar,
height of bar, height of the rotor tooth tip and the width of the rotor slot opening. The last
variable was the index for the slot filling material, representing air, copper or iron.

e« CageCdesigninFig. 9.10, asolid steel rotor with a copper cage of polygon bars together with
a copper coating. The polygon bar consists of a quadrilateral in the bottom part of the slot and
another quadrilateral extending from the top of it. The seven free variables are the outer
diameter of the rotor, number of bars, heights and widths of the quadrilaterals, and the

thickness of the copper coating.

* Double coated design in Fig. 9.11, a solid steel rotor with a cylindrical copper coating on it and
a ferrite coating on top of the copper coating. The three free variables are the outer diameter of
the rotor and the thickness of the copper and ferrite coating. The electromagnetic properties of
Somaloy 500 powder material were used in the modeling.

» Coated, laminated design in Fig. 9.12, alaminated rotor with a cylindrical copper coating on it.
The two free variables are the outer diameter of the rotor and the thickness of the coating.

Electromagnetic properties of 0.2 mm high frequency steel sheet were used in the modeling.

 Grooved design in Fig. 9.13, a solid steel rotor with axial grooves at the surface and without
any bars or layers. The four free variables are the outer diameter of the rotor, number of

grooves and the height and width of the groove.
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The different rotor topologies were modeled with their own parameterized element meshes. First
order elements were used in the optimization, since modeling with second order elements would
have been too time consuming. The calculation times are shown in Table 9.1 in Section 9.1. The
resulting designs were calculated afterwards with second order elements to see the possible

differencesin the results.

This study concentrated only on the rotor design. Thus, the stator core and stator winding were kept
constant. No mechanical or manufacturing constraints were enforced. Friction loss was not taken
into account. Rotors not having a smooth surface generate more friction loss but they could be
coated with a cylindrical sleeve. No thermal modeling was used in this study.

The objective function was simply the total electromagnetic loss of the motor. The motors were
modeled at the same operational point yielding the same shaft power. Shaft power of 50.1 kW at
50100 */min Was selected, as this was the nomina operation point for the tests performed and

reported in Chapters 5 and 6. Nominal magnetization was used in the calculations.

The supply of the motors was modeled as a voltage supply giving one ideal voltage pulse per half a
cycle. This corresponds to the output of a PAM voltage source inverter. Constant amplitude for the
pulse was assumed, i.e., a constant DC-link voltage in an inverter and no voltage drops in power
electronic circuits. The rise time of the pulse was considered zero but from the modeling point of
view it was determined by the time discretization of the time-stepping method in FEM.

The rotors were modeled without endrings in order to keep the parameterization of the rotors
simple. However, the stator was modeled together with the circuit equations for the end winding
impedance. This means that the relative importance of stator winding loss was increased with
respect to the rotor loss. The results will show that compared to a pure 2D calculation, the stator
winding loss is overestimated by a factor of 2.6 — 3.1 as seen in Table 9.3. This more than
compensates the effect of circulatory currents in a stator winding discussed in Chapter 8. If the end
rings were modeled, the corresponding factor would be smaller for the rotor loss because of the
smaller diameter relative to the 2D length of the motor.

9.3.1 Optimization results

The quarter cross sections of the initial and optimized motors are presented in Figs. 9.7. — 9.13. An
example of post-processed results of the FEM model for the coated motor are shown in Appendix
A. The results of the numerical optimization are presented in Table 9.3. The objective function
value, i.e, the total electromagnetic loss, is given together with stator current, power factor, air gap

flux and rotor dip. The different loss components are also given. The results of the optimized
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designs calculated with second order finite elements are shown in the same Table. The real copper
coated design measured and studied in Chapters 5 and 6 is calculated for the reference. In the

following, the results are commented on case by case.

* Coated: The optimized design had a 26 % longer iron-to-iron air gap than the real copper
coated design. Magnetization loss was increased but rotor loss was decreased more. The
amount of copper remained the same. This case shows well how a trade-off has to be made
between the loss in the stator winding and the harmonic loss induced in the copper coating.

By changing the air gap, the loss balance between the stator and rotor can be changed.
Considering this and the cooling system used at the same time, the utilization factor of the
motor can be improved. However, this does not necessarily guarantee the best efficiency. The
relation between utilization and efficiency was also discussed in Section 9.2.1. It is worth
mentioning that this optimization result could be applied, as the mechanical properties are not

different from the real copper coated rotor.

