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Abstract

This work deals with design, construction and tegtof high speed solid rotor
induction motors fed by a frequency converter systln high speed applications,
like in the compressor technology, for distributedwer generators (micro gas
turbines), in industry (machine power tools) andtte automotive technology
(turbochargers, hybrid drives), the mechanicalngfite of the solid rotor induction
motor (SRIM) is recognized as a significant benefithe performance
characteristics of 3-phase, 4- & 2-poles, 24000n/naxially slitted, radially
grooved solid rotor induction motors with coppedeaimgs GLIDCOP AL-15) at
sinusoidal voltage supply are designed and optithizging 2D, non linear, finite
element method (FEM) analysis. Although the cakwoteof the solid rotor is a
complex three dimensional eddy current problem,dha&racteristics of the rotors
are well estimated using 2D FEM tools. The rotod emrrents and the three
dimensionality of the rotor geometry are considel®d equivalent end effect
factors. A prototype drive system is developed #sted, which confirms the
validity of the simulation results. The current manics, caused by the inverter
supplied modulated voltage, are well damped byvapass LC sine filter, which
gives an almost sinusoidal current supply to theomderminals. Furthermore,
guantitative performance comparisons with altewaatiigh speed motors (squirrel-
cage and permanent magnet motors), which were ajgaeland tested in previous
doctoral works, have been done, showing their sopgrerformance in higher
power density and lower steady state temperatsieeati the expense of a less robust

rotor system.



Zusammenfassung

Diese Arbeit behandelt den Entwurf, den Bau und HEiprobung hochtouriger
Massivlaufer-Asynchronmotoren mit Umrichterspeisumign Bereich der High-
Speed-Anwendungen, wie z. B. in der Kompressori&chipei der verteilten
Energieerzeugung (Mikrogasturbinen), bei Industrigeben
(Werkzeugmaschinen), und in der Automobiltechifiirbolader, Hybridantriebe)
ist die mechanische Festigkeit des Massivlaufersveisentlicher Vorteil gegenuber
dem Kaéfiglaufer-Asynchron-Motor (ASM) und dem pemeaterregten Synchron-
Motor (PMSM). Ein 4- und ein 2-poliger, 3-phasidéassiviaufer-Asynchronmotor
mit einer Nenndrehzahl von 24000 /min wurden inséieArbeit ausgelegt und
erprobt. Die Massivlaufer sind zum einen gekenrizedt durch axiale Nuten und
zum anderen durch radiale Rillen in der LauferdBehfe in Verbindung mit einem
massiven Kurzschlussendring aus speziellem Kup@ICOP AL-15). Die
analytische Auslegung wurde durch die Verwendungnightlinearen 2D-Finite-
Element-Methode (FEM) verbessert. Da die Berechndeg Massivlaufers ein
komplexes dreidimensionales Wirbelstromproblem tedts wurde die
Betriebskennlinie mit Einbeziehung eines aquivaanEndeffekt-Faktors in der
FE-Berechnung nur naherungsweise bestimmt. Der VAtgrit-Endeffekt-Faktor
beschreibt den Einfluss der Querstrome an den kéwden und den Einfluss der
radialen Rillen auf die Wirbelstromverteilung. Brmototyp-Antriebsystem wurde
entwickelt, getestet und mit Simulationsergebnissererglichen. Die
Stromoberschwingungen, bedingt durch die UmricpiEssing, wurden durch den
Einsatz eines LC- Tiefpassfilters verringert. Eimualitativer Vergleich mit
alternativen High-Speed-Antrieben (Kafiglaufer-Askinon- und
permanentmagneterregtem Synchron-Motor), die in derrangegangenen

Dissertationen am Institut entwickelt worden sischliel3t diese Arbeit ab.



M otivation

In recent years, at the Institute for Electricakkyy Conversion of the Darmstadt
University of Technology, several researches arssediations [24], [33] were
conducted on squirrel-cage induction and permanaagnet synchronous motors
for high speed applications. Moreover, the studiese backed by experimental
tests on the test bench (for 24000 /min, 30 kW)s Blilowed a comparison of these
two types, with same constructional size and idahtmeasuring methods, to
identify their advantages and disadvantages obgdgtiAs a continuation of these
works, in this project a high speed solid rotoruction motor (SRIM), fed by a
frequency converter voltage supply, has to be desigconstructed and tested at
the same test bench. The main advantage of sdid noduction motors is their
robust construction; however their rotor resistaredigh, which causes a poor
rotor current flow. This leads to a relatively lopower factor, but allows an
extremely robust and rugged rotor design, whiclsugable for very high speed
applications. Its performance characteristics hewde compared quantitatively
with the former high speed motor types computatlpnand experimentally in

order to judge a perspective use at high speedcagiphs.



Aufgabenstellung

Am Institut fur Elektrische Energiewandlung der Tharmstadt wurden in den
letzten Jahren mehrere Dissertationen und Forscanbgiten [29], [40] zu
Asynchronmotoren  mit  Kafiglaufer (ASM) und  permatsgregten

Synchronmotoren  (24000/min, 30 kW) fur High-Speads&ndungen

durchgefuhrt. Diese Motoren wurden auf einem Painigtexperimentell untersucht.
Dabei konnten bei gleichem Bauvolumen und iden&scMesstechnik beide
Konzepte verglichen sowie Vor- und Nachteile olijekierausgestellt werden. Zur
Fortfuhrung dieser Arbeiten soll nun ein etwa baigjler Massivlaufer-
Asynchronmotor (SRIM) mit Umrichterspeisung entveorfund auf demselben
Prufstand experimentell untersucht werden. Dem afloder extremen Robustheit
des Laufers, der eine hohe Fliehkraft und folglaihe hohe Drehzahl erlaubt,
stehen die Nachteile der geringen Leistungsdichted udes geringeren

Leistungsfaktors ¢o<¢) gegenuber. Der geringe Leistungsfaktor ist bedthugch

den erhohten Rotorwiderstand des Laufers und diedatere Stromfihrung im
Laufer. Die Vor- und Nachteile sowie die Eigenstdaf des Massivlaufer-
Asynchronmotors sollen mit den o.g. Motortypen remmisch und experimentell
verglichen werden. Anhand dieses Vergleichs solldrtet werden, ob der Einsatz

der SRIM flr bestimmte Hochdrehzahl-Anwendungerspektiven aufweist.
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Applied Symbols and Abbreviations

a - number of parallel paths
a, - wire numbers lying side by side in a slot width
A Vs/m magnetic vector potential
A A/m current layer

A m? area

b, m bearing width

bQ m slot width

by, m iron sheet thickness

b, m equivalent conductor width
B T magnetic flux density

B, T air-gap magnetic flux density
c - friction coefficient

C, N bearing static load

C F filter capacitance

C, - torque coefficient

d, m bearing diameter

de penetration depth

d, inner rotor diameter

d. outer rotor diameter

dg m inner stator diameter

d., m outer stator diameter

D As/nt electric flux density

E Vim electric field strength

€ - unit vector inz-direction

N
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Applied Symbols and Abbreviations

res

mo o m

=

~ G — — T T, S T @
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=~

©

electric frequency
switching frequency
resonance frequency

force

axial bearing load
radial bearing load

integer number for calculation of ordinal numbers
height

conductor height
magnetic field strength

electric current

electric current (RMS)

imaginary unity/-1

electric current density

rotor roughness coefficient
distribution factor

General equivalent end effect factor
pitch factor

winding factor

hysteresis loss coefficient
excess loss coefficient

iron stack fill factor
iron loss factors

Russell end-effect factor for fundamental field

Russell end-effect factor for harmonic field



Applied Symbols and Abbreviations Vii

I m

L H

L H
L., H

L m
m -

m kg
m, -

M Nm
M H
\Y/ . Nm
M, Nm
n 1/s
N, -

N, -

p -

P wim®
= w
Peurta W
PCuFt,b w
P, W
q -

Q -

R Q
R,q Q
R, -

n
1

&
3

axial length
self inductance
filter inductance

end-winding self inductance

overall length

number of phases

mass

number of coil sides one over the other in a lséght
torque

mutual inductance

electromagnetic torque
shaft torque

rotational speed

number of turns per coil
number of turns per phase
number of pole pairs
power density

power

current displacement loss'{drder)
current displacement loss’{@rder)
air-gap power

number of slots per pole and phase
number of slots

electric resistance

electric resistance at 20 °C
Reynolds number

slip

slot opening



viii Applied Symbols and Abbreviations

t S time

T s time period

u \% time variable electric voltage

U \% electric voltage (RMS)

v m/s velocity

Vv A magnetic voltage (magneto-motive force), MMF
Y, m’ volume

W, J magnetic co-energy

X m circumference co-ordinate

X Q reactance

Z - total number of conductors

Z Q impedance

0 m air-gap width

£ As/(Vm)  permittivity

£ K temperature coefficient of resistance of rotoecmaterial
¢ rad phase angle

K S/m electric conductivity

H - ordinal number of rotor space harmonic

H Vs/(Am)  magnetic permeability

U - magnetic relative permeability

Ho Vs/(Am)  magnetic permeability of free spacez[10” Vs/(Am))
P am resistivity

P kg/m® material mass density

v - ordinal number of stator space harmonic

é - ‘reduced’ conductor height

Ui - efficiency

d °C temperature

6 ° mechanical degrees

o N/m? tangential stress

-



Applied Symbols and Abbreviations

T, m slot pitch

T, m pole pitch

T, N/m? shear stress

¢ \% electric scalar potential

Y Wb magnetic flux linkage

17 1/s electric angular frequency
p, 1/s mechanical angular frequency
Q 1/s electric angular speed

Q. 1/s mechanical angular speed
Subscripts

a outer

ad additional

av average

amb ambient

b winding overhanglfobinage)

Cu copper

d dissipation, dental (tooth)

el electric

e electromagnetic

Fe iron

fr friction

Ft Foucault losses (eddy current losses)
h main

HO1 Harmonic order 1 (fundamental harmonic)
Hy hysteresis

[ inner

in input

m mechanical, magnetising

magnetic



X Applied Symbols and Abbreviations
max maximum

N nominal

out output

p pole, pitch
puls pulsation

ph phase value

Q slot

r rotor

S stator, shaft
sh sheet

syn synchronous
Y yoke

w windage

o0 infinite

) air gap

o leakage

Y star connection

Abbreviations

SRIM
PMSM
ASM
PWM
MOSFET
IGBT

Solid Rotor Induction Motor

Permanent Magnet Synchronous Machine
Asynchronous Machine

Pulse Width Modulation
Metal-Oxide-Silicon Field-Effect-Transistor

Insulated Gate Bipolar Transistor



1 Introduction

1.1 Motivation and Background

In many manufacturing, transportation and procesdustries the technology
advancement is often closely associated with ame&@se in optimal speed of
operation. In this regard, high speed direct (gsail electrical drives are becoming
very popular due to the reduction of the drive ¢amdional volume for a given
power. To achieve a high speed performance, haguincy operated machines are
always the preferable choice. High frequency of tieut current reduces the
constructional volume of the electrical machinesttee developed electromagnetic
torque, which determines the size, is proporticmathe air gap power and the

number of poles and inversely proportional to tlegfiency [37].

In recent years, the remarkable development oftivelg cost effective, fast
switching and compact frequency converters withigh mated power up to 1MW
with an output operating frequency of 1-2 kHz opehs dynamic worldwide
market for high speed drives [1], [25], [42].

Due to brush contact and commutator segments detaechanical problems, dc
drives are less suitable for high speed applicati&iirst of all, brush wear at high
speed becomes very high and it adversely affeats dbmmutation process.
Secondly, the structure is not favourable for lacrgatrifugal stresses. But, as high
speed drives there are different types of ac moteicepts [30]: Laminated/solid
asynchronous, permanent magnet synchronous, hoaromynchronous and

switched reluctance synchronous motors.
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Laminated squirrel-cage / Solid rotor -asynchronmagors: These motors are able
to operate in the field weakening control easilg@tstant power operation, so the

inverter power can be limited.

Permanent magnet synchronous mo{e¥gISM): With the excitation nature of the
rotor field “without current”, it is possible taminimize additional rotor losses
which are relatively high in high speed applicasioin surface mounted magnet
constructions, the carbon fiber is needed in otddix the magnets which reduces
its mechanical strength. In rotors, with buried stamction, the magnets are fixed by
themselves in the rotor cores. Field weakeningsseg in these rotor types than that
of the surface mounted types but the mechanicahgth of the iron wedges is often
lower than that of the carbon fiber which makesrtheot so useful for high speed

applications [12].

Homo-polar synchronous motors: These motors all@areble dc excitation in the
stator winding and hence field weakening is easgaoomplish. The construction
of the rotor without winding makes it very robustit generally its electromagnetic

utilization is less than that of the other motqés.

Switched reluctance motor§hese motors are also having a robust no-winding
rotor construction and best field weakening po$tds. However, a special
inverter is needed for their operation. Like honadap synchronous motors, their
rotor is constructed as ‘“gear” so that it reaatminst the pump-effect friction at

high rotational speeds.

Solid rotor induction motors (SRIMas the name implies, are of unconventional
construction, having a massive rotor machined f@mound iron bar, and are
mechanically very robust. However, the electroneignproperties of such rotors
are poor, as the operating slip of the rotor tetedbe large, which increases the
rotor losses and results in a lower power factohemas permanent magnet

synchronous machines (PMSM) offer better efficieaag a higher torque density
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[8], [33]. On the other hand, the solid rotor igyweugged and can be operated
without a speed sensor. The simplest solid rotarssooth steel cylinder, which is
easy to manufacture and has the best mechanicdluadi@dlynamical properties for
low air friction [59], [60], [61]. The torque of ésolid rotor induction motor can be
increased by copper end-rings, as the rotor cuftewtin the solid iron then tends
to be more aligned into the axis-parallel directiovhich increases theorentz
force. According to [25], a two pole smooth solalar equipped with copper end-
rings produces twice as much torque at a certgraslthe same rotor without end-
rings. A further performance improvement is achtetg axially slitting the cross-
section of the rotor in such a way that a bettex fbenetration into the rotor is
enabled [17], [18], [43]. Slitting the rotor decsea the low frequency impedance of
the rotor, thus producing more torque at a very $hipy, but less torque at a higher
slip [64]. It increases the high-frequency surfaopedance of the rotor, thereby
decreasing the rotor eddy current losses due torstdotting and inverter current
ripples. The disadvantage of the axial slittinghat the ruggedness of the solid
rotor is partly lost, and at very high speed thetion between the rotating rotor and
the air increases remarkably. On the other handlittieg intensifies the cooling of
the rotor thanks to the increased cooling surfatehe rotor [47]. The other
possibility of reducing the rotor eddy current kess which cause a sharp
temperature rise, is making thin radial groovestloa rotor surfaces and thereby

cutting the path of high frequency rotor harmonicrents [28], [40], [67].

1.2 Applicationsof High Speed Machines

Nowadays, high speed direct drives with a speederdretween 20000 minand
60000 mint at a power class of between 30-100 kW are intehsivsed, where the
high rotational speed gives an advantage for thekimgp machine to improve the

work process as explained in the following appiaa:

Compressors, pumps and fans: Resulting in smaledson of the compressor

wheels and the driven system. Typical speeds raegeeen 40000...60000 min
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at a power of 50 to 500 kW and give a better opagaterformance, as illustrated
in Fig. 1.1 [2], [8].

Lath, turning and milling machines: They enable fnecess to be done at high
speeds (High-Speed-Cutting), which allows an impdbwutting quality with
minimum processing time. Typical speeds of 150000080 min® at a typical

cutting power of 100 kW are required.

Starting generators in air-craft engines: Optintilstment of the machine speed is
possible with the speed of the engine.

Exhaust gas turbochargerBhe replacement of the turbine is possible withigh
efficiency high-speed motor.

Micro-gas turbines These are currently taken as intensive decentthlezeergy
supply systems, where the high turbine speed reguir special high speed
generator [3], [12], [36].

For all these applications no gear-box is necesbatyween the motor and the
working machine, when a high speed drive is usduisTit is possible to avoid
gearbox noise, maintenance work for oil lubricatiorechanical wear of the gears
and the cost of the gearbox itself. Furthermom ¢bmplete drive unit can be
designed to result in a smaller size, because migt the gearbox is missing, but
also the coupling is avoided. The motor itself gthhspeed and given power is
much smaller than a low speed machine, resulting wery compact drive system
[32].
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Figure 1.1: High speed compressor with PM motermagnetic bearing, 2-
PM motor, 3- touchdown bearing (when the compressarnot
energized), 4- shaft and impellers, 5- compresesoling, 6- inlet
guide vane assemblgource: Danfoss Turbocor Compressors

The main advantages of high speed drives are sumedaras follows:

* No gear box: Elimination of the gearbox costs,oildeakage or oil changes, no
wear operation, elimination of the gearbox lossksyer noise and higher

overloading capability,

» Small motor size: High power output can be aahieeven with small torque,
using high speed operation. Since the torque détesrthe motor size, a relatively
small motor can be used still to attain for highvpo output ("Power from speed”),

which leads to a compact construction.
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» Possibility to design integrated drives: The cartp volume-saving design
facilitates an integration of the motor with therking machine. This is supported
by reduced components (no gear) and allows savitigeomasses of the couplings.
The integration of the drive itself creates new igiesscope possibilities for
mechanical engineering.

* Increased dynamic performance: The eliminatiomethanical couplings creates
a rigid mechanical drive, which in turn enablesedtdr controllability (dynamic

control).

1.3 Solid Rotor Constructionsin High Speed I nduction M achines

Solid-rotor induction motors are built with the sotmade of a single piece of
ferromagnetic material. For high speed applicatioentrifugal forces play an
important role to decide the construction type. Totr should have sufficient
strength to withstand these forces. The spatiaga field and PWM inverter time

harmonics cause increased vibrations and noise.

A solid rotor with smooth homogeneous surface sftee best solution to minimize
parasitic effects of mechanical nature, but haswiest electromagnetic output
characteristics. Practically, solid rotors are ¢tatded in one of the following ways
as illustrated in Fig. 1.2 [25], [32], [55]. Inishwork, the axially slitted
homogeneous solid rotor induction motor with copeed-rings (Fig.1.2c) is

considered and studied extensively.
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Figure 1.2: Solid-rotor constructions: a) smoodtids rotor, b) slitted solid
rotor, c) slitted solid rotor with end rings, d)usgel-cage solid
rotor, and e) coated smooth solid rotor [25], [55].
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1.4 Objective of the Work

This project work has the following objectives:

» To design and compute high speed solid rotor indnanotors numerically,
using a 2D FEM tool.