» Cage A: This design was qualified as a second best after Cage B. The iron-to-iron air gap was
the smallest, being only 67 % of the air gap in the real copper coated design. This indicates that
the copper bars were well protected from the air gap harmonics. The resulting design had open

dlots. The magnetization current and stator winding loss are the lowest.

The optimal design would probably be difficult to implement, as the width of the rotor teeth is
small. In this case particularly, a sensitivity analysis could give a good trade-off between the
electromagnetic and mechanical characteristics.

» Cage B: This design proved to be the best according to the objective function and the model
used. The design had the largest amount of copper in the rotor, over twice as much as in the
Cage A design. Theinitial design had the bars reaching the surface of the dot but in the optimal
design there are small rotor iron tooth tips and open slots. The optimal design would also

probably be difficult to implement here, as the width of the rotor teeth is small.

The main reason for the successful cages A and B is probably the more or less conventional
placement of the copper bars. The only difference is perhaps the ratio of the amounts of core
iron and copper. High-speed induction motor designs studied in this project are more
electrically than magnetically loaded. That is, the average current linkage along the air gap is
high relative to the air gap flux density (Chalmers and Williamson 1991).

» Cage C: This case tried to take the best elements of the copper cage and combine them with a
coating. The result implies that the copper coating should not be used if discrete caging is
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possible. The coating practically vanished and was replaced by bars very similar to the bars
optimized in Section 9.2. This topology seems not to be useful as the result can be considered

as a constrained optimization sub case for the Cage B design.

The amount of copper and rotor loss was about the same as for Cage B but the stator winding
loss was higher. The iron-to-iron air gap was 20 % larger, probably in order to level the

harmonic loss in the rotor coating and bar tops.

* Double coated: The idea was to shield the copper coating from the harmonic flux components
in the air gap. The topmost iron powder coating has relatively good permeability. It produces a
relatively low amount of iron loss due to high resistivity. The main flux travels through both

coatings while most of the flux harmonics are confined within the topmost iron coating.

The optimized design had a 9 % shorter iron-to-iron air gap than the real copper coated design
and a 27 % shorter one than the optimized copper coated design. Compared to the real design,
stator loss was the same but rotor loss was down 29 % according to the calculations with

second order elements.

» Coated, laminated: The optimization result was practically the same as in the case for a solid
rotor. The air gap was the same and the copper coating was 5 % higher. There was a dlight
improvement in magnetization properties as the magnetization reactance of the rotor iron
increased.

The results imply that the use of a solid rotor instead of a laminated rotor is not necessarily a
significant problem. If this type of low slip and long air gap induction motor is constructed, the
relative importance of skin effect in solid stedl is not significant. It is good to keep thisin mind
when considering the mechanical properties of the rotor, whether they are circumferential

forces or critical speeds, or a sub/overcritical operation.

* Grooved: The grooved solid steel rotor without any cage or coating suffered from high
resistivity for the torque-producing currents. The slip and the rotor loss were high. Constraints
for the maximum number and height of grooves became active for the optimal design.
Removing these constraints would have improved the outcome somewhat. The radia grooving
in addition to the axial grooving would also improve the design. However, the basic difference

in the result with respect to the other designs would remain.

The biggest difference in the calculation results for 1% or 2™ order elements seem to be in the cases
where the design is more influenced by the skin effect and harmonics. The percentua differenceis

the biggest for the real copper coated rotor design. The second order elements model the skin effect
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regions better and this leads to lower power loss values in these cases. It isinteresting to see that for

the double coated design the result is practically the same for both orders of elements.

Use of discretization and solution history in optimization makes sensitivity analysis rather
straightforward. Sensitivity to the change in a design or in the objective function can be made
quickly without using the actual model for the high-speed motor. It is emphasized that while some
of the rotors optimized may look difficult to implement, the sensitivity analysis may show that a
good trade-off exists between the optimality of a rotor and the feasibility. For example, the
optimized cage A rotor looks asiif it is not able to withstand high circumferential stress. However, a
smaller number of slightly thicker bars keeps the amount of total loss practically the same while the

feasibility of the mechanical construction is significantly improved.

Results of comparisons can be informative even if the model used to calculate the designs or the
objective function are not exactly correct. Errors that are of the offset or scaling type do not
necessarily affect the comparison results. An example of this could be the miscalculation of stator
core loss. In the optimization cases, the stator construction was constant and the flux densities in the

iron were almost the same in every case.