»To optimize the rotor geometry and find the solatiavhich results in
relatively minimum rotor eddy current losses, whiaffects the rotor

heating.

»To construct and test a prototype solid rotor alymrous drive with a

frequency converter system to validate the simutatesults.

» To quantitatively compare the performance charasties of the solid rotor
with the already available results of high speadrsg] cage and permanent

magnet synchronous motors of Table 1.1.

1.5 Scientific Relevance of the Project

Solid rotors are challenging electric energy cotersr to model and solve
mathematically. The non-linear material magnetaatcharacteristic of the iron
core and the three dimensional (3D) distributiontied rotor currents make the
analytical approach complicated and hence can be doly approximately [14],
[15]. The establishment of eddy currents in the imgvotor parts can be estimated
well numerically in 3D simulation with a complex lcalation and higher
computation time. In addition, the stator air-gagd, which causes the rotor eddy
currents, has a non-sinusoidal space distributemaibse of the slot openings, which
results in additional rotor harmonic currents. Ehdsgmrmonic currents are not
involved in the production of the driving electrogmetic torque, but rather cause
additional rotor eddy current losses, which adugratect the rotor heating. Due to
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the skin effect the penetration depth of the cuses low, and the apparent rotor
resistance is high. The increase in rotor resigtatecreases the output torque at a
given slip. Here, by optimizing the rotor geome#aigd its cooling condition a
possible optimized solution can be investigatethil@rly, by using the copper end
rings, it is possible to influence the distributioh the rotor currents to be more
axial, which increases the motor torque at a gisgm All these optimizations
require a substantial sum of calculations numdyicalsing the Finite Element
Method (FEM) [23], [62]. With inverter operationethcurrent higher harmonic
ripple in the stator windings causes additionalyeddrrent losses also in the rotor
via the fluctuating air-gap field. This ripple cése@ damped by using a low pass
sinusoidal C-filter as in [21], [54].

Table 1.1: Output performance parameters of higkedpsquirrel cage and
permanent magnet synchronous motors [29], [40]

Motor Asynchronous with| PM Synchronous,
squirrel cage rotor | SmCo;-magnets
Rated voltage 330V 311V
Rated current 72.8 A 62.2 A
Rated power factor 0.77 0.95
Rated frequency 800 Hz 800 Hz
Connection of stator winding Y Y
Rated speed 23821 /min 24000 /min
Rated slip 0.008 0
Rated output power 30 kW 30 kW
Efficiency 93.7 % 95.1%
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1.6 Structureof the Thesis

In the thesis, 4- & 2-pole axially slitted, radialjrooved solid rotor induction
motors with copper end rings are analysed, cortsttiuand tested in order to devise

the perspective implementation for high speed appbns.

Chapter 2 describes the Finite Element Method (FE®Bign and analysis of the
high speed 4-pole solid rotor induction motor, vehéhe machine geometrical
parameters are optimized and performance charstiteri are calculated
numerically. Chapter 3 deals with the descriptidrvarious losses that occur in
solid rotor induction motors at high speed operatiburthermore, methods of
minimizing the losses are explained, which wereliagpin the analysed motor.
Chapter 4 explains the electromagnetic design aatysis of a 2-pole high speed
solid rotor induction motor as a better candidate igh speed performance.
Chapter 5 is dedicated to explain the constructeahnology of the motors i.e.
stator core, cooling system, stator windings, raore, axial slits, radial grooves
and end rings. The mechanical capability of theorromaterial is checked
numerically and analytically. Chapter 6 shows thst tresults of the motors and
comparisons with the simulation results for validiat In addition, the comparison
with the existing high speed machines of the saomesteuctional volume at the
Institute of Electrical Energy Conversion, Darmstadt University of Technology is

presented.

Finally, the conclusions and the possible recomragods of the thesis are

presented in Chapter 7.



2 Electromagnetic Design and Analysis of a 4-pole
SRIM

In the numerical design and analysis of an eletritachine using a Finite Element
Method (FEM) with impressed currents, the magnfeid is excited by the current
in the exciting coils. However, in this study theupling circuit is modelled as a
voltage source, which leads to the combined solutid the field and circuit

equations.

2.1 Electromagnetic Fieldsin Electrical Machines

The electromagnetic phenomena in rotating eledtrichines rely fundamentally

on the fourtMaxwell'sequations.

oD

OxH=J+— 2.1

ot @D

nxg=-28 (2.2)
ot

Om=0 (2.3)

OD=p (2.4)

In the magneto-quasistatic condition, which is dts® case of electrical machines,

where fields are varying slowly with time, the dagement current®D/dt are
neglected as in (2.5) [40].

OxH=J (2.5)

The constituent relations, which depend on theteleragnetic medium (materials),

11
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are given below:

J=kI[E, (2.6)
B=ulH, (2.7)
D=¢[E, (2.8)

where 4 is the magnetic permeability;, is the permittivity andk is the electrical
conductivity of the materials. The conductors assuaed to be isotropic with a
constant electric conductivity, whereas= u(H) describes the assumed isotropic
magnetic non-linearity of ferromagnetic mediumdsnpere’slaw states that the

magnetic field strengthH is related to the electrical current densityand the

changing of the electric flux dens@ /ot (2.1). Faraday’slaw of electromagnetic
induction shows the connection between the elefitrid strengthE and the varying

magnetic flux densit (2.2).

The electric fieldE is expressed in electrostatic arrangements agrtigient of a

scalar potential function as

E=-0Ogp, (2.9)
but in coupled electromagnetic problem it is giv®n(2.12), because there is no

general scalar potential for the magnetic fi@d It can be expressed asCarl

vector function as in (2.10).
B=0OxA (2.10)
The function A is known as the ‘magnetic vector potential’. hse of the quasi-

static field problems, the divergence of the maignetctor potential is often put to

zero everywhere in the space studied, which ied@bulomb’s gaugeondition.
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O0A=0 (2.11)

2.2 FEM Calculation of SRIM Characteristics

In this section, a 4-pole axially slitted solidaptnduction motor with rotor copper
end rings is calculated numerically, using a 2D Fa&hMlysis [65]. The basic design
data of the motor are given in Table. 2.1. Theostabre and slot geometry are
adopted from the previous built reference high dpsguirrel cage induction and
permanent magnet synchronous machines [24], [38hawn on the Fig (2.1). The
integer slot winding with q= 3slots per pole per phase has for parallel
branchea =4. It has a two-layer winding. All four poles of tk&ator winding are

connected in parallel giving with N, = 8 turns per  coil
Ng =2plqIN,/a=4[3[8/4=24 turns per phase. By having the maximum
possible number of parallel branclees4, the number of turns per col_ = 8

also maximum, yielding the minimum cross sectiosaaof the coil conductors to
minimize current displacement effects in the statording due the higher stator
frequency of 800 Hz for 24000 mitrat 2p = 4.

Table 2.1: Basic Design Data of a 30 kW SRIM, 33§V,
Machine D=4

Stator frequency (Hz) 800
Stator outer / inner diameter (mm) 150/90
Air gap / stator slot opening (mm) 0.6/2.3
Stack length (mm) 90
Number of stator slots / rotor slits 36/28
Stator turns per coil / turns per phase 8124
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2.2.1 Background

The basic design and performance characteristicsnadiction machines are
normally calculated analytically, using an equivdleircuit approach with some
approximate adjustments to circuit parameters fowalthe consideration of

saturation.

The method satisfies for steady-state operaticdheatow slip operating region for
classical squirrel cage or wound rotor inductionton®, supplied by a pure
sinusoidal voltage. But it is not directly applitatio the analysis of inverter fed
high speed solid rotor induction motors, which haeewindings on the rotor. In

this type of motors the rotor impedance parametsrsighly depending on the real
field distribution at the given operating slip [39]he rotor induced eddy currents,
which are necessary for the production of the ebetagnetic torque, are three-
dimensionally distributed in the core [50]. Hende, order to predict the

performance characteristics of solid rotor induttiootors with a better accuracy, it
is necessary to use the numerical finite elemenihoae[19], [23], [39], [49].

2.2.2 Field and Winding Equations

Using the magnetic vector potenti) the electric potentialy and Maxwell’s

equations (2.1), (2.5), it is obtained that

__ 0A

E=-22-0 2.12
P (2.12)

- 1 -

J=DX(ZDXA) (2.13)

Since Ux[¢ = 0, adding a scalar potential as expressed in (2dd8s not affect

the induction law (2.2).
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The current density, which depends on the elefigid strength, is given by:
j:KEE:—KE%'—f‘—KDqu (2.14)

Then substituting expression (2.14) in (2.13) gives
DX(%DXA)+KG%'—?+KDD¢:O (2.15)

Equation (2.13) is valid in the areas, where therce current is applied such as
stator coil currents, whereas equation (2.14) igdvia the eddy current region,

which is the case of the rotor of a solid rotoruation machine. But the eddy
currents in the stator windings and in the lamidaator cores are ignored by this
approach. The conductivity of the iron laminati@ttions is set to zero. The total
resistance of the windings is given through thepted circuit, that is, only the

resistive voltage drop of the stator windings iketa into consideration in the
analysis. The non-rotational part of the electrédf strength is described by the
scalar potentiat (2.9). It is due to the electric charges and psddion of dielectric

materials. The iron hysteresis effect in the stedod rotor core is also not

considered in the analysis.

In a two-dimensional FEM calculation, the solutisnbased on one single axial
component of the vector potentil. The axial coordinate is chosen to be zhe

axis. Hence, the field solutiorB(H ) is found on thex-y-Cartesianplane, while

J,A andE have only @-component, E = (00,E,) as in (2.16).

Dx(DxAZ):—ym(B‘%—ym(Dﬂgo (2.16)
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DZAZ:,UD(DaiﬂuD(D% (2.17)
ot 0z

2 2

0x oy ot 0z

Therefore, the magnetic vector potential and currdensity vectors can be

expressed as
A=A (xy e, (2.19)
J=J,(xy 18, (2.20)

wherex andy are theCartesianplane coordinate components aédis the unit

vector in thez-axis. When a two-dimensional model is used toutate a straight
conductor of the length the scalar potential difference between the efdhe

conductor is given by (2.21).
u=[~Opdl = [+E@l (2.21)

To reduce the number of field equations to be shithe conductors inside the
stator slots due to the turns per S2otN, for a double layer, winding are simplified
and modelled as a single solid conductor per lagerit is assumed in [7]. The
conducting region is assumed to form a straightdootor along the axial length,

which is the same as the core length. Hence sutisgt (2.21) in (2.18), it is
obtained that:

2 2
OA L OA ey ped 2.22)
0x oy ot |
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The machine supply voltaga, which must be coupled with the field equation

(2.23), is expressed as:

u=ri+L, I+ 9% (2.23)
dt dt

whereu andi are the voltage and current of the stator windiag ghaseR is the

resistance of the winding per phage,is the stator winding flux linkage per-phase,

and Ley is the end winding inductance representing the wimdling flux linkage,
which is not included ing. The rotor of the machine, which is made from a
relatively pure iron, is modelled as a solid coridgc iron with a non-linear
magnetisation curve shown on Fig. 2.4. In ordemtmlel the rotor eddy currents,
the current density is given by (2.14), where thadgent of the electric scalar
potential is zero. The electromagnetic torque betwie rotor and the stator of the
machine is calculated in the simulation by theuattwork method. This allows
computing the torque exerted on parts that keelp shape and that are surrounded
by air [13], [46]. According to the reports by [Th6], the virtual work method has
shown to give reliable results, when computing #ilegap torques of rotating
electric machines. In this method the torque isudated as a partial differential of

the magnetic co-energy/,, with respect to the virtual angular displacemérdas in

(2.24).
y
_ W _ 0 IBdeV (2.24)
06 9671

2.2.3 Finite Element Modelling

For the electromagnetic calculation, the FEM progr&LUX-2D™ software

package fromCEDRATIs used. The machine rotor parameters are caduliand
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optimized, using a 2D FEM steady state AC magnatialysis, where the field

components are assumed to change in time sinuboidéhe losses and the

performance characteristics of the solid rotor staun motor were evaluated, using
a two dimensional, non-linear, time stepping firstement analysis of the magnetic
field, i.e. magnetic iron saturation, skin effentthe rotor and movement of the
rotor with respect to the stator were taken intwoaat [4], [5], [13], [39].

Table 2.2: Axially slitted massive rotor parameteirghe four pole motor
Parameter value
Rotor outer diameter (mm) 89.2
Radial air gap width (mm) 0.4
Slit width / slit depth (mm) 2.5/13

The machine stator geometry is given in Fig. 2He Thitial rotor parameters (Table
2.2) are used to design the 4-pole FE computingeiiéid. 2.2a. Since the machine
is symmetrical with respect to the pole axis, iswafficient to model and compute
the field per pole. Accordingly, anti-periodic balany conditions are used on the

sides of a solution section to consider north agighbouring south poles.

10
6.35

1.2

16.3

0.64

2.3

Figure 2.1:  Stator core and slot geometry (dimarssin mm) [24], [33].
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a)

Figure 2.2:  FE model of the machine: a) Model & iton core with the stator
winding, b) Coupled circuit to the model with a plypvoltage V1,

V2, V3 per phase.

(-%"} = o1 s
1 Bl R1 L1
o1 o]
R2 L2
—ﬂ@ = W
3 B3 R3 L3
b)

In the coupling circuit Fig. 2.20,, V> and V3 are the three sinusoidal voltage

sourcespB,, B, andBg; are the stator winding coils for pha&ephaseB and phas€

respectivelyRi;, R, andRs are the stator winding resistances for each paadé;,

L, andL3 the end winding inductances per phase.

Table 2.2: Electrical parameters of the circuib#ocoupled to the FE model
Parameter Description Value
Resistance of stator winding per
R,R,R, phase a20°C[33] 0.024Q
Inductance of winding overhang
L,L, L, per phase (2.25) 25M10°H
Rotor core resistivity at20°C
P, 20 [41] [57] 9810°Q m
Temperature  coefficient  of
£ resistance of the rotor core [41], 0.006 K
[57]
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The currents in the stator winding overhangs of iechine establish the flux
linkage components that are not included in th&effy which are computed from
the two dimensionally modelled areas in Fig. 2.Be§e additional flux linkages
must be taken into account in the voltage equafiais is done by adding the effect
of end region fields into the equation as voltagegnd-winding resistances and
inductances. According to [44], [58], the end wimgliinductance per phase of a

three-phase induction motor is expressed in tha for

L, = 4y INZ E% [A, 0, , (2.25)

where 4, is the permeability of free spacl is the number of turns per phage,
is the number of pole pairsl, = 018 an empirical parameter, which depends on
the geometry of the end-winding region alpd= kB is the average coil length

of the winding overhang [33]. The 4-pole solid mtaduction FE model is
developed, shown in Fig.2.2, and meshed (Fig.®B)ch is used for the analysis.
The current penetration depth in the rotor ironector the fundamental stator

frequency is given at a calculated permeabilityas in (2.26).

1
de = )
- \/ﬂl}Dfsulr ulou(r

(2.26)

where 4, is the relative permeability of the rotor iron ean the penetration depth
area andk, is the conductivity of the rotor iron core. Itseown, that a fine mesh is

constructed around the air gap to get a higher racguin computation of the

induced electromagnetic torque (Fig.2.3). As iteisommended in [40], as a rule of
thumb, the mesh element size in the rotor core tiearair-gap region has been
made to be at least three times less than the na¢inet depth of 4 mm for a stator

frequency of f, = 800 Hz and an operating slip ef= 1.5 %, at an assumed rotor

temperature 200 °C according to (2.26). Duringgblring process, the mesh of the

rotating air-gap is rebuilt at each change of tbsifon of the rotor.
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The magnetic field is considered to be parallethte centre lines of the machine
poles, which corresponds to thNeumannboundary condition. It is also assumed
that no flux penetrates the outer surface of thehime. This implies that the vector
potential has a constant value on the boundaryctwis known asDirichlet's
boundary condition [13]. The non-linearity of theaater and rotor core
ferromagnetic materials leads in the FEM methodnoiterative solution of the

equation systenof node values of the vector poten#gl which is handled by

using theNewton-Raphsoiteration method.
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2.2.4 Rotor End Effects

The 3D rotor end effects without the influence bk tcopper end rings are

considered in the 2D FE computation by increadnegrotor core resistivity 4,) by
a general equivalent end effect factdt,, which is suitable for the considered
axially slitted motor as given in (2.27). Withoutcerings k, =a according to

(Fig. 2.6), and with end-ringk, is used according to (2.28):

0, =k, [p,, (2.27)

ke=1+Cla-1), (2.28)

where C = 0.3 for thick copper end rings, which can be deieed experimentally

as reported in the study [25], and the coefficignis expressed as:

1

S (2.29)

1
qa=—2= ,
ke 1-—7°F tanh(”[nFe)
211,

”EnFe

where k; is theRussellend effect factor [45]7, is the pole pitch andl, is the

rotor active iron length. The wave length of thduning rotor rotating field wave
is27,, so this value is used in (2.29) far. In the Fig. 2.6b, for the line wittopper
end-rings one can assume that the rotor currewsflnore or less axially in the iron
and in circumference direction in the copper emgigi Hence the approximation of
the 2D rotor current flow fits much better than haitit these end-rings, where
k. =a is used for the increase of resistance due teitbamferential rotor current

flow in the iron. But in the power balance analysie losses in the copper-rings
must be taken into consideration.
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\\\\
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a) b)

Figure 2.6:  Rotor induced eddy current paths: ahaut copper end-rings, b)
with copper end-rings.

2.3 Steady-State AC Magnetic Analysis

In the time harmonic calculation (magneto-dynamadcglation), the unknown
variable, the vector potential, is a complex qugntit varies sinusoidal in time,
similarly as the derivative quantities, the magnéeld strength i) and magnetic
flux density B) vary sinusoidal, too. However in reality, due ton-linear nature
of the magnetic core materials, the magnetic faeld the magnetic induction can
not have sinusoidal time dependence simultaned&sly 2.7). Therefore, in order
that these non-linear materials are taken into @a;osome approximations are
applied. The FEM progrankLUX2D computes, starting from the user defined

B(H) -curve, an equivalef@(H -yurve, allowing the conversion of energy point

by point. The method of an equivalent energy is @&xjld in theFLUX2D user

manual [13], which leads from the staigH -cirve to an equivaleB(H -gurve.
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Figure 2.7:  Non-linear behavior of the magneticldfisstrength H and the
magnetic inductioB: a) flux density varies sinusoidally,
b) magnetic field strength varies sinusoidally aheéquivalentB-H-
curve [25].