On the other hand, the existence of some errors may have a magjor impact on the results of a
comparison. An example of this could be the underestimation of ohmic loss in the stator winding
due to the circulatory currents. Thus, designs needing a higher magnetization current are not
penalized enough and are considered better designs than they really are. The fact that the stator
design was kept constant in this study should also be kept in mind. For example, changing the stator
teeth dimensions affects the harmonic content of the air gap flux. Designs that are especialy
sensitive to the air gap harmonics could perform better with respect to other designs if the stator

construction was optimized at the same time.

9.3.2 Conclusion

In Chapter 5 and in the optimization case for the squirrel cage solid steel rotor, the amount of
copper available for a design was discussed as being an important issue. The results of this
optimization study show that in general the question is about the positioning of the conductors for
the currents producing the torque. Copper should be shielded from the harmonics of the air gap flux

to gain the full benefit of the conductive material.

Laminating the rotor may not improve the electromagnetic design of the rotor significantly. Thus,

solid steel rotors may well be used if the positioning and sizing of the conductors are not changed.
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10 SUMMARY

The motivation and aim of this work was to find good designs for high-speed induction machines.
Specia attention was paid to rotors suitable for these machines. Another goal was to find supply
voltage waveforms appropriate for a high-speed induction machine with a solid rotor. In order to

design good high-speed machines, modeling was modified and verified.

A study of literature showed that a high-speed induction motor design is different from a
conventional design. The lamination and winding materials must be suited to a high frequency
voltage, current and flux. The waveform of the magnetic air gap flux should be made as sinusoidal
as possible in order to avoid excessive power |oss at the rotor side. Thisis especially important with
solid stedl rotors. Different ways to obtain the flux with alow harmonic content are suggested in the

literature review.

Mechanical and thermal constraints affect the feasible design of a high-speed rotor. These
constraints indicate that a higher power relative to speed can be achieved with a solid steel rotor
rather than with alaminated rotor. Solid rotors can stand a higher centrifugal stress and the bending
critical speeds are higher than those of a laminated rotor. On the other hand, the electromagnetic
properties of alaminated rotor are better. This contradiction was studied by testing alaminated rotor
modified for a high-speed motor and a solid steel rotor with a squirrel cage.

The laminated rotor was tested for a 65 kW 30600 Y/ compressor drive. Two squirrel cage solid
steel rotors were tested for a 60 kW 60000 /i high-speed motor. In both the cases, the rotors were
compared against a commercially used copper coated solid steel rotor. In the case of the 65 kW
drive, the actual compressor was used for loading the motor. For the 60 kW motor, two similar
motors were coupled together, one working as a motor and the other as a generator. This back-to-
back setup provided more information and made a division of power loss into loss components
possible. In this setup, the temperature of the rotor surface could also be measured using an infrared

camera.

Pulse amplitude modulation and pulse width modulation are commonly used techniques in
adjusting the supply voltage of electric machines. Pulse width modulation needs a high switching
frequency relative to the supply frequency in order to produce feasible voltage waveforms. The
results of the measurements showed that the idea of moving the harmonic content of voltage and

current upwards in spectral scale by increasing the switching frequency does not apply well for the
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high-speed induction machine. According to the results, the currents of a higher harmonic order
produce more loss than the same amount of lower order harmonics. This result, together with the
consideration of inverter and drive loss, implies that pulse amplitude modulation should be

preferred as a voltage waveform for high-speed induction machines.

The modeling of the high-speed induction motor was studied. For the motors considered, the 3D
effects made the 2D modeling of the electromagnetic properties difficult. Two modifications to the
current modeling software were made. In the first modification, the end ring inductance was
calculated with a separate 2D FEM model. In the other modification, the flux fringing in the air gap
region was also modeled with a separate 2D FEM model. The modified software was used to

calculate the characteristics of the high-speed induction motors.

The comparison of the measurements and calculations showed that the calculated electromagnetic
loss was not accurate. Circulatory currents in the stator winding were suspected of causing some of
the discrepancy in the results. Additiona measurements showed circulatory currents flowing in the
paralel paths of a stator winding of the high-speed motor. Circulatory current loss coefficients were
measured at different frequencies. An estimation model was used to estimate the value of the loss
coefficient at the frequencies which could not be measured. Taking the circulatory currents into
account, the model used in calculations provides results close to the measured ones. Thus, the
model can be used for the designing and optimization of high-speed machines.

In thiswork, the numerical optimization has been used to highlight and value new designs for rotors
in a high-speed induction machine. The use of design variable discretization together with solution
history were proposed as a new improvement for the optimization algorithms used with numerical
modeling. This improvement can significantly decrease the computation time and makes more

informative post processing of the results possible.

Genetic optimization software was used to derive the optima parameters for a squirrel cage solid
steel rotor. The results indicated that the actual squirrel cage rotors manufactured and tested could
be improved using a different kind of cage. A genera topology suitable for a high-speed induction

machine was also studied by using optimization.

The measurements for the 30600 /i, compressor drive and 60000 Y/ high-speed motor and the
results of the optimization cases show that both the positioning and the volume of conductorsin the
rotor are important. The choice between a laminated and a solid rotor core material seems less
significant for a high-speed induction machine if it does not affect the positioning of the conductors.

Thisis so if only the electromagnetic properties of rotors are considered.
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A. CALCULATION OF ELECTROMECHANIC CHARACTERISTICS

The calculation of electromagnetic characteristics, including the el ectromagnetic torque, is based on

the finite element method, FEM. Only the basic idea and the equations for losses are presented here.

The electromagnetic model is based on Maxwell’s equations. Even in high-speed machines, the
frequencies of the electromagnetic quantities are low enough to use the quasi-static formulation.
There, the displacement current term /5 is omitted from the equations. In the quasi-static case, the

magnetic vector potential A is

Ox(v,0xA)=J, (A1)

where v; isreluctivity of amaterial and J is a current density. The current density can be expressed
using the magnetic vector potential and scalar potential gof an electric field:
0A
J =-ya—-yD¢, (A2)
t
where yis electric conductivity. In a 2D case, A and J only have components normal to the 2D-
plane, which is selected to be the cross-section of the motor. Eq. A2 can be substituted in A1,

assuming that the electric potential difference u between the ends of the conductor is known. The

substitution yields

DX(erXA)+y%—'?:Iiuez, (A3)

where | is the length of a conductor. Integrating the current density in Eq. A2 over the cross section
of the conductor, arelation between the u and the current i of the conductor becomes:

u=Ri +Rjya—AmS, (A4)
4ot

where R is a DC-resistance. The end winding impedance of the stator windings and the supply

voltage are taken into account using Kirchoff laws for electric circuits together with Eq. A4.

The end ring of the squirrel cage is modeled with circuit equations. The resistance is calculated
from the conductivity and the dimensions of the end ring. The end ring inductance is modeled with

a separate 2D FEM model. For the solid iron, there is no end ring impedance modeled. Thus, the
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currentsin the solid iron flow more freely as they would in the real case. The total impedance of the
rotor is underestimated and the torque produced by these currents is dightly overestimated as a
function of a dip. In the case of a coated rotor, the coating is divided into bars and the end ring

sections.

The third dimension, the length of the machine is defined by the effective motor length |+, which
takes into account the axial flux fringing at the air gap region. The flux fringing and the
determination of the effective length is modeled with a separate 2D FEM model. An

electromagnetic torque is calculated using Maxwell’s stress tensor, integrating the tensor over the
ar gap region Sy.

T = e rB,B,dS, (A5)
luO(rs - rr)

where 1y is the permeability of vacuum and rs and r, are outer and inner radii of air gap,

respectively. B, and By areradial and tangential components of magnetic flux density, respectively.

The computation is done using either a time-harmonic formulation or a time discretization. The
solution of the equations yields the magnetic vector potential, the currents for the stator windings

and the voltages for the rotor bars.

In time-harmonic formulation, the rotation of the rotor is approximated by multiplying the
conductivities of the rotor conductors with the value of the dlip. The non-linearity of iron is taken
into account by using effective reluctivity.

In the time stepping formulation, the time is discretized into time steps using the Crank-Nicholson
method. At each time step, the rotor is rotated by an appropriate angle corresponding to its
rotational speed. Non-linearity of the magnetic materials is taken into account and the system of the
non-linear equations is solved with the Newton-Raphson iteration method. With the time-stepping
method, any supply waveforms can be modeled. This is a basic requirement in order to model the

inverter fed machines.