When a sinusoidal voltage source is used, the pantthe curve are calculated
supposing that the flux density varies sinusoidallya function of time. When a
sinusoidal current source is used, the points eretfuivalent curve are calculated,
supposing that the field strength varies sinusoidally (Fig. 2.7). Both equivalent
B(H) -curves for sinusoidaB and for sinusoidalH yield B—-H —value pairs,

which yield a higherB for a given H than the static curve. By choosing a

paramete® <v < 1one can derive an equivaleB(H -clirve, which is a mix of
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the two equivalent curves, denoted as-gquivalent” in Fig. 2.7c. For the current
analysis, a sinusoidal voltage source is used. \tHighAC magnetic analysis, the
spatial field harmonic effect which is presentedehand PWM voltage time

harmonics effects are neglected

2.4 Calculation of Rotor Geometry

In the 2D steady state AC magnetic analysis, tmepedation time is much shorter
than with a transient step-by-step simulation. Hetiis method is implemented to
calculate and optimize the rotor geometry pararseies. the radial air-gap width,
the slit-depth, the slit width and the end-ringcimiess with a fair accuracy of the

results.

2.4.1 Slit-Depth Optimization

It is known that the poor output characteristicaobmooth solid rotor induction
motor can be improved by axially slitting the cregstion of the rotor [38], [43].
The slits are made by accurately milling narrowoyes at equal spacing on the
rotor periphery [17], [18]. The axial slits incesathe reluctance for the tangential
flux path, and the flux has to penetrate deepdtsoway to the other pole as shown
in the Fig.2.10. The deeper flux penetration inceeathe rotor induced current
penetration, which involves in the production ohigher electromagnetic torque,
when the motor is operated at low slip. As a resbk torque increases with the
increasing slit depth, until an optimum slit degthritical slit depth”) is reached,
as it is demonstrated in the Fig. 2.8. The studyvshthat the critical slit depth is at
about half of the radius of the rotor, as it wasesgched in the works [1], [25]. A
further increase in depth brings a decrease inugrgince the reluctance of the
magnetic path to other pole increases much, regulti a decrease in the amplitude

of the flux density wave, which decreases the terqu
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The following AC magnetic FEM analysed results areegifor a slot width of
W, = 25mm.
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Figure 2.8: FEM calculated electromagnetic torquedifferent slit depths at a

slip of s = 1.5 %, line-to-line voltagd&J = 330 V, Y,f, =800 Hz,
W, =2.5 mm,d,, =200°C.

1 % rotor
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Figure 2.9: FEM calculated electromagnetic torgnd eatio of input current per
output torque for different slit depths of the 4eoaxially slitted
SRIM with copper end-rings at a slip & = 1.5 %, line-to-line
voltageU = 330 V, Y,f, = 800Hz, w,, =2.5 mm andJ, = 208C.

slit rotor

According to the computation results given in thg. 2.9, for the designed 4-pole
SRIM the 19 mm slit depth configuration is selectadhich shows the maximum

induced torque with minimum input current, reswgtin an optimum depth at 19 mm.
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Figure 2.10: Computed flux lines and flux densitgtiibutions (in Tesla) of

pole SRIM with axial slits at a slig= 1.5 %, line-to-line voltage
= 200C for

U, = 330V, Y,f,= 800 Hz, w, =2.5 mm, J

rotor

different slit depths a) 0 mm, b) 10 mm and c) 18.m
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2.4.2 Slit-Width Optimization

The slit width optimization has been done for &ddipth of 19 mm and varying the

slit-width from 0.5 mm up to 4 mm. The induced #&lemagnetic torque increases

up to some optimum width, and for wider slits ictEases again. For narrow slits
the tangential leakage flux increases, which tednddecrease the torque, whereas
for wide slits the iron volume decreases, whiclo @lecrees the torque. In between,
there is an optimum slit width, which is also preafly suitable for the milling

technology, where the maximum possible electromégrerque is produced, as
illustrated in Fig. 2.11.
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Figure 2.11: FEM calculated electromagnetic tortpredifferent slit widths at a
slip of s= 1.5 %, line-to-ineU,= 330 V, Y, f,= 800 Hz,
h,, =19mm,J . = 200C.

1 “rotor
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Slit width (mm)

Figure 2.12: FEM calculated electromagnetic torgne ratio of input current per
generated torque of the 4-pole SRIM with axiaksidr different slit

widths at a slip ofs = 1.5 %, line-to-lindJ ;.= 330 V, Y, f, = 80(Hz,
h,, =19 mm andd,, = 20€C.

rotor

The maximum induced electromagnetic torque withiimum input current is
found with a slit width between 2 to 2.5 mm. Budrfr the machine processing in

power tools point of view the slit depth 2.5 mnsédected for the design.
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Figure 2.13: FEM computed field lines and flux dgndistributions of the 4-pole,
axially slitted SRIM at a slip ok = 1.5 %, line-to-lineU = 330 V,

Y, f, =800 Hz, hy, =19 mm, = 200C for different slit widths

rotor

a) 0.5 mm, b) 2 mm and c¢) 4 mm.
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2.4.3 End-Ring Thickness Calculation

The rotor end-ring thickness for the analysed #xialitted, 4-pole SRIM is
estimated with the analogy of the squirrel cagautidn motor. The rotor teeth in
the rotor core act like rotor bars, where the fundatal harmonic current flows.
The penetration depth of the rotor fundamentalenirin the iron is computed as in
(2.30).

- 1 (2.30)
\/”-BS Dfs Illr IJIO D(r

E

Taking the relative permeability in the penetrato@pth aregu, = 283as shown on

Fig. 2.13a at nominal operating skgp= 1.6 %, f, = 800 Hz, the conductivity of the

rotor core at the rotor temperaturesof , = 49010° S/m, the penetration depth is

200C
calculated to be 3.8 mm using (2.30). Assuming tthet major part of the

fundamental current penetrates deep into the teettveen the slits up to three
times of the penetration deptB[(d.), this results in a penetration of 11.4 mm.
This iron penetration depth is taken as heighhefdurrent path, with the analogy
of the height of the bar in squirrel cage inductiontors. The average iron width
(b,,,= 6.6 mm) along the current penetration is caleald&tom the rotor geometry

as in (2.31).

[mrm _Q
b

2p  2p S”‘j 207l
P P - gR—wsm, (2.31)

'

iron — Qr
2p

where Q, = 28, R .,= 44.6 mm,w,

S

i« = 2.5 mm. Hence the iron part of the teeth,

where the current is flowing, is an iron teeth avé@5 mnf, which is given by the

expression in (2.32).

ATOH = hron [blron’ Wlth I‘\I’OI"I = 11'4 mm (2'32)
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Figure 2.14: FEM computed result of the flux linelsthe 4-pole SRIM at an
operating slip ofs = 1.6 %, line-to-lineU, = 330V, Y, =79A,
f, =800 Hz, hy =19mm, w, =2.5 mmg,, =200 C: a) rotor

relative permeability distribution (., ), and b) rotor current
density distribution g,) in A/mn?.

rotor
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For the nominal operating point FE computation, tie¢or current is 279A
calculated by (2.33),

|, =J,[A,, =270A, (2.33)

where J, =3.6 Almnf is the average rotor current density in the sképtd as

shown in FE computation result Fig.2.14b. The segment current . between

ring

two rotor teeth then is estimated as in the cagbeobquirrel cage induction motor
to be equal to 607A, as given by (2.34).

I ring m (234)

The end-ring effective area for the flow of the argpart of the fundamental ring

segment rotor currert,, is 169 mmi according to (2.35):

|
Ay = J""g . (3 = J, =36 A/mn?), (A,,, =169mn7) (2.35)

ring

Hence, for the calculated necessary ring crossosethe end ring thicknes®,( )

is found to be 15 mm from the relation (2.36).

=15mm (2.36)
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2.5 Time Stepping (M agneto-Transient) Analysisof SRIM

The transient magnetic formulation of the 2D FENtuakation involves the solving

the field and circuit coupled problem at discreténfs in time domain, using a
small constant time step oft = 60107°s. Accordingly, during the rotation, the

rotor has made 100 time steps per moving by one pieth. The spatial harmonic
effects of the air-gap field, which were not coeset in the time harmonic
analysis, are here taken in to account. The inflaeof the PWM effect is still

neglected, as a sine-wave filter operation is asslum

2.5.1 FEM Model for Transient Analysis

For the magneto-transient analysis, the same FEeimweidh the time harmonic
analysis is used with redefining the model appiicatto a transient magnetic
problem. Here, the sinusoidal input phase voltagegower supplies are defined by
their peak values, their operating frequency, drair tphase angle difference at the
zero instant time. In the given study, a sinusoidede-phase voltage supply system
is considered, which is modelled in the coupleduwtrequation as illustrated in
Fig. 2.15.

2.5.2 Time Stepping Computation Results

The Fig. 2.16 shows the computed input phase dsirevhich have a sinusoidal
variation, like the feeding voltage system withagding phase angle difference,

giving a power factor afosg =—- 0.71
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Figure 2.15: A three-phase sinusoidal feeding pvattage system 191V (RMS)
at f,= 800Hz.
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Figure 2.16: Time stepping computed three-phaseitimghase currents 82 A
(RMS) of the 4-pole SRIM at an operating slipscf 1.8 % line-to-
line voltage U, = 330 V, Y, f,= 800 Hz, h, = 19mm,

W, = 25 mm, g, = 200C.

rotor
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Figure 2.17: Time stepping computed air-gap fielthed and flux density
distributions of the 4-pole SRIM at an operatirig sif s = 1.8 %, line-
to-line voltageU ;= 330 V, Y,f, =800 Hz, I, =82 A, M_=12 Nm.
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Figure 2.18: Time stepping FEM computed air-gaptetenagnetic torque at a slip
s=1.8 %, line-to-line voltage), =330V, Y, f, = 800Hz, 1, =82 A.

With the given preliminary optimization of the rotparameters, the time stepping
computed average air-gap electromagnetic torquehefaxially slitted, 4-pole
SRIM is 12 Nm (Fig. 2.18) at the operating slipld® %.



3 Losses in Solid Rotor Machines

The power losses in electrical machines deternfieeetficiency of the motor and
also the cooling, which is required to keep theperature of the insulation below
the upper limit. Insulation materials are very $&ves to over-temperature, as the
velocity of chemical decomposition of the insulatiomaterials increases
exponentially with temperature. For example, foansformer oil and solid

insulation materiallontsinger’srule is valid, that can be expressed as: life sgan
the insulation decreases by about 50 % with ancas® of temperature by 10K

[40]. The motor efficiencyn is expressed as the ratio between the mechanical

power outputP , and the applied electrical power injpjt

ut
n= Fou (3.1)

The power absorbed in the electric motor is thes loxurred in making the

elctromechanical energy conversion process. Tla power lossk, .. of the motor

loss

is the difference between supplied electrical powput P, and mechanical power

outputP,

(3.2)

The power losses in electrical machines can beigded into electrical, magnetic
and mechanical losses. During the energy convergimtess all losses are
transferred into heat energy in the system. In thigpter, the losses of a 4-pole
axially slitted SRIM with copper end-rings are ad#ted analytically with the aim
of loss reduction, using parameters, which areltesdi numerical computation at

sinusoidal voltage supply.

39
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3.1 Electrical Losses

Electrical Joule losses in current carrying conductors include eoppsses of the
stator winding IR due to the current flow with fundamental and hamino
frequencies and losses due to the current dispkxcerihe total winding losses
comprise thel 2 [R losses plus the®brder current displacement l0s$&s, ., due
to unbalanced current sharing between ahparallel wires per turn plus thé"2
order current displacement losdeg, i, due to the skin effect within each wire.
The phase resistancd&; of the stator winding depends on the operating
temperature. The phase currérfftows in the winding conductors. With the time
changing magnetic and electric fields along thedootor due to a sinusoidal
alternating currert, depending on the geometry and operating frequeadgly
currents are induced mainly in the slot part of th@ductors. Due to these eddy
currents, superimposed on the current flgwhe total conductor current densily

is displaced within the conductor cross-sectionjctwhis known as ‘skin effect'.
Accordingly, due to this so-called second orderentr displacement the stator AC

resistance increases, which increases the state losses by the valu, .. On
the other hand, the first order current displacerwsses P, ) occurs due to the

unequal current distribution on parallel wires pem, which can be estimated

empirically, as given in [58].

- J -3,
RS - RS,ZOQ (1+ 235+ 190) (33)

In (3.3) R,; is the phase winding dc-resistancefat 20°C, andd is the winding

operating temperature.

PCus = 3[' ? ERS + PCuad (34)
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High speed machines operate at higher stator Eldcéiquencies, so the current
displacement, caused by internal eddy currentsyspén important role. A dc
current is equally distributed over the conductarss-section, but the ac current is
not due to the skin-effect. The current penetratigpth is roughly defined as
boundary of the region, where the largest parthefdurrent flows. This region is
only some part of the conductor cross-section aseathe equivalent resistance,
which is called ‘AC resistance’ to be used in tlopmer loss expression {[R) is
increased, caused by both first and second ooderent displacements. The
increase in the AC winding resistance accountgHerwinding losses, which are

determined roughly by the expressions (3.6) antj358].

PCuad = PCuFta + PCuFt,b (35)
PCuFta = 3& DSZ(Ea _1) (36)
L — ka “Fe + Ib

T, &0
=)+ T BE) (3.8)
B(&,) = & PNN@ey) +sin(2y) (3.9)

cosheé;) - coses,)

W(E;) = 26, EENEr) = Sinié,) (3.10)

coshg;) + cosé;)

ET = bT\/:uOmCu fs |}Tb‘r /me (311)
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The additional losses due to current displacemettté winding overhang area are
much smaller than in the slots, since the end wigpditakage flux density is much
smaller than the slot leakage flux density. Heteisiassumed that along the

overhang lengtH, of the turns the additional losses are zero (3fg £' order

current displacement due to unequal distributionwfents among parallel wires is

determined as follows:

Peurtn = 3R2IZ(k, -1 , (3.12)
ky =@(E) +n(n+) 1y (&) , (3.13)
E = hI_D D\/,Uomw EI'IF—el Dfs DaTbT /me ' (314)

In equation (3.7) + (3.14) the following parametars usedi, is the end winding
overhang lengthl_.is the iron core lengthg, is the average wire numbers side by
side in a slot widthm, is the number of coil sides one over the othea islot
height as shown on Fig.3.b, is the width of an “equivalent” quadratic prail
wire given byb; =,/d&,7/4, by, is the average slot widtlk,, is the electrical

conductivity of the conductors at operating temper and f, is the electric
frequency. The ternm is described in the following two extreme cases tfe

designed double layer winding:

n :mLT—l , (Fig.3.1b) (3.15)

AL N =
n= (4 +2) , (Fig.3.1c) (3.16)
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where h' is the height of the conductor, which is made frparallel connected
sub-conductors, anmh, is the number of conductors on top of each otheivan in

the conductor distribution on the Fig. 3.1.

The equations (3.5) up to (3.14), which were dgwetbbyEmdeand Field, are
applicable for rectangular profile conductors, Whiare regularly placed in a
parallel sided slot. Therefore, since the studiedmme has oval shaped stator slots
with round wires, for the calculation of the adulital losses these wires must be
considered as approximated rectangular profile gotmis of the same cross-
section in an ‘equivalent’ slot parallel sided skbr the designed machine a double

layer winding with N. =8 turns/coil with 3 parallel round wire conductoss i

selected. It implies that the conductors are plaeede slots more or less randomly.
Therefore, in order to calculate the first ordement displacement additional losses
with a fair accuracy, it is determined by consideraof the average loss value of
the best case (3.15) and the worst case (3.16)gamaents of conductors in the
considered "equivalent” slot (Fig.3.1b,c) [33]. edce the total current

displacement additional losses are determined as:

PCuad = PCuFta + (PCuFtbbest+ PCuFtbworst ) /2 . (317)

Accordingly, the statorl>[R and additional stator winding copper losses are
calculated analytically for a sinusoidal currentand results are given in Table 3.1.
The current in (3.4) is computed numerically in meistepping FEM (magneto-
transient) analysis of the 4-pole axially slitteRIB with copper end rings for a

given torqueM, = 12Nm.
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Table 3.1: Analytically calculated stator windingsses|?[R and additional
copper losses of the 4-pole SRIM at the stator imond
temperaturé., . =100°C, R ,, = 0024Q andM_=12Nm
f/Hz [ Un/V [ 8% [ /A | By/W [ Popl W [ P/,
800 191 1.8 83.8 674 37.8 0.06
600 143 2.4 84.4 684 19.2 0.03
400 95 3.6 84.9 692 10.1 0.02
EEEE s i B IIII i
. . . . ' ' ¥
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Figure 3.1:  Conductor distributions of the 4-poRIM in a slot shown to calculate

the additional copper losses due to a) the skecefkithin each parallel
wire (a; = 4, m;=12) b) an unequal sharing of currents among prall
wires with a minimum equivalent conductor heightgbcase) &; = 4,
m, = 8) and c) an unequal sharing of currents amongjlpawires with

a maximum equivalent conductor height (worst cgaeyr4, m = 4).
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It is seen from the calculated results (Table 3that for the rated operating

frequency f = 800 Hz the first and second order current disprere additional

losses constitute 6 % of tHé [R copper losses.

3.2 Magnetic Losses

The magnetic losses at fundamental stator curneatadion include the stator and
rotor iron core losses. The rotor core losses d&lotor eddy current losses of the

fundamental and high frequency harmonic rotor cus@and rotor hysteresis losses

3.2.1 Stator Core Losses

Magnetic iron losses are caused by time-changingnetz fields in ferromagnetic
material. They include hysteresis losdgg, due to with the magnetic hysteresis
loop of the ferromagnetic material and eddy curtesses. The eddy current losses

P, themselves are separated into classical eddy itulwesesP,. . and excess

lass

losses P,, due to the non-uniform distributions of magnetigxfdensity in the

lamination because of the grain properties of @meomagnetic material [25].

PFe = I:)Hy's + PFt (318)

P, =P, +P (3.19)

class ex

The hysteresis losses from the AC magnetisatiooga®are equal to the area of the
quasi-static hysteresis loop times the magnetiBeguency and the volume of the

core. The loss energy density per cycle of thedrgsis loop can be expressed as:

w:§HdB (3.20)
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Since the area of the hysteresis loop increased witreasing maximum
inductionB,,, the loss energy can be expressed as a functiah éfence, the

specific hysteresis loss can be approximately ¢atied using an empirical

relationship (3.21) fronSteinmetzwhich is based on experimental studies.
Prys =k, O B2, (3.21)

wherek, is a hysteresis loss constant, which is determiethe nature of the core
material and comprises the average effect of rggadnd pulsating magnetic fields,
f is the frequency and,is the maximum flux density. According to equation
(3.21), the hysteresis loss depends on the sq@idhe anagnetic flux density and is
linear proportional to the frequency of the fieltddy current losses are caused by
induced electric currents in the magnetic core by external time changing
magnetic field. The specific eddy current losses ymdume are expressed as in
(3.22), which holds true, as long as the penematiepth of the eddy current

distribution is much bigger than the sheet thicknes
P = ke OF 2 (B, (3.22)

The eddy current loss const&pt considers the conductivity and the thickness of

the sheets [48]. Due to the difference of the flexsity in the yoke and teeth of the
stator core, it is recommended to separate thechsslation into two sections. Due
to the punching of the slots in the sheets, thechung shear stress in the iron
increases the hysteresis losses as well. Punchlingdastroys the insulation of the
lamination sheets partially. Thus bridging of theeets occurs, when they are
stacked together. This causes an increase of edldgnt losses. As the ratio of
cutting or punching length versus the sheet surfadggger for the teeth than for

the yoke, the typical loss increase rates &g =18 . . 2for teeth and
ky, = 1.3..15 for the yoke [33].
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Accordingly, the total hysteresis and eddy curtesses can be calculated roughly

as:

B 2
Prea = Kug EEWJ [, Oy K, , (3.23)
B 2
PFey = k\,y EEl_yCS)j W, mny. kf , (3.24)
Vio = Py, [T /50)+ pg, [ f /50)° by, /05)°, (3.25)

wherev,, is the total iron loss constant calculated a8i@5),B, ,,; and B, are the
magnetic flux densities at the stator teeth atdf/ghe tooth length and the stator
yoke respectively,m;and m, are the mass of the stator teeth and stator yoke
respectively, b, is the thickness of the selected less loss staiminated sheet
(M330-35A and k; is the lamination stacking factor. In (3.25)is to be used in
[Hz] and by,in [mm]. The formulas (3.23) + (3.25) are valid feinusoidal time

variation in time.

In this study, the stator iron losses are calcdlatiemerically as a post processing
analysis of the time stepping FEM simulations ugimgBertotti formula given in

(3.26) [9], [13]. So a non-sinusoidal time variatiof B()can be considered,
including the effect of excess losses. In (3.26)s iessumed, th&(t) contains a
fundamental sinusoidal variatioB(t) with the frequencyf and that the deviation

of that does not influence the hysteresis losses.

p(t) =k [EkhB;f +K%(%j ' kex(%) | j (3.26)
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Sop(t) are the specific iron losses per volume of the tore k; is the laminations
stacking factork, is hysteresis loss constam, is the maximum flux density of
the fundamental sinusoidal time variatiorf, is the operating fundamental
frequency,« is the electrical conductivity of the core shedts, is the lamination
thickness, andk,, is the excess eddy current losses constant. Howele
hysteresis K,) and excess lossk{,) constants are unknown in the expression

(3.26), which can be determined using (3.27), efttital iron losses for the case of
a harmonic field variation with the frequendy [13]. Since the unknowns are two,
the constants are determined by expressing theiequ@&.27) by two equations for
two frequencies i.e. for 200 and 400 Hz with 8.28nVand 23.54 W/rhspecific
iron losses respectively, as shown on Fig. 3.2.

2
p:(kh (B2 [f +%(Bm [F)2 +k (B, (F)™° E8.67J , (3.27)
Table 3.2: Calculated results of hysteresis andegxdoss constants for the
lamination shee®330-35 « =2.6310°S/m, k, =0.97B8,=1T and
b,,=0.35 mm
f p P Ky Kex
(Hz) (W/kg ) (W/im*) (W-s/T-nT) (W/m?)-(T/s)°
200 8.25 63112.5

140.4 0.56

400 23.54 180081




3. Losses in Solid Rotor Machines 49

600

500

400

300

Specific logz (W)

200

100

0 00 1000 1500 2000 2500 3000
Frecquency (He)

Figure 3.2:  Specific magnetic losses of the ¢dB30-35A[16].

So, the total magnetic losses are calculated by program asp,V, = P, for
the teeth and ag,V, = R, for the stator yoke, wheié, andV, are the teeth and

the yoke volumes respectively and are presentétkeifable 3.3 below.

Table 3.3: FEM calculated stator core losses ferdtpole SRIM at the stator
winding temperatured.,,=100°C and generated electromagnetic
torque M, =12Nm

f/Hz U, /V s/ % I /A Pey IW | PBeeg/ W | P /W
800 191 1.8 83.8 264.1 399.1 663.2
600 143 2.4 84.4 175.4 244.6 420.0
400 95 3.6 84.9 95.8 125.5 221.3
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It is remarked that for all the studied operatiregfiencies the losses in stator teeth
constitute 60 % of the total iron losses. The higien loss in stator teeth is

associated with the higher flux densiB, = 1.2 T than in the yoke, which is

computed a8, =0.9 T.

3.2.2 Rotor Eddy-Current Losses

The air gap flux-density distribution along theatosurface circumference consists
of a fundamental and of higher harmonic componerassed by stator slotting and
rotor slitting with ordinal numbers -13, 15, -1 {Fig. 3.3). Although the time
variation of the stator voltage and current, swgaplto the FEM model through
coupling circuit, are sinusoidal, the spatial disition of flux density in the air gap
is not. The space distribution of the flux denstyndependent of the time variation
of the feeding winding currents. It depends onlywinding arrangements in the
slots and on the rotor geometry. Tieurier analysis of the stator air gap field of a
3-phase stator winding, distributed in 36 statatsslfed by a sinusoidal time
variation 3-phase stator current system wi#tv3 radians phase shifts, with an

amplitude of | and frequency,, yields an air-gap flux density

distributionB; (x,t), which can be represented by an infinite sum of sdal
spatial flux density waves (Fig. 3.3b). The sindabtime changing rotor curreht,
flowing along the ‘rotor teeth’ in parallel withetrotational axis, is exciting also a
non-sinusoidal distributed air gap flux densitytalmition B;, (x,,t), which can

also be represented by an infinite sum of sinusa@gace-distributed flux density
waves. These flux pulsations due to the statoragdenings and rotor slitting cause

rotor eddy current losses [11], [31]. The rotoryeddrrent losses,, consist of the
fundamental componeR, ,, which depends on the rotor frequerfcy sl f , and
of the high-frequency eddy current losBgs,,, due to slotting [20]. These rotor

eddy current losses are numerically computed witma stepping FEM simulation,
using (3.28) [20], [49].
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P, = j p2dV, (p=1/k), (3.28)
\Y

Peer = Pris + Prira s (3.29)

wherep in (3.28) is specific electrical resistance of theor steel. The calculation

was done with the FEM program code FLUX 2D.

The total eddy current loss density in the rotoséparated into the high value

beneath the rotor surface with a penetration deptld_, which is designated
asPy, 4, - The penetration valud; is calculated numerically as shown on the FEM

computation result Fig. 3.4. The second part ofyetldrent losses is considered

within the rotor teetR.,,, and the third one within the rotor yoRg, , . So the total

rotor eddy current losses within the rotor iron yade:

P

Ftr = PFt,r,dE + PFt,r,d + I:)Ft,r,Y (330)
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Time stepping computed air-gap fieldison of the 4-pole SRIM at
an operating slip ok = 1.8 %, line-to-line voltagé) .= 330 V, Y,
f, =800 Hz, I,=82 A, h;, =19mm, w,;, =2.5 mm,J,,, =200°C:

a) radial component of the air-gap flux density, H@rmonic
spectrum of a).
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b)
Figure 3.4:

Time stepping FEM computed

115,799 /-104,033
-104,033 /-92.267
-92.267 /-80.501
-§0,501 /-68.735
-b8.735 / -56,969
-56,969 / -45,204
-45,204 /33,438
-33.438 /-21,672
-21.672 /-9.906
-9,906 /1,859
1.859 /13,625
13625/ 25,39
25,39/ 37.156
37.156 / 48,922
48,922 / 60,688
60,688 f 72,453

-179,359 /-158,565
-158,565 /-137,771
-137.7711 /116,978
-116.,978 /-96,185
-96.185 /-75.391
-75,391 /-54597
-54597 /-33.804
-33.804/-13.0
-13.01 /7,782
7,782/ 28,576
28,576 / 49.369
49,369 / 70,162
70,162 / 90,956
90,956 /111,75
111,75 /132,543
132,543 /153,336

rotor eddyrrent density

distribution of the axially slitted 4-pole SRIM itcopper end-rings
for different operating frequencies (A/rtra) for 400 Hz, b) for

800Hz.
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Table 3.4: Computed rotor eddy current losses a@u¢hé fundamental field
wave and due to the stator slotting influence ef 4hpole SRIM at
the rotor temperatug,  =200°C, and generated torque
M, =12Nm

f / HZ U Ph /V S/ % IS / A F)Ft,r,dE /W PFt,r,d /W I:)Ft,r;Y /W PFt,r /W
800 191 1.8 83.8 2102 612 72 2786
600 143 24 | 844 1564 590 73 2227
400 95 3.6 | 84.9 981 574 74 1629
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g 2500 | @ Rotor surfacdm Rotor teetld Rotor yoke |
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Figure 3.5: Rotor eddy current loss distributiarfsthe 4-pole axially slitted
SRIM with copper end-rings for different rotor pmarte. at the rotor
surface within the skin deptd., within the rotor teeth and in the

rotor yoke.



3. Losses in Solid Rotor Machines 55

It is seen, that in high speed solid rotor inductiootors the rotor eddy current
losses are high, which constitute up to 40 % oftdii@ motor losses and are mainly

concentrated on the rotor surface skin degyth For the analysed 4-pole SRIM, the
rotor eddy current losses within the rotor skin thepml.are found to be
Peira. / P = 80 %, 70 % and 60 % of the total rotor eddy aurtesses for 800

Hz, 600 Hz and 400 Hz operating frequencies regygt as given in Table 3.4.

3.3 Rotor Radial Grooves

The high rotor losses cause a sharp increase irotbetemperature, which greatly
affects the life span of the high speed ball begrinvhich are designed for a
maximum operating temperature up to 110 °C. One wofaglecreasing the rotor
losses and hence limiting its temperature riseaking radial grooves on the rotor

surface, and thereby cutting the path of high fesmy harmonic currents [28], [38].

-210,496 / -183,556
189,556 /168,615
-168.615 /-147.675
-147675 /126734
-126,734 / -106.793
-105,793 /-84,853
-84.853 / -63912
63912 /42972
-42,972 /1 -22,032
22,032 £-1,09

-1.09/19.849

19.849 / 40.789
40,789 /61,729
61,729 / 62,67

82,67 /103611
103,611 /124551

Figure 3.6:  4-pole axially slitted solid rotor iretion motor FEM computed
rotor eddy current density in A/nfmat stator supply frequency
f,=600Hz,U =248 V,andslip=2.4% .

The FEM results of the rotor current distributidrow that the high frequency rotor
eddy currents are occurring mainly beneath theasarf(Fig.3.6).From the
computed penetration depth, radial rogpooves with a width ofa= 0.5 mm, a
depth ofc= 0.7 mm andb= 2.5 mm distance between grooves was designed and

constructed, as shown in the Fig. 3.7. It is visilobm the air-gap field distribution
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(Fig.3.3) that the dominant higher space harmomits with ordinal numbers
v=-17and 19, which are the slot harmonics of the statots. According to
Russell[45] the rotor ends can be taken into account & 2D computation by
decreasing the electrical conductivity of the rotmre material by the average

equivalentRussellend-effect factork,,as in (3.31).This equivalent end-effect

Req

factor includes the effect of fundamental air-gedf(k,.,) , given by (3.33), and
higher harmonic fieldsk,) (3.36), which are penetrating into the grooveeaar

Accordingly, for the rotor surface, the resistivisycorrected, using tHeussellend-
effect factor in the grooved iron parts, where rhaimgher frequency harmonic
currents flow, which would be equivalent with theduction of the surface iron
conductivity by 90 % as calculated in (3.31). Aatogly, applying only 10 % iron
conductivity for the penetration depth area (0.7 aeep), the rotor eddy current
losses beneath the outer surface decreased samtifidoy 75 % for 400 Hz , 70 %
for 600 Hz and 65 % for 800 Hz operating frequesci

/‘1' stator

b - Air-gap

S

a =05 mmn b=25mnm ¢ =0.7 min

=

Radial grooves

Figure 3.7:  Designed radial grooves on the rotafase which have 0.7 mm
deep, 0.5 mm width and 2.5 mm between each grooves.
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k, . +k
kR,eq=—R’“‘12 R (3.31)
211 alll
k, .. =1-—Ltanh , 3.32
Ryv=1 70 ﬁ) ( )

P

Koy =1-- 20997 ann( 22y ~ 00011 (3.33)
725 20697

201
k. =1- 200 tann 7Ly (3.34)
’ gl \ZD‘pV
T, :i:@:as?mm , Vav:‘_1ﬂ+19:18, (3.35)
v, 2
k, =1- 2387 anh 2LL25) = 024 (3.36)

2.5 2[8.87

In the previous equationz, is the pole-pitch for the fundamental fieltis the

distanceb distance between the radial grooves, which isrtaeean iron length path

for high frequency harmonic currents, ang is the average pole pitch of the stator

slot harmonic fields. Applying the modified end exft factor for the rotor surface
conductivities in the region of the penetrationttiegh. = 0.7mm, the following time

stepping FEM computation results are obtained, ilaie presented in Table 3.4,
Table 3.5 and Table 3.6. It is seen that by impletimg the rotor radial surface

grooves, the rotor eddy current losses at the muoiace are drastically decreased
(up to 70 %) at nominal speed with 800 Hz operatiaguency in comparison to that

of the motor without radial grooves with the sanec®omagnetic torque, as shown
in the Fig. 3.8.
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Table 3.5: Analytically calculated stator windingntlamental and additional
copper losses of the 4-pole SRIM at a stator wigdin
temperaturg,, .= 100 °C, R,,= 0.024 Q@ and a generated
electromagnetic torqu&! .= 12 Nm with radial grooves on the rotor
surface
f /HZ UPh/V S/ % IS/A I:>Cus/VV PCu,Ft,a/W PCu,Ft,b/W PCuFtad/PCus
800 191 1.8 | 81.1 631 12.6 22.7 0.06
600 143 24 | 814 636 4.59 13.4 0.03
400 95 3.6 | 818 642 3.2 10.3 0.02
Table 3.6: Stator core losses of the 4-pole SRIlsl stator winding temperature
Jroor = 200°C, and a generated torqdd, = N2 with radial rotor
surface grooves
fIHZ | U, IV | 8% | I/A | Bq/W | Pgy/W Pres | W
800 191 1.8 81.2 324 485 809
600 143 2.4 81.4 198 294 492
400 95 3.6 81.8 100 144 244
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Table 3.7: Computed rotor fundamental and harmortior eddy current losses
of the 4-pole SRIM at the rotor temperaturepf, ., =  200and
generated torqueM, = NBn with radial grooves on the rotor
surface

f/HZ [ U IV [ SI% | 1/A ] Py /W | Prya/W | Pypy /W | P, /W
800 | 191 | 1.8 | 81.1| 656 640 73 1369
600 | 143 | 2.4 | 81.4 | 428 626 73 1127
400 95 36 | 818 | 221 608 74 903
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Figure 3.8:  Comparison of the torque-speed-curvéhef4-pole SRIM with and
without rotor radial grooves in the rotor surface.
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Figure 3.9: Comparison of the rotor eddy currenssé&s at the rotor
surfaceR,, ., where the high frequency rotor eddy currents flow
within the penetration depth.

3.4 Rotor End Rings Copper Losses

Electrical joule losses on the rotor copper endsinesistanceR, caused by the
current flow in each rind,, = 60K given as in (2.34) were determined to be 37W

as per (3.37).
Poyer =205 R, (3.37)

The end-ring resistanc®,, was calculated using the geometry and the elettric

conductivity of the ring at the operating temperedi, ., = 200°C as in (3.38).

otor

niD, _ 7888107 _

R.. =

= 50uQ (3.38)
k@,  3306¢
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3.5 Mechanical Losses

The mechanical losses include air frictiomir(dagg and bearing friction losses.
They occur due to air-gap friction and the frictiorthe bearings and are calculated
analytically. At high speed operation, these logs®sstitute a large portion (about
20 %) of the total losses [26], [47], [48]. Henes;areful estimation is vital to limit
the total rotor losses, which affect its tempemtuse and the total operating

efficiency of the motor.

3.5.1 Air Friction Losses

The air friction losses in the air-gap of the matoe estimated by semi-empirical
formulas, given in [26], [48] for rotating cylindem enclosures like the stator bore,
which is also the case for rotating electrical miaes. The air-friction windage

losses at high speed operation are caused by #ae stresg, of the turbulent air

flow given in (3.39).
2
r.=C, B‘% (3.39)

Hence, the air friction powelP,, associated with the resisting drag torque of a
rotating cylinder is given by (3.38).

I::’W,enclosure: k1 m:T DTll)air mfn Ea4 |:I]Fe ' % =207 (340)

In (3.38)ky is the roughness coefficierit;(= 1 for smooth surfacess, = 2.5 for
axially slitted surfaces [1]Cr is the friction torque coefficient calculated by43),
p is the mass density of the fluids¢ = 0.83 kg/mi at 150C), a, is the angular

mechanical velocity anu, is outer radius of the rotor. When a cylinderagating

in free space like at the rotor ends, one way dteminine the nature of the
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tangential gas flow, exerted by the rotating cyindis to use thdip-Reynolds
number as in (3.42) [47].

C, = 0035[R **® (3.41)
D [12
R, :% (3.42)

In order to take the effect of the enclosure bystator bore into account, the radial

air-gap lengthd has to be included in tiReynoldsiumber as given in (3.43) [47],

Ry = Mﬂ”ﬁ[é, (3.43)

where u is the dynamic viscosity of the fluidu(= plv), J is the radial air-gap

length andv is the kinematic viscosity of the fluid/(= 288[10° m?/s for air at
150 °C). The end sides of the rotor do also hawtidn losses. The nature of the
tangential flow is determined with the tipeynoldsnumber. The friction losses at
the rotor end, which are the power needed to retiatebodies, are determined by in
(3.44) as indicated in [58],

1
Pwend :ECTendll)mJ3 mras - ri5) ) (344)

wherer, andr, are the outer and inner radii of the end ringpeesvely. In the
studied solid rotor motors, the free space forrdter ends in the end-winding area
is typically large, hence the rotor ends act likeeatrifugal pump. When the rotor

end is assumed to rotate in free space, the tocqeéficient C._, is given by
(3.45).

c. =387 (3.45)

Tend —
R.:
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Hence, the total air friction losses are the surthefair-gap air friction (3.38) and

the rotor end air friction losses (3.42).