The time stepping method has been used in the study to obtain the results for the calculations.
However, the harmonic analysis is needed to give an initial starting point for the time-stepping
method. Theinitial point given by the harmonic analysisisimproved by computing a DC field from
the instantaneous values of the currents solved. Thus, the initia starting point includes the

i nstantaneous currents from the time harmonic solution and the DC-field based on those currents.
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Instantaneous power components are cal culated using the following equations:

P, =) ui’ (A6)
1=1
PL =Y Ri(ii)’ (A7)
1=1
P =—f32av (AB)
ot

Pin isinput power of amachine. P%s is resistive loss of a stator winding and P’ is resistive loss in
therotor. Ry isthe DC-resistance of one phase winding. Resistive loss in the rotor is calculated both
in current carrying copper (bars or coating) and in the solid part of the rotor. The effective values
for loss components are calculated from the instantaneous values, integrating over time of some

periods of asupply frequency.

Eddy-current loss for the elements in a laminated iron Psee and hysteresis loss for the elements in
iron Psey are calculated using the Fourier coefficients of the flux density B, solved from the vector
potential A during the time-stepping. Ce and Cy are loss coefficients fitted from the materia data.
These losses do not affect the solution of the magnetic field. In case of a solid steel rotor, Eq. A8 is
used instead of Eq. A10.

P = - JQ;CE(nw)Z B? Edv (A9)

P = - Jﬁzc (he)B? Edv (A10)

In order to estimate the eddy-current loss in the stator windings the following equation was used. It
was approximated that the eddy-currents in the small diameter conductors did not affect the
magnetic field:

pav :—I(Cz”yrsz)dV, (A11)

\%
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where the C™t is the loss coefficient taking into account the slot filling factor and the shape of the

conductor. yisthe conductivity and r isthe radius of the conductor.

As an example, Fig. A1 shows a picture of a high-speed induction motor having a copper coated
solid steel rotor with the calculated magnetic field solution. It shows how the copper coating is
divided into bars in order to model it with the endrings. Fig. A2 shows the output file of post-
processed data of the same motor in atime domain. It can be seen that the motor was fed with one
voltage pulse per half acycle.

MACHIME TYPE PI_SGR OFTIM CIMTD

VOLTAGE = 3340 ¥ CURREMT = 163.4 A FOWER FACTOR = 0.5238
5LIF = 0.0056 TORGUE = 2.72+10% Nm CONMECTION: STaR

ZB30 QUADRATICTRIAMCULAR ELEMENTS, 7923 NODES

FLUX BETWEEN CURVES 1.23%i0~F Wb,/m TME 3.5 ms

Fig. A1  Caculated field and the design of a high-speed induction motor with a copper coated
rotor.
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B. CALCULATION OF THERMAL CHARACTERISTICS

The thermal calculations model uses equivalent thermal circuits to calculate temperature rises in

different parts of electric machines. Here, only a short review of the model is given.

There is an analogy between thermal and electric circuits. A heat flow corresponds to an electric
current and a temperature corresponds to a voltage. A heat flow resistance corresponding to an

electric resistance is defined by the dimensions and the heat transfer properties of the flow path.

The moddl is used to calculate only static cases. Thus, the thermal circuits have only resistive
components. In forced cooled high-speed motors, the convection dominates the radiation as a heat

transfer mechanism.

The equivalent thermal circuit is solved using a node point formulation. The electromagnetic loss
components are calculated by the 2D-FEM software. The friction and cooling losses are cal cul ated
by the thermal calculation software. The temperature rise vector T is solved from the following

equation:

GT =(Gg, +G,)T =P, (B1)

where P is the power loss vector and G is the thermal conductance matrix including the
conductance matrix Gg, for the mechanical structure and the conductance matrix G, for the cooling

flows.

Fig. B1 shows the geometry of a high-speed induction motor with a copper coated solid stegl rotor.
The geometry is parameterized and this parameterization can be utilized with the modeling and
optimization software used in this study. The equivalent thermal network corresponding to the
geometry can be seen in Fig. B2. The formulas and values for the parameters in Fig. B2 can be
found in Saari (1998).

Reference

Saari J. 1998. Thermal Analysis of High-Speed Induction Machines. Acta Polytechnica Scandinavica, Electrical
Engineering Series No. 90. Helsinki, Finland. 73 p.
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C. GENETIC ALGORITHM

Theideain genetic optimization is to imitate the evolution of nature. A whole population of designs
is studied instead of a single one. Each design has a design vector consisting of the values of the
design variables. This vector x can be viewed as a chromosome where a single design variable

corresponds to one gene

X = [Xeyee Xl (C1)
where x; isavalue of i:th design variable and n is the number of variables.