PW = Pw,enclosure+ 2[E)wEnd (346)
Table 3.8: Computed rotor air-friction losses o€ th-pole SRIM at a rotor
temperature o, =200°C
f/Hz nsyn/min‘l SI% | I J/A | Pyencosud W | Pugna!/ W P, /W
800 24000 1.8 81.2 381.2 11.4 392.6
600 18000 2.4 81.7 164.9 5.5 170.4
400 12000 3.6 82.1 50.1 1.9 52.0

3.5.2 Bearing Friction Losses

The bearing friction lossé%, which are caused by a friction torqié, , for the

drive end and non-drive end oil-lubricated high expespindle ball bearings type
SKF 71906 CDwith contact angle 15°d,= 30 mm, D, = 47 mm,b,= 9 mm) are
determined as in [33].

P, =2M, [, (3.47)

The total bearing friction torque of the implemehteigh speed bearings can be
roughly determined using (3.48) under the followgunditions: mean bearing load
P/C=01 (dynamic load / nominal load), viscosity ratig /v = (kinematic

viscosity / reference viscosity), with average speenge and predominant radial
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load [33].

M, =u G/F>+F’ @, /2 (3.48)

where 1, is the bearing rolling friction coefficient, whiotan be assumed to be
0.002 as per [52]F, is the radial bearing force determined by the daaiinal force
(F,=m [g= 6198=60N: with m =6.1 kg is the rotor mass argl= 9IRS is
the gravity), F, is axial bearing force, which determines the tdeaision on

against the bearing inner ring. It is approximatetie equal to 283 N for the given

bearing type [52] andi, is the bearing inner bore diameter. The rough ibgar

torque calculation using (3.48) delivers low valassper the investigation made by
[33]. For high speed machines, therefore a detdilating loss analysis has to be

made as follows. The bearing friction torqdé, consists of components i.e. a

speed and viscosity dependent pdrf, and a load dependent platf;, .
My =My + My, (3.49)
Mo = fo 1070 v, h)*° o5, (3.50)

In (3.50) the coefficientf,= 1.75 is a factor, which depends on the type afibg
construction and lubrication method, = 4.5 mnf/s at 150 °C is the kinematic

viscosity of the lubricant oil andl, , =(D, +d,)/2 is average diameter of the

bav
bearings with the outer bearing diametBy = 47 mm and the inner bearing

diameted,= 30 mm.

M, = f, [R[d,,, (3.51)
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f, =0.00070(P/C,)*, (3.52)
P = 13F, + 044F, | (3.53)
R = 33F, - 01F, . (3.54)

The torqueM,, is determined by the rated static lo@g = 4550 N and the axial
and radial bearing forcel, = 283 N andF, = 60 N. The bearing friction losses in

the machines are calculated then using (3.55)

Pfr =2[(Mbo+Mbl)[a‘m (355)

P

fr+w

=P, +P (3.56)

w

Table 3.9: Analytically calculated bearing-fricti@nd total mechanical losses

of the 4-pole SRIM at the rotor temperaturedgf, ., = 200
f/HZ | /min™ | s/% | IJ/A R, /W P, /W Pow! W
800 24000 1.8 81.2 148 393 541
600 18000 2.4 81.7 96 170 266
400 12000 3.6 82.1 52 52 104

It is observed that, the total mechanical los$gs, given in (3.53), for the

optimized 4-pole axially slitted, radial grooved I8Rconstitute 20 %, 15 %, 10 %
of the total motor losses for the operating freques of 800, 600 and 400 Hz
respectively, which are in line with the studiesdman the literatures [26], [47],
[48].
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4000 B Motor total losses
3500
£ 3000-
(%]
9 2500+
38
- 2000+
1500
1000
500 -
0
800 600 400
Frequency (Hz)

Figure 3.10: Comparison of calculated 4-pole mdteses for different operating
frequencies; rotor surface without radial grooveperation at an
electromagnetic torqudl,,, = 18m.
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Figure 3.11: Comparison of calculated 4-pole mdteses for different operating

frequencies; rotor outer surface with radial greowaperation at
M., =12 Nm.



4 Electromagnetic Design and Analysis of a 2-pole
SRIM

It is seen in Chapter 3, section 3.2tRat the rotor magnetic losses, mainly the
fundamental and higher harmonic eddy current loasesigh, which increases the
rotor heating and results in poor operating efficie [47]. For high speed solid
rotor induction motors the supply frequency is sghh.e. 800 Hz for the 4-pole
machine to get the rated spegg =24000/ min. Half stator frequency and hence

less stator and rotor core losses can be achieyathflementing a 2-pole solid

rotor machine [65]. Therefore, in the following g&le SRIM is investigated.

4.1 Two-pole SRIM contra 4-pole SRIM

For a 2-pole machine the magnetising reactanceeasers by a factor 2, which
improves the power factor significantly. The impeavent in the power factor
results in a decreased level of the no-load magjngtcurrent and thereby also in a
decrease of the full load current, which then deses the stator winding copper
losses. The hysteresis component of core lossessvagiarly linear with frequency
and the eddy current loss component varies wittsthmre of the stator frequency.
Therefore, for a 2-pole SRIM, with half operatingduency for the given speed

(n,, =24000'min), the total core losses are decreased. Howeveih@sased

mass of the lamination steel is necessary due @obihger cross-section for the
increased return flux paths, so somehow this coacte the improvement expected
from reducing the operating frequency. The rotordamental and harmonic eddy
current losses are less for the 2-pole machindalaesmaller rotor fundamental slip
frequency. The other advantage is that in the 2-potdiguration the leakage fluxes
are less in comparison to the main flux, resulimg smaller leakage coefficient

and an increased overload capability of the motdrich is determined by the

67
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maximum possible breakdown torque.

4.2 Electromagnetic Design of a 2-pole SRIM

The electromagnetic design of a 2-pole SRIM inctutle design of the stator core

and the stator winding for an operating frequenéy=(400Hz ), which is half the

value for the 4-pole design, with the same axialited, radially grooved solid

rotor, which was already designed and optimize@hapter 2 for the 4-pole SRIM.

4.2.1 Stator Core Design

The flux per pole for a 2-pole machine is two tinedshat of a 4-pole machine.

This is directly linked with a necessary increasthe return flux path cross-section
in the stator yoke. These yoke paths have to @ach one half of the flux per pole.
Hence, to keep the induction constant the statastrba constructed with double
height of the stator yoke Fig. 4.1b. However thereased height of the stator yoke
leads to a thicker (bigger) machine and to bigdatos copper losses due to the
twice longer winding overhang length. Accordingtgeping the inner diameter and
iron length as in case of the 4-pole machine, thsyoke height is doubled. This
allows due to the same stator bore the implememati the same optimized axially

slitted, radially grooved solid rotor (Fig. 4.1)iaghe design of the 4-pole SRIM.
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Figure 4.1 Construction models a) for a 4-pole bBpibr a 2-pole SRIM for
the same air-gap flux density and the same rotor.

Table 4.1: Basic design data of a 2-pole, 30 kWIMBR330V, Y in
comparison with a 4-pole SRIM
Machine =4 =2
Stator frequency (Hz) 800 400
Stator outer / inner diameter (mm) 150/90 17@/9
Air gap / stator slot opening (mm 0.6/2.3 053
Stack length (mm) 90 90
Number of stator slots / rotor slits 36/28 3@/ 2
Turns per coil / Turns per phase 81/24 424

4.2.2 Stator Winding Design

The three phase two-layer integer slot stator wigdvith g slots per pole and
phase is made of round wire witly parallel conductors per turn argg parallel

branches per phase with a coil pitél 7, (Table 4.2). It comprises dfl_ turns per
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coil and N.turns per phase as it is given in (4.1). The oweghlengthl, and the

stator core lengtlh give together with the round wire diametky, the resulting

DC resistanc&s.

N, =2pHIN,/a, (4.1)

Table 4.2: Winding data of the 2-pole SRIM compawetth data of the
4-pole SRIM
Machine with pole count: @=4 =2

ChordingW /1, 719 14/18 =7/9
Slot countQ, 36 36
Turns per coil and per pha$¢; / N, 8124 4124
Parallel wires and branches/ a, 3/4 3/2
Slots per pole and phasg 3 6

4.3 FEM Computation and Analysis

The electromagnetic design and analysis of thel@-pt00 Hz, 330V, Y, high-

speed SRIM is done using a 2D time stepping FEM. [IBe encountered losses
are calculated analytically using the same proaedsrin case of the 4-pole SRIM
described in Chapter 3. It is done using the terismagnetic computation result

parameters of the current, the flux density ancettay current losses.

4.3.1 FEM Model of a 2-pole SRIM

The stator geometry parameters, the optimized rgémmetry parameters (Table
4.1) and the winding data parameters (Table 4&)uaed to build the simulation
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model, which is shown in Fig. 4.2. Since the aredy2-pole SRIM is symmetrical
along the pole axis, it was sufficient to modelyohalf of the machine (Fig. 4.2a)
with 52342 nodes and 25828 surface elements, iaglitistrated in Fig. 4.2b. For
the computation process, the FLUX 2D solver freqyeis set to 400 Hz for the
nominal operating point. The electrical input paetens i.e. phase voltages, the
three stator winding resistances and the end-winidiakage inductances, which are
given in Table 4.3, are modelled via the couplifeg®ical circuit as in the case of
the 4-pole SRIM shown in the Fig.2.2b.

Table 4.3: Electrical parameters of the circuibéocoupled to the FE model

Parameter Description Value

Resistance of the statainding
R.R.R Iphase a20 °C 0.036Q

Inductance of the stator winding
L,L,, L, overhang /phase as in (2.25) wjth 110%H
A, =03, [,=230 mm,N,=24

4.3.2 Transient Simulation Results

The time stepping simulation results are presemtékde field distribution diagrams
(Fig. 4.3 — Fig. 4.5). It is observed from the g@mt simulation results Fig 4.4 and
Fig. 4.5, that the air-gap fields (radial and tamge components) have step-like
waves, due to the stator slotting and the rotts.sli
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Figure 4.2:

Stator core

Rotor slits

b)

Two-pole solid rotor induction motorRI™M) FEM simulation
models: a) material regions, b) model with the ienpénted mesh.
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20,58E-6 / 173.861E-3
17380TE-3 f 347.74...
347 742E-3 F BE16D...
B21,603E-3 / 695.46...
B95, 464E-3 / BBY.3E...
069,326E-3 /1,042
1.042 f 1,217
1,217 /1,39
1.39 /1,564
1,564 /1,738
1,736 /1,911
1,911/ 2.085
2,08h f 2,259
2,289 f 2,434
2434 f 2,60V
2807 /2781

1.746E-6 / 190.199E-3
190,199E-3 / 380,39...
380,395E-3 / 570,64...
R70.596E-3 / 760,79...
/B0, 795E-3 / 9450,99...
950.994E-3 /11401
1,141/ 1.33
1.33 /1,521
1.521 4 1.711
1,711 /41.5M
1.901 f2.082
2,09z /2,282
22gefeare
2472 f 2,662
2,662 / 2.852
2,852/ 3.043

Figure 4.3: Time stepping FEM field solutions Ididines plot and magnetic
flux density distribution in Tesla) of the 2-pd&IM at the line-
to-line voltageU, = 33W, f, =400 Hz, a) at no-load condition
with 1,=19.5 A, b) at full-load condition with, = 658\.
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voltage U, =330V, f,=400 Hz,1.,= 19.5 A, a) wave forms for
two pole pitches, b) their harmonic spectrum
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Figure 4.5: Calculated radial and tangential ap-§ax density components

of the 2-pole SRIM at thill-load condition with the line-to-line
voltageU_ = 330V, f.= 800 Hz,s=1.9 %,|.=65.8 A and an
electromagnetic torquef M_ = 12 Nm, a) wave forms for two
pole pitches, b) their harmonic spectrum.
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The Fourier spectrum analysis of the fields given, in Fig.bdahd Fig. 4.5b, show
that the dominant slot harmonics are with the aiditumbers -27, 29, -35 and 37,
which are given by (4.2) and (4.3),

v:1+%cg, .2)

ﬂ=1+%E@ , 4.3)

where v is the stator harmonic ordinal number, is the rotor harmonic ordinal
number of the slit harmonic€)is the number of stator slotg), is the number of
the rotor slits, p is the number of the pole pairs amfs an integer number
(g=%1,+2+3.) . The stator higher slot harmonics field waves eaadditional

rotor eddy current losses, which can be computedria stepping FEM [20], and

the results are given in the following tables.

Table 4.4: Analytically calculated stator fundanatrdnd additional copper
losses of the 2-pole SRIM at the stator winding gerature
I, =100°C,R,,, = 0036Q and an electro-magnetic torque of

Cu.s

M, =12Nm

f/HZ | Upy IV | SI% | IJJA | Poo/W | Peyra/ W | Peyrin /W | P/ P

S Cus CuFta

as per as per as per
(3.4) (3.6) (3.12)

400 191 1.9 65.8 617.2 3.09 2.10 0.008

300 143 2.6 66.7 634.2 1.90 1.36 0.005

200 95 3.9 66.8 636.1 0.89 0.60 0.002
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Table 4.5: Stator core losses of the 2-pole SRIMthat stator winding
temperatured., .= 100 and a load torquévl, = 1RIm with
radial grooves in the rotor surface.

f./Hz U, /V s/ % I /A Pey /W | Py /W | P /W
400 191 1.9 65.8 237.4 382.8 620.2
300 143 2.6 66.7 148.4 233.8 382.2
200 95 3.9 66.8 77.2 110.4 187.6

Table 4.6: Computed total rotor eddy current lossethe 2-pole SRIM at
the rotor temperatured,,, = 200 and a load torque
M. =12Nm, with radial grooves on the rotor surface.

f./Hz | Uy, /V | s/% | I /A Prra /W | Pepa /W | By IW | B, /W

400 191 19 | 65.8 394.2 578.8 135.0 1108.0
300 143 26 | 66.7 255.6 581.8 139.2 976.6
200 95 39 | 66.8 128.8 557.9 139.4 826.1

The stator winding fundamental and additional cegpsses of the 2-pole SRIM

are calculated analytically, using the current m&d from the magnetic transient
FEM computation results. According to the resuligeg in the Table 4.4, the
additional copper losses due to tfieahd 2% order current displacements constitute
only 0.8 %, 0.5 % and 0.2 % for 400 Hz, 300 Hz 2868 Hz operating frequencies,
respectively. On the other hand, the total coppssds are only about 30 % of the
total motor losses, which is typical for high speeadchines. The stator core losses,

which depend on the operating frequency are redubedause of low loss
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lamination type M270-35A is used. But they stilhtain a significant percentage of
about16 % for 400 Hz operation of the total losses. Frbm lbss calculation, it is
observed that for a 2-pole high speed SRIM, therretdy current losses are high
in comparison with the other losses, which increasige rotor heating and
endangers the life span of the bearings. For 400pdzation the rotor eddy current

losses are 40 % of the total losses as given od.Big

Table 4.7: Analytically calculated bearing-fricticar-friction (windage) and
total mechanical losses at the rotor temperaturg,gf = 200°C,
and an electromagnetic air-gap torqueMbf = N2

f/Hz [ n,/min™ | s/% [ I./A ] R/W P, /W P.,/W
400 24000 1.9 | 658 | 147.7 390.9 538.6
300 18000 2.6 | 66.7 95.3 169.2 264.6
200 12000 39 | 668 51.9 51.5 103.5

The mechanical losses, which are highly dependentthe rotor speed, also
constitute a significant portion of 20 % of thealolosses at the rated operating

frequency 400 Hz, which is in concordance withghely given in [59].

4.4 Comparisons of Computed Results of the 4- and 2-pole SRIM

4.4.1 Comparison of Simulations

The comparison of the 4- and 2-pole SRIM transiaagnetic simulations, which
are given in the figures Fig 4.7 and Fig. 4.8, shibesmagnetic field lines and flux

density distribution solutions.
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It is seen that at the given nominal operationttin@ pole motor is more saturated

on the rotor B, =3.05T) than the 4-pole motoB(, = 28], which would cause

more rotor eddy current losses. But due to the tydfrating frequency, the rotor
eddy current electrical losses are less than toofithe 4-pole SRIM.

3000 O Stator copper losses B Stator core losses
& Rotor eddy current lossed Mechanical losses
2500 - B Motor total losses
__ 2000+
=
()]
@ 1500+
(]
o
-
1000
500 -
0 -
400 300 200
Frequency (Hz)
Figure 4.6: Comparison of the calculated lossesthef 2-pole SRIM for

different operating frequencies, rotor surface wélial grooves,
and operation at an electromagnetic torquid o=12 Nm.
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Figure 4.7: Cross-sectional geometry and flux @ibthe no-load condition
and at a line-to-line voltagdJ_ = 3%Q n,= 24000 mifl,
a) 4-pole SRIM (f,=800 Hz), and b) 2-pole SRIM
( f, = 400 Hz).

Figure 4.8: Cross-sectional geometry and flux fdot) the 4-pole SRIM at a
line-to-line voltage U, = 33¥, f ,=800Hz, 1 ,=887A,
$=2%, andM_ = 13m, and b) the 2-pole SRIM &t = 380
f,=400Hz, |, = 687A, s=2%, andM_ = 126\m.
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Figure 4.9: Cross-sectional geometry and flux dgrdistribution in Tesla for
a) the 4-pole SRIM at line-to-line voltagdJ, = 330
f, =800Hz, I,=887A, s=2%, and M, = 1Nm, and b) for
the 2-pole SRIM atU,= 330, f,=400Hz, | 6= 687A,
$=2%, andM, = 126\m.
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4.4.2 Losses for different / f -operations

The calculated losses for the optimiZzator B with radial grooves for operation at
different U / f -ratios (Table 4.8) show, that the 2-pole motor less total losses
than the 4-pole motor. This is because of the losparating frequency and lower
magnetizing current in the case of the 2-pole dpmraof the given high speed
SRIM.

Table 4.8 Calculated losses for the Rotor B witiabgrooves for operation
at differentU / f -ratios

syn Cus Fes Fer dfotal

min? - Hz \% Nm | % w W W \W w

24000 | 2 400 | 330 | 12 | 1.9 | 622 | 620 | 1108 | 538 | 2888

4 | 800 | 330 | 12 | 1.8 | 666 | 809 | 1369 | 541 | 3385

18000 | 2 400 | 248 | 12 | 2.6 | 637 | 382 | 977 | 265 | 2261

4 | 800 | 248 | 12 | 2.4 | 654 | 492 | 1127 | 266 | 2539

12000 | 2 400 | 165 | 12 | 3.9 | 638 | 188 | 826 | 104 | 1756

4 | 800 | 165 | 12 | 3.9 | 656 | 244 | 903 | 104 | 1907
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Figure 4.10: Comparison of the calculated losseghef 2-pole and 4-pole

SRIM for different operating speeds: a) stator eppsses and b)
stator core losses at the rated torque operatinditon with the
line-to-line voltageU, = 33¥ /248 V /165V andM, = 12 Nm.
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@ 4-pole SRIM B 2-pole SRIM
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Rotor eddy current losses (W)
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Figure 4.11: Comparison of the calculated losséb@P- and 4-pole SRIM for
different operating speeds: a) rotor eddy curressés, and b)
total motor losses at the rated torque conditioth whe line-to-
line voltageU = 33%/ /248 V /165V andM, = 12 Nm.
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4.4.3 Performance Characteristics of the SRIM

The following losses and performance charactesstiemparisons for the 2-pole
and 4-pole SRIM are given on the illustrations @f.#12, Fig.4.13, and Fig.4.14.
The shaft torqueM, is calculated from the air-gap torqud, (4.4), which is

computed using the time stepping FEM, and whictemeines the mechanical

output poweP,

ut?

P.,, +P
M =M _M, (4.4)

Fou = Mg Ly, (4.5)

where B,,,are the rotor total mechanical losses, which ineltlde high speed
bearing friction lossesH,) and the air-friction Windage) losses B,), «,is the
angular rotor speed arféd., . are the rotor additional eddy current losses, chbye

the stator field wave slot harmonics (4.6).

PFt,rad = PFt,r - PFt,rl (46)
Peisy = SIR; (4.7)
P5 = I:)in - PCu,s - PFe,s (48)

The total rotor eddy current lossé%,, in (4.6) are computed iFLUX 2D FE
simulation as an active dissipated power. In (&%), is the rotor fundamental

electrical loss given in (4.7), whereis the rotor slip and®, is the supplied air-gap

power, calculated as in (4.8).
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Figure 4.12:

Rotor slp (3a)
b)

Calculated performance characteristfcthe 4- and 2-pole solid
rotor induction motors at a line-to-line voltage, =330 V and

N, =24000 mift, a) stator currents, and b) output shaft torque
from the no-load condition up tM = 16 Nm loading conditions.
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Figure 4.13: Comparison of all calculated motorséss of the 4- and 2-pole

SRIM from the no-load to loading conditions at {ime-to-line
voltage U, = 330 V andn,, =24000 mif, a) stator losses, and

b)rotor eddy current and total motor losses.
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Figure 4.14: Comparisons of operating charactedasif the 4-pole and 2-pole

SRIM from the no-load to loading conditions at tive-to-line
voltage U, = 330 V andng, =24000 mift: a) input and output

powers, and b) power factor and efficiency.
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Figure 4.15: Comparison of measured losses for A8 PMSM with the
calculated losses of the SRIM at nominal load waithne-to-line

voltage U, =330V,n,,, =24000min and a shaft torque
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Figure 4.16: Comparison of performance charactesigturrent, power factor
and efficiency) of the analysed high-speed machatesominal
voltage U_,=330V, nominal load torque oM =12 Nmand

speed,, = 24000/ min.
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45 Comparison of Performance Characteristics of High Speed
Machines

The quantitative comparison of the examined highespmotor concepts, i.e. the
PMSM, the ASM and the SRIM, was done and resuisgaren in Table 4.8, based
on the results from [33] for PMSM and ASM and trecalation results of the
SRIM. The comparison shows the measured steady-sttes of losses and
temperatures for the PMSM and ASM with calculatedsés and estimated
temperatures for the two SRIM. So it is shown ia tbllowing chapters, that the
stator water-jacket cooling, which was used for th&M and PMSM, is not
sufficient for a steady- state operation of the@Rt 30kW, 24000 /min. The much
higher losses on the rotor side of the SRIM yiadd high rotor and bearing
temperatures. Hence, an improved rotor coolingssemrtially necessary. Hence the
comparison given here is not really fair. On theeothand the mechanical limit for
the rotor is for the SRIM considerably higher tHanthe ASM, if another bearing
system like ABM (active magnetic bearings) is usédyways, the measured
PMSM has the best performance characteristic ahtimeinal operation. It has an
efficiency of 94.6 % and operated at a power factocosg = 0.95. The least
performance result is shown by the 4-pole SRIM vathoperating efficiency of
only 89.7% and a power factor obsg = 0.69. The 2-pole SRIM has an efficiency
of 92.5 % and an increased power factor cak¢ = 0.84, which shows its

competitiveness for elevated high speed applicatidrthe rotor cooling challenge
is solved, using e.g. a magnetic bearing systemirapementing a direct rotor

cooling mechanisms.
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Table 4.9: Comparison of a measured 4-pole perntamaagnet
synchronous motor (PMSM) and a squirrel-cage
asynchronous motor (ASM) with the simulated 4-peohel 2-

pole solid rotor induction motors (SRIM)

Machine PMSM ASM SRIM SRIM
2p=4 2p=4 2p=2 2p=4

Stator frequency (Hz) / Pole 800/ 4 800/4 400/ 2 800/4
count
Outer / inner diameter (mm)  150/90 150/90 190/ 150/90
Mechanical air gap / slot 0.7/23 0.7/2.3 0.6/23 0.6/23
opening (mm)
Stack length (mm) 90 90 90 90
Number of stator slots 36 36 36 36
Stator copper / iron losses | 357 / 708 537 /700 625 /404 757 /813
(W)
Rotor electrical / friction 95 /555 250 /480 1070/53y 1537 /539
losses (W)
Stator winding / Rotor 100 124 100 100
temperature (°C) 93 130 200 200
Shaft torque (Nm) 12 12 12 12
Rotational speed (1/min) 24000 23821 23520 23544
Rotor slip (%) 0 0.75 2.0 1.9
Input / Output power (kW) | 31.9/30{231.9/29.9| 32.2/29.6 33.0/29.6
Direct motor efficiency (%) 94.6 93.8 91.9 89.8

*) Estimated values, which are used for the catouta
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5 Construction of Prototype Solid Rotor Motors

According to the design and optimization, the twoadd 2-pole high speed solid
rotor motors with one common rotor were construcaédhe laboratory of the
Institute for Electrical Energy ConversipBarmstadt University of Technologys

shown in the constructional detail diagram of Figj.5
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Figure 5.1:  Construction detail of SRIM with copged-rings (B = 2).

5.1 Stator Construction

Both the 4- and 2-pole stators are constructed aviB6 slots stator core and a steel
stator frame with water-jacket cooling system (detbdrawings see Appendix A).
The current and power densities of the designed-siigged machines are high, so

that the stator indirect water cooling of the wirglivas indispensable.
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5.1.1 Stator Frame

The stator frame is made from massive steel wittater jacket cooling system,
which is constructed with 24 longitudinal coolingatls. Each duct has a width of
12 mm and a height of 7 mm with a distance of 518 between adjacent turns.
Each six and six ducts are parallel to get the flate of 3.3 I/min as shown on the
Fig. 5.2. At a flow rate of 3.3 I/min, the coolgobld water) circulates with enough
water velocity in the cooling ducts.

Cooling
ducts

Figure 5.2:  Stator frame with water jacket coolcthgts.

5.1.2 Stator Core

In high-speed machines the eddy current lossedargnant; therefore high quality
thin stator iron laminations are required. Henbe, 4- and 2-pole high speed solid

rotor induction motors are constructed with spedtal loss steel stator core
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laminations M330-35A (2p = 4) and M270-35A (2p = 2) respectively. The
laminations have 0.35 mm sheet thickness. The fipexire losses are given in
Table 5.1. The core losses depend on the operaBagency and on the applied
voltage. The calculated magnetic flux density lagels given in Fig. 5.3.

Table: 5.1 Specific core losses of the stator arenations [16]
Material Frequency | Specific losses at 1T Specific losses at 1.5T
/ Hz /W I'W
50 1.22 2.94
M330-35A 400 23.5 57.8
1000 106 279
50 1.01 2.47
M270-35A 400 17.3 41.8
1000 73.0 192

- 1000 Hz

iT 1,5T

Figure 5.3:  Specific core losses of the stator tetidn materiaM330-35Ain
W/kg as a function of the frequency and of the fliexsity [16].
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Figure 5.4:  DC magnetization characteristics ofithglemented stator core
laminations [SourceSTANZWERK

5.2 Stator Windings Design and Construction

According to the design parameters, the three ptiasble layer integer slot stator
windings with the winding data, given in Table 5&)d developed winding
diagrams (Fig. 5.5 and Fig. 5.6), were construétedooth the 4-pole and 2-pole
SRIM.
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Table: 5.2 Winding data of the analysed solid ratduction motors
Machine 2p=4 2=2
ChordingWit, 7/9 14/18 = 7/9
Slot coun Qs 36 36
Turns per coil and per phable, Ns 8,24 4,24
Parallel wires and branchas/ a, 3/4 3/2
Overhang length, (mm) 115 230
Slots per pole and phage 3 6
Round wire diametedc, (mm) 0.9 1.25
Stator winding resistand®; (2), 20 °C 0.024 0.036

The stator winding losse®c, sin the 3-phase winding comprise tH® losses plus
the f'order current displacement losss, rp due to unbalanced current sharing
between thex parallel wires per turn plus th&*rder current displacement losses
Pcurtadue to the skin effect within each wire. The maximoumber of parallel
branchesa, = 2p allows the minimum number of turns per cbij according to
(4.1). So the current per parallel brangh I /a; is minimum; in the same way the
number of parallel wiresy per turn for a given wire diametég, is minimum,
which allows a minimization of the®1 order eddy current losses due to unequal

current sharing. By minimizing the diamety,, the 2° order eddy current losses
are reduced, so for a given turn cross-section aga= a [82,/4 an optimum

combination betweea anddc,was found, which results in low total stator winglin

additional copper losses.
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Figure 5.5:  Distributed stator winding diagram loé¢ ttonstructed prototype high
speed solid rotor induction motor (Table 5.2) fqg 2 4. The
numbers in rectangular frames denote the locatwnthe thermo-
couples.
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Figure 5.6:  Distributed stator winding diagram loé tconstructed prototype high
speed solid rotor induction motor (Table 5.2) fpr=2. The numbers
in rectangular frames denote the locations of lileenho-couples.
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Imprignated l' &
winding overhang [~ =
. - -

Terminal wires

Figure 5.7:  Stator winding inside stator core.

The stator winding temperature rise was measur@tgud temperature sensors
(thermocouples), made from Fe-Cu-Ni, mounted afeddht positions in the
windings. The first 6 sensors are mounted at theling overhangs with each 3 for
drive and non-drive ends, and the remaining 3 avented in the slot middle, as
shown on the winding diagrams Fig. 5.5 and Fig. &énerally, the water jacket
cools effectively the winding parts, which are @dcin the slots, but not the
winding overhangs. Hence the winding overhangstheehot spots. In order to
strengthen them against the mechanical and thestnesses, these parts were

sealed, using an epoxy resin encapsulati@®ieahens AG Bad Neustadt / Saale
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5.3 Solid Rotor Technology
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Figure 5.8:  Solid rotor motor construction withaotemperature measurement
mechanism via slip-rings (left).

The first prototype axially slitted rotor with coppend-rings was constructed for
the application for both 4- and 2-pole solid ratwduction motors (Fig. 5.9a). The
rotor end-rings were screwed to the solid rotoe mces in order to ensure a high
mechanical strength at high speed operation ag#iestotor centrifugal forces as
shown in the Fig. 5.9b. To decrease the rotor exdasent losses, the first rotor was
modified to the next rotor version (Fig.5.9b) withadial grooves, higher air-gap
distance and deeper slit (Tab.5.3).

Table: 5.3 Rotor geometry parameters (see Appadidix
Rotor parameters Rotor A Rotor B
Rotor outer diameter (mm) 89.2 88.8
Radial air gap distance (mm) 0.4 0.6
Slit width / slit depth (mm) 2.5/13 2.5/19
Radial grooves width /depth (mm) - 0.5&0.7
Rotor & Copper end-ring length (mm) 90 & 15 90 & 15
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Figure 5.9:  Constructional cross-sectional viewhef two solid rotor designs: a)
Rotor A b) Rotor B
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5.3.1 Rotor Core Material

In solid rotor high-speed machines the developéar torque strongly depends on
the rotor material properties. In [1], [17], [1825] it is shown, that a slitted rotor
produces a higher torque, when the rotor core nahthas a high saturation flux
density and a low resistivity. Accordingly, the stmucted prototype motor rotors
are made from the material VACOFER S1, which is Iye@ure iron [57].
VACOFER S1 is the material name of iron manufactuby means of sintering
(powder metallurgy)lt is a process of blending the metal powders fo#ld by hot
static compaction to produce the desired shape sirel The given compact
material is then sintered by heating at elevatedptrature, preferably below the
melting point to get a product of desired densstycture and properties. The two
stages of compaction and sintering are combinet ia single hot pressing. The
high purity of the material (99.98 % pure iron)dedo a very low coercive force. It
is used in applications that require achieving higiuction values with low field
strength as well as ones that require low resithgaiction in magnetic circuits with
an air gap after the field is switched off (soft gnatic characteristic) [57].
VACOFER S1 offers distinct advantages for numerapiglications, because of its
purity and lack of pores. It has a high condugiiveind saturation limit, but is
characterised by a low tensile strength as showitsgohysical properties in Table
5.4. So the mechanical strength of the rotor ieckbd at 20 % over-speed
(1.2-24000 = 28800 /min), using a 2D FEM simulatoth ANSYS (Fig. 5.10 and
Fig.5.11) [6]. The maximum calculatedn Misesequivalent stresses f&otor A
andRotor Bare 87 MPa and 125 MPa respectively. It acts atrdlots of the slits,
but it is within the yield strength limit of the nesial 200 MPa with a margin of 1.6

for the maximum stress caseRbtor Bwith deeper slits.
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Table: 5.4 Electromagnetic and mechanical parametfe/ACOFER S1
[41], [57]

Mass Resistivity | Saturation| Young Yield Tensile
density at 20 °C | flux density| modulus | strength strength
(kg/m?) (uQcm) (M (GPa) (MPa) (MPa)

7860 9.8 2.15 200 200 320

AN
NODAL SOLUTION
SMN =1855.06
SMX =.8T72ZE+D8
1855_08 .194E+08 . 38BBE+08 .SBl1E+08 . 7T75E+08
-9E9E+07 -291E+08 -425E+02 . E72E+02 -872E+08

Figure 5.10: Calculated 2D stress distributionhie solidRotor Aat 20% over-
speed 28800/min (MX: Maximum Value: 87 MPa).
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AN
NODAL 3O0LUTION
SMN =2435.51
SMX =.125E+09
2435.51 .277E+08 . 554E+08 .B31E+08 .111E+09
. 135E+08 .416E+08 . 693E+08 . 370E+08 . 1Z5E+038|

Figure 5.11: Calculated 2D stress distributiontia solidRotor B at 20% over-
speed 28800/min (MX: Maximum Value: 125 MPa)

5.3.2 Rotor End-Rings

The rotor end-ring geometry parameters were cakdlah the design and
optimisation stage in Chapter 2. The end-rings rapgle from specially treated
copper. Copper in its pure form is a well-known enel that is widely used in
industrial applications, mainly because of its higtectrical and thermal
conductivities. It has also an excellent corrogiesistance and is easy to fabricate.
However, the major drawback of pure copper isatg fensile and yield strengths at
room temperature and as well as at high tempegtlike 220 MPa and 70 MPa at
room temperature of 20 °C respectively. Generallpper can be strengthened
mainly by alloying it with other elements, but gllog causes a significant loss in
conductivity. But it can also be strengthened bgomorating fine particles of a

second compound in its matrix, causing only a srwas in conductivity. The
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second compound can be a stable oxide, added t@dpper matrix. Copper
systems strengthened with stable oxide particlebjchw are referred to as
Dispersion Strengthened Coppedo not experience oxide particle growth or
dissolution of the oxide particles into the coppeatrix. Therefore their strength is
not significantly affected by exposure to high temgture. The effectiveness of
these oxide particles as strengtheners depends pgrticle size (finer is better),
particle distribution (well dispersed is betterjarficle density (more per unit
volume is better), and particle spacing (closdreatter). One such material made by
the internal oxidation techniques, which fulfilethbove advantages, &.IDCOP
AL-15.Hence, the rotor end-rings of the machine are nfiae GLIDCOP AL-15
(0.3 % of Aluminium oxide content), which is a l@auminium oxide content grade
of dispersion strengthened copper. It consists plige copper matrix, containing
finely dispersed sub-microscopic particles ob@d which act as a barrier to the
dislocation movement. The dispersed@y is thermally stable; it retards the re-
crystallization of the copper. So, no significartftening occurs at a high

temperature exposure in the solid rotor due tohige rotor losseB, . Along with

superior strength retention, the thermal and etsdtconductivities are higher than
the conventional copper alloys, as it is given tfee physical properties in Table
5.5. [22], [53]. The stress acting on the end riagalculated with ANSYS (Fig.