Genetic operators imitate the phenomena in nature which change the genes of the designs. These
operators can be divided into mutation and crossover operators. Mutation operators change the
value of one or more genes in a chromosome. Crossover operators imitate breeding where two
designs give birth to new designs. In this case, the genes of the new designs are a mix or a
combination of the parents’ genes. New design vectors replace some of the old ones and thus we
have a new generation of the population. Selection routines that select the parents for breeding and
the individuals to perish imitate the selective laws of evolution in nature. Strong individuals are

more likely to produce offspring and weak individuals are more likely to die.
The GA program used in this study has the following a gorithm:

1. Initialize apopulation of designs

2. Evauate each design in a population

3. Select designs for breeding and designs to die

4. Apply genetic operatorsto create new designs

5. Replace the dying designs with the new designs

6. Evaluate the new designsin apopulation

7. To continue the optimization, return to step 3. Otherwise return the solution.
The program can handle the following types of linear constraints.

Domain constraints| < x < u, (C2

wherel =[l4,...,I)] and u =[uy,...,un).
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Linear equalities Ax =D, (C3)

where A=(g;), b=[by,....og], 1 <i < g, 1L<j <nand qisthe number of equalities.

Linear inequalities Cx < d, (C9)
where C=(G;j), d=[d,...,dn], 1 <1 <m, 1 <j <nand misthe number of inequalities.

Domain constraints are necessary to limit the search space into a reasonable domain. In addition,
some of the genetic operators use the boundaries of the domain in search of better designs much for
the same reason as in boundary search methods. Non-linear constraints can be taken into account

with linearization of the constraints or with penalty functions.

Linear equality constraints can be eliminated and used to decrease the number of design variables
by representing some of the variables as a linear combination of the others. Another benefit of
linearity of the constraints is that the search space is aways convex. Convexity guarantees that the

offspring produced by some of the genetic operators fulfill the constraints automatically.

Asan input to the GA software, the user gives the size of the population, the number of generations
and the number of times the genetic operators are applied within each generation. Parameters for the
operators and for the selection algorithms are also given together with the constraints. The genetic

operators are:

Uniform mutation: one of the design variables x; is given a random value within a feasible domain.

Because of the inequality constraints the feasible domain of a design variable is dynamic. The

domain changes with the change of the values of other design variables I# < x; < u°.

Boundary mutation: one of the design variables x; is given either alower or upper boundary value of

the dynamic feasible domain x = 19 or x; = u°.

Non-uniform boundary mutation: the value of one design variable x; is mutated either with higher or

lower part of the dynamic feasible domain

X, =X +%(u —XB. HBDor (C5)

|d

+f

where B is an operator parameter, t is the number of a current generation, T is the number of
generationstotal and r [1]0 1.

(C6)
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Whole non-uniform boundary mutation: the same as non-uniform boundary mutation but the

operator affects all the design variables of x.

Whole arithmetical crossover: two parent vectors x** and x" are selected. Two new design vectors

are then of the form
Xy = ax @ + (1-a)x P (C7)

where a [1 ]0 1] is an operator parameter. Because of the convexity of the search space, the new

design vectors automatically fulfill the constraints.

Simple arithmetical crossover: two parent vectors x™* and x are selected. Two new design vectors

are then of the form
i =B, a9+ (0220, o + (- ) 8

where a [0 ]0 1] is an operator parameter. In this case the validity of the new vectors in respect to
the constraints must be checked. a is given different values and the validity is checked. If no

eligible solution is found within a reasonable number of trials, a is given the value of unity and
Xy = XPP (C9)

The selection of the parent designs for the crossover operators is based on ranking the individual
designs in the population. The best design is ranked first and the worst is ranked last. Each design,
i:thinrank, is assigned a probability p(i)

p(i)=Q1-Q) ™", i=1,...S (C10)

where Q [ ]0 1] is a probability parameter and Sis the number of designs in the population. The
greater the probability, the better the chances of being selected. A design can be chosen to be a
parent in more than one crossover operation. To keep the size of the population constant, old
designs must be removed in order to make room for the offspring of the crossover operations. The
probability of removal is calculated in the same manner as the probability of parenthood. The only
exception is the best design, which cannot be removed. This exception is caled an dlitist rule that
assures smooth evolvement of the population. Optimization algorithm aso checks that mutated
designs are not removed.

A mutation can happen to every design regardless of its rank. Then the probability for mutation is
the same for every design. The only exception is, again, the best design, which is kept intact. A
mutation changes an old design in such away that the size of the population does not change.