5.12) and also analytically, when the end ringassidered as a thick rotating shell.
The tangential stress due to rotation depends enrdldius [10]. For the inner

radius; = 18nm, where the tangential stress is maximum, it ilgerg by the

expression (5.2) and is found to be equal to 13&MP

o, =041250p

ring

o 0(04240° + 211 %) (5.1)

In (5.1) P, IS the mass densitys,, is the 20 % angular over-speeg= 444 mm

is the outer and, =18mm are the inner ring radii.
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Table 5.5: Electrical and mechanical propertieSbfDCOP AL-15[22]
Mass density] Resisitivity at Young Yield strength Tensile
(kg/m®) 20 °C @Qcm) modulus (MPa) strength
(GPa) (MPa)
8900 1.86 130 255 365
AN

.484E+08 683E+08
. 584E+08

NODAL SOLUTION
SHN =.484E+08
SMX =.138E+09

S8ZE+D8

103E+03 .1Z28E+09
18E+ . 138E+09

Figure 5.12: Calculated stress distribution of to@per end-rings shell at 20 %
over speech = 28800/min (MX: Maximumvon Misesstress: 138
MPa, MN: MinimumVon Misesstress: 48.4 MPa).
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5.3.3 Rotor Balancing and Over-Speed Test

An unbalanced rotating rotor will cause vibraticarsd stresses of the rotor itself
and its supporting structure. Balancing of the moi® therefore necessary to
minimize vibrations, audible noise, structural s&reind power losses and on the
other hand will help to increase the bearing li@mntrifugal forces act upon the
entire mass of a rotating component. If the masthefrotor is evenly distributed
around its shaft axis, the rotor is balanced atatee without vibration. However, if
an excess of mass exists on one side of a romahtrifugal force acting upon the
heavy side exceeds the centrifugal force exertethdyight side and pulls the entire
rotor in the direction of the heavy side. The cémgal force increases
proportionally to the square of the rotational shddence especially for high speed
applications the balance test must be performediratgly. The imbalance is
measured in (g-mm), which is the total rotor masscentrated in its center of
gravity, multiplied by its distance from the shafitational axis. The residual
imbalance after the balancing process must stagwbelertain standard limits,
depending on the application of the rotor. Thisdeal imbalance is defined as the

circumference spee@ of centre of gravity and is given by:

G=Q, e, (5.2)

where G is the standard grade (mm®),is the angular speed of the rotorYg&nd
eis the distance of the center of gravity from the&ational axis. Accordingly the

balancing test of thRotor Awas done according @IN ISO 1940[12], [27], [29],
Grade 2.5, which allows the residual imbalance & @&m/s, at the company
SCHENK RoTec GmhH An over-speed spinning test was also succegsfull
performed up to 34000/min for about 2 minutes withaisible damage or
deformation of the rotor. In addition, after the ogeetry optimization and
machining of theRotor A the resultingRotor Bwith radial grooves and higher air-
gap distance was also balanced, using the balasciegv masses (Fig. 5.9) at the

electrical machine factofgrenner GmbH, Burstadt.
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54 Rotor Temperature M easurement Set-up

The rotor temperature measurement is accomplisieedPt¥100 resistor sensors,
which are fixed at different rotor parts as it epetted on the Fig.5.14. One was
mounted at the centre of the shaft and the othemtere fixed at the inner parts of
the drive-end and non drive-end end-rings. TheetBensors were connected to five
sliver made slip-rings, which are mounted on thaftshs shown on the Fig. 5.15a.
The slip-rings are constructed with a reduced dtemaf 21mmto be mechanically
stable at high speed operation up to 30000 mifhe Pt-100 sensor voltage is
supplied to a digital display as shown on the Bi@3. It is obvious, that the wear of
the carbon brush is high, due to the high speedatipa. Accordingly, a pressing
mechanism was constructed at thestitute of Electrical Energy Conversion,
Darmstadt University of Technologyn the system to make a good and stable brush
contact with the ring, which keeps the contactstasice low and increases the

accuracy of the measurement result [24].

[

Pt-100 (Shaft center)

H
[

Pt-100 (MDE end-ting)

£
Y

j

e

Pt-100 (DE end-ring)

 ULlU2andU3 are the sensed voltages via the slip-rings.

e 1,2, 3,4and5 are the five slip-rings.

Figure 5.13: Schematic diagram of rotor temperaseresors (Pt-100) connected
to the slip-rings.
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Heleleleleted
250K
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Pt-100 on the rotor

1- In center of rotor body

2- In NDE endring inner part
3- In DE endring inner part

H‘In. MHH

IR

- L]

ettt |

Figure 5.15: Slip-ring arrangement for the rotenperature measurement [29]:
a) slip-rings and, b) brushes with the mountingleal
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5.5 High Speed Spindle Bearings

Bearings, which are implemented in high-speed nmeshineed to fulfil important

requirements with regard to load carrying capahilitnning accuracy, high speed
capability, rigidity, vibration behaviour and awle space. The first natural
bending frequency of the rotor must be at leas®@bigher than the maximum
rotational frequency of the rotor to avoid the éaton of a bending vibration

resonance by the residual unbalance force. To gahanatural bending frequency,
the space between the two bearings is made to hienomn (180mm), as shown in
the illustration Fig. 5.1. Since the bearings astideally rigid, the natural bending
frequency is typically 10 % lower than for stiffdéngs. For the given rotor, the

first natural bending frequency was roughly estedaas in (5.3)f,= 1390 Hz,
with a corresponding natural bending critical speed 8737 § much less than the

rotor nominal angular speed, = 2513 st [34].

[EED2
f, = 4 (5.3)
2DT p

In (5.3) E is theYoung’smodulus,D, andd, are outer and inner diameters of the

rotor respectively|, is the length of the rotor core including the eimdys andpis

mass density. For the high speed application highigion with angular contact 15°
ball spindle-bearings are used (Tyf&F 71906 CID These bearings have an outer
ring shoulder guided cage, made of a glass fibiefaeed material called
polyetheretherketon@®EEK). These light-weight cages keep centrifugatds low
and are designed to enable a good lubricant sujgplyrne ball contact areas, as
shown in Fig. 5.15. These bearings are designell gietase lubricant can be

implemented up to the maximum speed of 30000/mith vai speed factor of

ntd, = 115500°mm/min [24], [33]. The lubrication was applied onfmg the

bav
lifetime operation and maintenance free under nboparation condition. Before

the bearings are mounted, the bearing seats aréedcoaith a synthetic
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polytetrafluoroethylendPTFE) which is commonly known with its brand name
TEFLON Due to the low friction coefficient dPTFE, the bearings can operate
with lowest friction moment. In addition, above thEFLON the seats are coated
with a MOLYKOTE dispersion productM55 plus which is a quick acting
penetrating agent. It is used for corrosion prabvectincreasing load carrying
capacity and reducing weakccording to the motor shaft diameter, the follogvin
bearing dimensions: bore diametg=30 mm, outer diamet&y, = 47 mm, bearing
width b,= 9 mm were selected and implemented. As it was/shio section 3.5.2,
that the applied radial and axial bearing loadseveziculated to b&, = 60 N and
F.= 283 N respectively with the actual axial preloafd94 N They attain the
maximum possible speed with a small space for liagtan. The large number of
balls, which are 20, of reduced size, used in thesgings, has the positive effect of
an increased stiffness and ensures a lower radllingon. The single row angular
contact ball bearings can accommodate axial forteme direction only and are

therefore mounted oppositely (see Fig.5.8), faeagh other in a back to back

bearing arrangement, which provides a relativafyIs¢aring load characteristic.

inner ring  seal

outer 1ing cage

balls

seal

Figure 5.16: High speed bearing components [52].



6 Testing of Solid Rotor Prototype Motors

The constructed 4- and 2-pole prototype solid rotduction motors were tested to
confirm the validation of theFLUX 2D FEM simulation results. The time
harmonics of the current, caused by inverter segpiodulated voltage, are well
damped by a low pass LC sine filter, which givesaémost sinusoidal current
supply to the motor terminals. Due to this sinuabicurrent, it was possible to
make a comparison of the measured and the simutht@dcteristics at sinusoidal
voltage supply, because in both cases the curystére was close to a symmetrical

three-phase sinusoidal system.

6.1 Test Bench Overview

Figure 6.1:  Test-rig for high speed motors with @3@min, 30 kW: 1) slip rings
for rotor temperature measurement, 2) solid ratduction machine
to be tested, 3) mechanical coupling via a torgeaser, 4)
permanent magnet synchronous machine as a loasl) amcremental
encoder for the operation of 4).

113
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Figure 6.1 shows the constructed test bench atatheratory of thelnstitute of
Electrical Energy Conversion, Darmstadt University of Technology [24]. In the test
rig the examined machine is taken in operation frmvoad to loading condition.
The left-side machine is the solid rotor inductiantor with a voltage source pulse
width modulation (PWM) converter systeBIMODRIVE 611u [51]. As a load
machine, a permanent magnet synchronous machin&NPNB3] with the same

power rating and construction volume as the teStelM is used [65], [66], [67].

TRAFO
400v AC

A
[ ] e

L1 L2] L3
> -
Converter 1 _| |_ _| |_

PC data analyser Filter

[ [ 1
— - | m

I rower J B

~‘ Oscilloscope

Load
Generator

Torque and speed

measurement

Temperature
measurement

Figure 6.2:  Basic setup of the test bench.

The performance characteristics of the prototygel sotor motors are measured,
using the measurement arrangement of Fig. 6.2.nDuhe load tests the shaft of
the SRIM and the load PMSM are mechanically coupiad torque measurement
sensor. The output of the load machine invertesuigplied back into the tested

motor inverter DC link, as indicated in the powlewf diagram of Fig. 6.2. Due to
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this back-to-back configuration, only the losseshef system were taken from the
grid.

6.2 Converter System Voltage Supply

The SMODRIVE 611u converter system is a modular system, which coreprés

line filter, a commutating reactor, infeed modul@sotor-side power modules,
control units and a cooling system as shown inRige 6.3. It is used as a power
supply with variable amplitude of the fundamentaleswave voltage and its
corresponding variable frequency. The convertetesysis designed for direct
operation at the grid with rated voltages of 4004¥5 V and 480 V, as a 3-phase
AC system. A low resistance galvanic connectionnecessary between the
reference potential to ground of the feeding gndl ahe protective conductor

potential of the electrical inverter equipment [51]

s

Fig 6.3: SMODRIVE 611 universal converter system: 1) line filter, 2)
commutating reactor, 3) in-feed/ regenerative feedbmodule, 4)
power module, 5) control unit [51].

The line filter works together with the reactor coil testrict the conducted
interference, emitted from the power module, to ltimgt value and to effectively
protect the converter system against line-side uthances. The damping

characteristic of the wideband filter for the cortge power supply does not only
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conform with requirements of electromagnetic confyilety (EMC) standards for
the frequency range of 150 kHz to 30 MHz, but atsdudes a filtering of low
frequencies up to 2 kHz. As a result, the lineefilhas an extended scope of
functions, which means that it can, to a certaitetx be used regardless of the
machine installation location, where the line prtips (e.g. line impedance) are
usually unknown. Theline commutating reactance has to limit the current
harmonics, fed back to the line supply, and hasttwe energy for the dc link
controller operation in conjunction with the infeeshd regenerative feedback
modules. The in-feed module is used to connectdtive group to the power
supply. The in-feed module rectifies the supplytagé and generates the dc voltage
for the dc link from a 3-phase, 400V/A€ 10 %, 50Hz line supply. In addition, the
electronic voltages 24 V, £15 V, +5V) for the control supply are made
available to the drive module and tH&NUMERIK 840D control via the equipment

bus. The power module together with the control torms the total drive module.

The drive is parameterized and started viaSh®com U start-up software tool for
personal computers, shown in Fig.6.4. In addititve, Smocom U performs the
following tasks: i.e. checking the wiring by goingo the online help connection
diagrams, establish a connection to the drive to pagameterized, change
parameters, boot the board, optimize the speedcamént controller parameters,
simulate terminal signals and enabling a diagndésbeodrive status. The parameter
changes iremocom U are not automatically saved in the convenb@mory Hence,
the optimized drive settings must be saved in tbeverter Flash Erasable
Programmable Read Only Memory (FEPROM) [51].
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Figure 6.4: Smocom U starting and configuring software tool f8iIMODRIVE
611u [51]

— Converter modules

External blowers

Figure 6.5: SIMODRIVE 611u cooling system [51].
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The converter cooling is accomplished by sepamats,fspecially designed for the
system, as shown in Fig. 6.5. With this coolingeys the power module losses are
dissipated externally as heat, whereas the powsrdbthe control unit is dissipated
internally. The external heat sink, as a mechanit&rface, allows a degree of
protection of IP54. The basic voltage source pwisdth modulation (PWM)

inverter system circuit is shown in Fig. 6.6. TleewdltageU,, is switched in the 3-

phase PWM inverter by six IGBT and six free-whegldiode switches in order to
obtain pulses, forming the three phase AC voltagfethe required fundamental
frequency and fundamental voltage amplitude foranstupply as aJ/f -control,

as shown on Fig. 6.7 [34]. The IGBT is a semicomoluswitch, which combines
the advantageous properties of the power MOSFET tahedbipolar transistor
technology. Like a MOSFET, the gate of the IGBTirnisulated and its driving

power is low. It has also a similar conducting agk as that of a bipolar transistor.

I

ze

Ua/ 2

T

Figure 6.6:  Two-level voltage source PWM invertgstem.

e 5 (F K
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200 V/div, Lms/div

Line- to- line voltage (V)
\ * —_—l
- p——

Time ()

Figure 6.7: Measured PWM voltage output phaseghas f,= 600 Hz
fundamental frequency arfd =8 kHz switching frequency, dc link
voltageU, = 600/.

6.3 L-C SineFilter

When the 4-pole axially slitted, radially groovedlid rotor induction motor with
copper end rings was operated at no-load withoytraator side filter, its rotor
temperature increased rapidly, because of the higfly rotor eddy current losses
[67]. Generally, these losses are high due theenurripple, supplied from the
converter systemJODRIVE 611u), in addition to the higher space harmonics of
the magnetic air-gap field. A switching frequendy8dkHz causes a current ripple
of 16 kHz (Fig. 6.10). Thus, the stator current andent-excited magnetic fields
not only oscillate with fundamental frequency, bigo, depending on the inverter
switching frequency, with higher harmonic frequesci The interaction of the
fundamental stator air gap magnetic wave, whiclexsited by the fundamental
current component at fundamental inverter frequemitly the rotor current, results
in the generation of the driving electromagnetigjte. The air gap field waves of
the higher harmonic stator currents are rotatinghmiaster than the rotor, which
induce high frequency eddy current losses [11]. dderin order to overcome
inverter switching caused rotor eddy current lesfiee current ripple is filtered by

a low pasd.-C sinusoidal filter [21], [54] which leads to an ast sinusoidal line
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current at motor side Fig. 6.10c. Hence, the nod-laad load tests were performed

with a sinusoidal-C filter, connected in series, as shown in Fig. 6.8.

DC link
o— _ P
3-ph o— ::
—
O— —
i —
Rectifier Inverter

Figure 6.8:  Schematic connection diagram of aeséHC sinusoidal filter with
L, (filter inductance) and, (filter capacitance).

The analysed solid rotor motovéth a seried -C sinusoidal filter can be ideally
represented with the per-phase T-Equivalent cirast shown in Fig. 6.9a. The
motor inductance is estimated from the load teshaut the filter, for which the
motor T-equivalent circuit is replaced by equivalemput impedance

(Zeg = Ry + JXg) Of the machine, Fig. 6.9a. Accordingly, the pergghaquivalent
impedance for the fundamental harmonic parametggs,§,) is determined from
the load test of the 4-pole SRIM & =400 Hz, M_ = 5.8Nm, n=11959min", as

given in (6.1) and in Table 6.1. The vallgs, X.,depend on the slip.

U .
Zeq = Zphpor = —Eot = Zoppo [{cosp + jsing) (6.1)
I-ph,HOl
Req = Z[cosg, (6.2)
Xeqg=ZeqlsING. Ip

Hence, using the test data of Table 6.1, the etpnvamotor inductance

(Le, = 0.7mH) at the operating frequendy = 480 is determined as in (6.4):
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Figure 6.9:  Induction motor T- equivalent circujt\aith a series low pads-C
sinusoidal filter, b) representation of the motquigalent circuit as
an equivalent impedanc& ).

Table 6.1: Load test results of the 4-pole SRIM fat=400Hz (per-phase
values) at the slig = 0.34 % (HO1: harmonic order 1)

Uph UmHm Im %mml ZmHm @m1
o

Vv Vv A A Q

189 112 59.5 57.6 1.95 63
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From the considered T-equivalent circuit of the onet(Fig. 6.9a), the voltage ratio

of the filter as a function of the operating fregag is given in (6.5).

c

» 1

o2 - — (6.5)
1 (1-?LC, + a)szLeq )2+ aJZLfReq
f R; + (a'Leq)2 (Rezq + (aj-eq)z)2
Since qu << (a)[l_eq)2 the voltage ratio can be approximately calculagd
Yp o 1 —. 6.6)
U 1- &L, C, +L—f

€q

As a result of it, the resonance frequerfcy= 2.7 kHz is calculated as in (6.7)

w 1 L
f — res — O+ — 67
res 27T 2T ,_Lfo Leq ( )

Using the filter designed parameteils € 80uH, C, =40 pF), it is seen, that the
sinusoidal current is supplied at the motor terisires shown in Fig.6.10c. Higher
harmonic current components are well damped, fieguibh an almost sinusoidal
current, which is supplied at the motor terminaks,shown in Fig. 6.10c. It is also

pointed out, that, =80uH<<L,, =700uH, which implies that the resonance

frequency f . can be approximately determined as in (6.8).

res

f
res 2]7_ Lf Cf
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-

¢y 25AMiw, Zmsldiv

Figure 6.10: Measured motor current wave form df@ole SRIM a) before the
filter and b) current ripple with double switchifiggquency 16 kHz
c) after the filter on the motor side wiRotor A at no-load and at line
-to-line fundamental voltagd, =165 &hd f, = 200 Hz.
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Figure 6.11: Amplification factor in dB of an idealndamped sinus filter as a
function of the frequency according to the relatioi6.6).

6.4 Test Results

The 4-pole stator with the first version, axiallitted solid rotor with copper end
rings Rotor A), shown in Fig. 5.8a, is tested, using the sirdeddilter in series to
supply a sine wave current. After analyzing the tesults and in accordance with
the FEM simulated results, the rotor geometry waslifred to Rotor B (Fig.5.8b),
and the motor was tested again wWRbtor B. The same RotdB was implemented
for testing of the 2-pole SRIM variant. The geonweatlr parameter values of both

rotors,Rotor A andRotor B, are given in Table 5.3 in Chapter 5.
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6.4.1 Four-pole SRIM Test Results

The test results of a 4-pole SRIM with both rotersions Rotor A andRotor B) for
the operating fundamental frequency df =  #20 (n, =12000min™) are

presented in the characteristics Fig. 6.12 - Fi$4,6which show that the 4-pole
motor with Rotor B (with radial grooves, higher air-gap distance dedper rotor
slits) has less rotor losses and thereby is opete higher efficiency. But the
input currents withRotor B are higher than withRotor A due to the high
magnetizing current, caused by the wider radiagap distance. Accordingly, the

fundamental power factatosp,,,, of the motor withRotor B is lower. The directly

measured efficiency was calculated from the ratimechanically measured output
power and electrically measured input power (withike losses in the filter). The
strong increase of the rotor temperature due tdidpie rotor losses did not allow to
operate the motor with rated torque 12 Nm everafehort time. All load points in
Fig. 6.12 + 6.14 could not be operated at steaale sis the temperature rise was

too high.
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Figure 6.12: Measured total losses of the 4-pddMswith the two different
rotor types A and B at the fundamental line-to-line voltage

U, =165V andf, =400 Hz (Rated torque 12Nm).
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Figure 6.14: Measured output performance charatiesi of the 4-pole SRIM
with the two rotor types A and B at the fundamenmiplt frequency
f, =400Hz and the line-to-line voltagé, =165 Va) fundamental

power-factor and b) directly measured efficiency.
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The no-load and load output characteristics of 4hmole axially slitted, radially
grooved SRIM were performed and analysed \Wbtor B. At the no-load test, the
motor is made to run with almost no torque courténg the driving motor torque,
except the frictional torque, that must be overcoence a linear no-load
characteristid) ~ f is obtained (Table 6.2). At the load test, the nae is coupled
with the load PMSM of the same constructional vadurfB3] via a torque
measurement sensor in a back-to-back arrangemdnadAtorque is applied to the
tested SRIM by operating the load PMSM as geneilattwrque controlling mode.
All the input electrical and output mechanical paeters are measured and
analysed (Table 6.3).

Table 6.2: No-load test results of the 4-pole SRWith Rotor B and Y-
connection of the stator winding

Yshon fg n | sho1 Paiin Paintior | COSPuoy
% Hz min™ A w w -
25 66.7 1993 27.2 420 375 0.11
55 133.3 3990 30.6 834 792 0.10
83 200.0 5996 30.8 1341 1308 0.10
112 266.7 7987 31.2 1950 1923 0.11
139 333.3 9985 31.2 2658 2631 0.12
167 400.0 11988 31.2 3459 3432 0.12
207 500.0 14978 31.0 4848 4821 0.14
246 600.0 17979 30.8 6480 6450 0.16
271 666.7 19973 30.5 7707 7674 0.18
300 733.3 21966 30.1 8946 8913 0.19
330 800.0 23963 30.6 10521 10482 0.20
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Table 6.3: Load test results of the 4-pole SRIMRotor B at the fundamental
frequencyf, = 500Hz, line-to-line voltag) . = 208, Y
M n !spion Pein Ponror | COSuo
Nm min~* A W w -
0.1 14984 30.9 1641 1607 0.15
1.0 14954 34.2 3121 3090 0.26
2.0 14918 38.6 4873 4842 0.35
3.0 14864 43.5 6380 6350 0.41
4.0 14801 49.4 8266 8235 0.47
5.0 14740 55.1 9969 9939 0.50
Table 6.4: Measured temperature of different mazipiarts of the 4-pole SRIM
with Rotor B at the fundamental frequenty= 504, line-to-line
voltageU, = 206/ Y and for short time operation
Nm °C °C °C °C °C
0.1 40.3 38.1 29.6 29.7 52.6
1.0 42.8 43.9 30.7 30.9 63.2
2.0 49.9 48.7 31.7 32.1 73.7
3.0 53.0 54.0 325 33.0 91.8
4.0 60.3 64.2 33.8 34.5 102.5
5.0 66.5 67.5 34.7 35.5 110.0
Table 6.5: Measured characteristics of the 4-@&fdM with Rotor B at the
fundamental frequencf, = 508z, line-to-line voltagdJ, = 208
M s Prou Fein Posotal n
Nm % W W W %
0.1 0.11 157 1641 1484 10
1.0 0.31 1566 3121 1555 51
2.0 0.55 3124 4873 1749 65
3.0 0.91 4670 6380 1710 74
4.0 1.33 6200 8266 2066 75
5.0 1.73 7718 9969 2251 78
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6.4.2 Two-Pole SRIM Test Results

The no-load tests of the 2-pole and 4-pole solidrrmotors withRotor B show the
linear characteristicds~ fs (fundamental values) up to the rated voltage= \B30
(Fig. 6.16a). The no-load input power, which is #igu to overcome the no-load
losses, is presented on the graph Fig.6.16b, wdtichiws almost the same no-load
losses for the 2-and for the 4-pole motor. Thesuesd no-load input currents are
sinusoidal, which are shown on the oscilloscopeengyg. 6.15.
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Figure 6.15 Measured no-load input current wavenfoof the 2-pole SRIM with
Rotor B for fundamental frequencies: a)f,= 209 and

b) f, = 250Hz.
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Table 6.6: No-load test results of the 2-pole SRilth Rotor B
U o f, Neyn I spo1 Plinro COSP,,0,

\Y Hz min~* A w -
25 33.3 2000 14.0 249 0.14
54 66.7 4000 15.6 597 0.14
82 100.0 6000 16.1 1059 0.15
110 133.3 8000 16.4 1614 0.17
138 166.7 10000 16.7 2271 0.19
165 200.0 12000 16.9 3021 0.21
206 250.0 15000 17.1 4353 0.24
248 300.0 18000 17.4 6000 0.27
274 333.3 20000 17.6 7167 0.29
300 366.7 22000 17.7 8448 0.31
326 400.0 24000 17.9 9879 0.33

Fig. 6.18 shows the temperature rises of diffepants of the 2-pole SRIM, from
which it is seen that the machine is overheatedler & min at rated operating
frequency and at no-load, which endangers the Hoaperation of the bearing.
Hence, all thdoad tests are performed for lower frequency, phhtiading and for

short time operation, as the water-jacket coolihghe stator was not sufficient to
remove the high rotor losses. Hence, a direct rodoting via a hollow rotor shaft

would have been necessary.



132 6.Testing of Solid Rotor Prototype Motors

200

—+— 4-pole SRIM
160 === --= - - 2-pole SRIM

L

L

Phase voltage (V)

T P i

0 5000 10000 15000 20000 25000

Synchronous speed ( min'!)

a)

---------------- —+—2-pole SRIM -
- == - - 4-pole SRIM ‘

(¥ (¥
o th
= =
= =
| |

e

o th

= =

= =
| |

No-load mput power (W)
(]
=
=
=
|

0 5000 10000 15000 20000 25000
Synchronous speed ( minl)

b)

Figure 6.16: Measured no-load characteristics o#-aand 2-pole solid rotor
motors withRotor B: a) fundamental phase voltage as a function of
the fundamental frequencyJ(/ f_-characteristic), b) total electrical

input power, which is supplied to overcome theltotaload losses.
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Table 6.7: Load test results of the 2-pole SRIMWRbtor B at the fundamental
frequency f, = 200Hz, (line-to-line voltagdJ . = 169, Y)
M n Is shos Feiin P | COSPuon
Nm min— A A W w -
0.3 11990 16.8 16.8 1009 1002 0.21
1.0 11962 19.5 19.5 1986 1977 0.36
2.0 11942 24.1 24.1 3292 3285 0.48
3.0 11902 29.2 29.2 4634 4626 0.56
4.0 11862 34.8 34.8 6010 6000 0.62
5.0 11810 40.8 40.8 7432 7422 0.65
6.0 11745 46.9 46.9 8886 8877 0.67
7.0 11662 53.0 53.0 10348 10338 0.69
8.0 11582 59.1 59.1 11818 11808 0.71
Table 6.8: Measured temperature of different maehgarts at load test of the
2-pole SRIM with Rotor B at the fundamental frequency
f, =200 Hz, line-to-line voltag&), = 169 for short time operation
Nm °C °C °C °C °C
0.3 29 30 21.7 21.5 46.0
1.0 33 34 22.5 22.3 53.6
2.0 37 38 23.3 23.2 61.2
3.0 42 43 23.9 23.9 68.9
4.0 45 46 24.4 24.5 73.0
5.0 51 52 25.0 25.1 82.0
6.0 57 58 25.7 25.8 93.2
7.0 64 65 26.2 26.5 107
8.0 74 75 26.7 27.3 120
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Table 6.9: Measured output performance charatiteri®f the 2-pole SRIM
with Rotor B at the fundamental frequericy=  2B@, line-to-line
voltageU = 16%/

i i I:>m.out h Pdtotal i
Nm % w w w %
0.3 0.08 339 1009 670 34
1.0 0.32 1290 1986 696 65
2.0 0.48 2512 3292 780 76
3.0 0.82 3739 4634 895 81
4.0 1.15 4979 6010 1031 83
5.0 1.58 6190 7432 1241 83
6.0 2.13 7415 8886 1471 83
7.0 2.87 8598 10348 1750 83
8.0 3.48 9751 11818 2067 83
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Table 6.10: Load test results of the 2-pole SRINhWRotor B at the fundamental
frequency,f, = 250Hz, line-to-line voltagdJ = 208,Y

M n Lo Json | P | Runea | C0S0uor
Nm min™ A A W w -
0.3 14986 17.3 17.3 1467 1458 0.24
1.0 14961 19.9 19.9 2595 2587 0.37
2.0 14935 24.4 24.4 4202 4193 0.49
3.0 14891 29.4 29.4 5891 5882 0.57
4.0 14847 34.9 34.9 7619 7608 0.62
5.0 14800 40.7 40.6 9371 9355 0.65
6.0 14734 46.6 46.6 11136 11125 0.67
7.0 14654 52.8 52.7 12968 12958 0.69
Table 6.11: Measured temperature of different maelparts at the load test of
the 2-pole SRIM withRotor B at the fundamental frequency
f, =250Hz, line-to-line voltageU = 208 Y for short time
operation
Nm °C °C °C °C °C
0.3 29 29 22.0 22.1 40.8
1.0 35 36 22.9 23.1 55.5
2.0 42 43 23.7 24.0 66.0
3.0 45 47 24.5 24.9 75.2
4.0 56 57 26.0 26.7 93.6
5.0 61 62 26.6 27.4 101
6.0 68 69 27.1 27.9 110
7.0 73 74 27.8 28.8 125
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Table 6.12:  Measured output performance charatitesi of the 2-pole SRIM

with Rotor B at the fundamental frequendy = 25, line-to-line
voltageU_ = 206/ Y

M S Prout Paiin Painto1 Piotal 7

Nm % w w w w %

0.3 0.10 518 1467 1458 940 36

1.0 0.26 1629 2595 2587 957 63

2.0 0.43 3144 4202 4193 1049 75

3.0 0.73 4725 5891 5882 1157 80

4.0 1.02 6235 7619 7608 1373 82

5.0 1.33 7780 9371 9355 1574 83

6.0 1.77 9273 11136 11125 1852 83

7.0 2.31 10773 12968 1295 2185 83

6.5 Comparisons of Results

In this section, the measured performance chaistiteresults of the 4- and 2-pole
solid rotor induction motors are compared in ottdeshow the possible competitive
industrial applications with other types of highesd motors. In addition, the
measured and simulated results are compared ir eodealidate the 2D FE
computations.
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6.5.1 Comparisons of 4- and 2-pole Motors Test Results

Like the simulation results in Chapter 4, the 2ep8SRIM has less input current at
the same torque and voltage because of less maigigetiurrent and is thereby
operating with a higher power factor than of thpode SRIM (Fig. 6.24) with the
sameRotor B. The total losses, which are calculated from tiffergnce of the input
electrical and the output mechanical power, arellsma the 2-pole machine.

Hence it is operating with a higher efficiency (Fég25).
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Figure 6.23: Measured mechanical characteristiaghef2-pole and 4-pole SRIM
with Rotor B at a fundamental line-to-line voltagk, = 206 V Y and

ny,,= 15000 mift.
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6.5.2 Comparison of Measured and Calculated Results

In this section, the comparison of the measured 2DdFEM simulated SRIM
performance characteristics are presented. The faator that complicates the
comparison between the measured and numericallguleédéd results is the
predetermined stator winding and rotor body temipeea Hence, the 4- and 2-poles
SRIM are re-simulated using the actually measuredois winding and rotor
temperatures. In addition to that, on the curr@ntukation, a total end effect factor
that considers the rotor end currents and the hottar end magnetic saturation
condition is implemented. For axially slitted SRIWith copper end rings, the
modified Russell end-effect factor given in (2.29) describes we# tturved rotor
current paths in the rotor ends by increasing dterrresistivity, when the rotor is
not heavily saturated. But it is investigated, ttte rotor end region is the most
saturated part of the rotor [30]. Hence, the emibreof the solid rotor is causing a
skin-effect to the rotor currents, which increagesapparent rotor resistance, when
the slip increases. Thus, the effect of the opegasilip must be considered by
modifying the end-effect factor by a slip-dependtmtor (k), given in (6.9) [1],
[63].

k=) (6.9)
syn
In (6.9) n and n,, are the mechanical and synchronous rotating spéete

motors respectively. Therefore, the total end-éffiactork,,, which takes into

account the effect of increased slip, as the mistlwaded, is given in (6.10), as it is

investigated in [1].

Kiot = Kg [K (6.10)



144 6.Testing of Solid Rotor Prototype Motors

Input current (A )

Powrer factor (-

o0
50 1
40
30
—+— Neasured

20 - === - Caleulated -----------ooo
L0 e
0 T T T T T

19860 19880 19900 10020 19940 19960 19980

0.7 0.6 0.5 0.4 0.3 0.2 01

Rotor speed (min'l)
. Slip (%)
a)
0.4
.‘ -
05 f-mmmmcmmemene T T
I e T RCLEIERREES
T T
——Dleagured = ® -Caleubted

I T REICTERIE
T T T
] T T T T T T

19860 19830 19900 199zg 19940 19960 19980 20000

0. 0.6 05 0.4 03 nz2 01 1l

Rotor speed (min™")
olip (¥ )
b)

Figure 6.26: Measured and 2D time stepping FEM utated characteristics of

the 4-pole SRIM withRotor B at the fundamental frequency
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supply a) input current and b) operating powerdact
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Figure 6.28: Measured and 2D time stepping FEM utaled mechanical
characteristics of the 4-pole SRIM wiRotor B at the fundamental

frequency f, =666 .7Hz, line-to-line voltagdJ, = 258 sinusoidal
voltage supply

In (6.10) k; the Russell end-effect factor, which is given in (2.29). Usittge
aforementioned correcting measures, the measured simulated result
comparisons are presented on the figures Fig. 6:26ig. 6.28. With the
introduction of the slip dependent end-effect faetod considering the actual stator
winding and rotor temperatures, the measured anuulgied results are in
concordance for the low slip operating region, Wwhis basically the nominal

working region of high speed solid rotor inductimotors.



7 Conclusions and Recommendations

The FEM and experimental analysis show that théd s@tor induction motor
constructed withRotor B with radial grooves, higher air-gap distance aedpdrotor
slits has less rotor losses and thereby can batggkat higher efficiency than with
Rotor A. But the input current witRotor B is higher than withRotor A, because the
magnetizing current, caused by the relatively highadial air-gap distance is
bigger. Accordingly the power factor of the machimgh Rotor B is lower than
with Rotor A. For short-time operatio®2-10 min the temperature dRotor A
increases up to 200 °C, whereasRmtor B the increase is only 120 °C, which can
be already dangerous for the implemented high-spesthanical bearings. Thus, it
is necessary to build such SRIM for increased spedth magnetic bearings or

implement a special direct rotor cooling constiuaeti

For high speed solid rotor induction motors theptyifrequency is so high that the
choice of the pole numbers has to be made betweerand four poles. A lower
stator frequency and hence lower stator core atui fosses are obtained in a 2-
pole machine. However, the increased height ofstia¢or yoke of the two-pole
machine leads to a bigger machine and to high¢orstmpper losses due to the

longer winding overhangs. Hence a 2/3-pitchinghef $tator coils is recommended.

The torque/volume density, obtained at the sanmutzdbd steady-state temperature
rise of 85 K in the stator winding and at 24000 Tiis by 30 % bigger for 2-pole
than the 4-pole solid rotor induction motor. Theqgtee/volume density of the
permanent magnet synchronous motor at 24000 mim 80 K temperature rise is
by 25 % bigger than for the 2-pole SRIM of the sagemmetry. The rotor
temperature of the SRIM witRotor B increases up to 240 °C steady-state, which is
much bigger than in the PMSM (93 °C steady-statd)ich may endanger the
bearing life. But the high speed rotor may be uBmdincreased speed, when

operated with magnetic bearings.

147
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The performance characteristic comparisons at #tedrcondition between the
possible high speed machines show that the PMSMtimasbest performance
characteristics at nominal operation. It has aitieficy of 94.6 % and operates at a

power factor ofcosg = 0.95 (HO1) The lowest performance result is shown by the

4-pole SRIM withRotor B with an operating efficiency of 89.8 % and a power
factor cos¢ = 0.69. On the other hand the 2-pole SRIM wRbtor B has an

efficiency of 91.9 % and &os¢ = 0.84, which shows its competitiveness for the

elevated high speed applications, as a long a®tbecooling challenge is solved.

The measured and 2D time stepping FEM computeapeaince parameters of the
SRIM, i.e. shaft torque, efficiency and power factare in good agreement with
allowable accuracy, especially at the low slip atieg region The rotor end

currents and its 3D geometrical features are tak®nconsideration in the 2D FEM
simulation by an equivalent end-effect factor. Therent ripple, caused by the
PWM voltage supply, is well damped by designing anglementing a low pass
LC sinus filter. This also allows the comparisontié measured values with the
simulated results, which were obtained using the tkDe stepping FEM at

sinusoidal voltage supply.
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Implemented Torque Sensor
F - _F
s [ R
I o -Hr H i
' GD_I @ I% N S
<< T _ _ . <
© 1l R S
I . . i
p AN gl = [F 1

|
| |
| . /Tl Z screws 0N 912 M.

Remove assembly adapters before oﬁm

a)

=Sl

[ |

\1

orgue se1sor

b)

Figure C.1: Implementeddorenz torque sensor: a) geometrical dimensions (see
Table C.1), and b) view of the mounted device attést bench.
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The torque sensor froinorenz Messtechnik GmbH is implemented to measure the
torque M and the rotor speedch. From the product of these quantities, the shaft

power output P) is calculated as in (C.1).

P=2mM (C.1)

The torque sensor consists of the stator and th¢ing part. The bearingless design
of the torque sensor is the advantage, havingdesgentive maintenance and no
lubrication work necessary. Measuring signal distarcaused by friction losses,
dusts and heating effects can be occurring. The eihnical data of the given
torque sensor is listed in Table C.1. The maximuralallowable misalignment is
0.8 mm. The accuracy of the torque sensor is high %) with the rated voltage
12...28 V DC and output signal 0..5V. The speed sensor is characterized with a

maximum frequency 6 kHz and an output signal 5V TTL

Table C.1 Technical data of the implemented toispreor
Measuring | Size | Max. Dimensions
range Speed (mm)
(Nm) (minhy | ¢A B ¢D F Le M M
(Nm)
20 62 30000 | 574 16.1 13 36.6 | 1308 M3 6.1

The two-channel digital display is a versatile mesgy device which was used to
display the measured parameters (Fig. C.2). Thesunes device with its rigid

housing has been well proven in application to ldigghe measuring torque and
rotating speed. The device is either being prograthby a personal computer or by
5 keys directly. Additional functions such as MMax, memory, tare, delete

buffer, can be carried out by the keys or two paognable inputs.
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