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Abstract

This research consists of three main parts. The first part extends research on AC wind-
ings by utilizing the star of phasors (star of slots) for winding topologies with various
numbers of turns per coil or per coil side, as well as for star-delta windings. Following a
mathematical approach, possibilities and restrictions on electromagnetic improvements
are discussed and main theorems and design guidelines are presented. It is shown that
several windings found in the past possess a similar underlying structure, allowing to
design more, yet unknown windings. Closed analytical equations for winding factors are
derived and several winding examples are illustrated.

The second part contributes to design possibilities of high pole PM machines for hy-
brid traction applications. Due to high electrical frequency, machine design focuses on
low iron and AC losses. The design procedure as well as main design considerations
are highlighted, showing trade-offs and final decisions. Following these findings, a 36-
slot 28-pole PM machine with irregular air gap, shaped tooth tips and a concentrated
winding in delta connection is designed. Numerical and analytical calculations for the
electromagnetic, mechanical and thermal domain are presented.

The third part validates derived machine design by measurements performed on a full
scale prototype. Manufactured PM machine, test-bench and performed measurements are
described in detail. Results are depicted and compared to predicted values. Deviations
are analyzed and further optimization possibilities are discussed. It is shown that derived
design fulfills set project requirements on torque and powcer and shall be improved further

regarding AC losses.
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Applied Notations and Symbols

A Current loading in A/m

AJ Thermal utilization in A/m3

By Peak fundamental air gap flux density in T

Brax Maximum allowable flux density in T

Bpmw Harmonic of rotor permanent magnet flux density with ordinal number v
By Maximum teeth flux density in T

By Maximum yoke flux density in T

Clss Esson’s Number in VAs/m?

Cin Thermal copper capacity in J/K

H Tangential magnetic field strength along slot opening in A /m
Ip Rms current of supplied frequency in the delta branch in A
Ipga Rms current of third harmonic in delta branch in A

laq Current in A in direct and quadrature axis, respectively

Ip ot Total rms current in delta branch in A

Iy, Supplied rms line current in A

I Continuous short circuit current in A

J Current density in A/m?

Lqq Inductance in H in direct and quadrature axis, respectively
M Modulation index

N1, No, ... Number of turns per phasor

Nio Ratio of effective turns per phasor

Ne Number of turns per coil

Neog Cogging torque frequency with respect to one mechanical revolution

xiii



Applied Notations and Symbols

N
Nu

THD

a,,0,,6

Xiv

Number of turns of phasor [

Nusselt number

Taylor Number

Overvoltage ratio

Mechanical power in W

Copper losses in W

Bearing friction losses in W

Iron losses in W

Mechanical losses in W

Eddy current losses in magnets in W

Windage losses in W

Number of slots per winding

Total number of coils connected in delta branch
Total number of coils connected in star branch
Number of slots per base winding

DC resistance per coil in

DC resistance per phase in 2

Thermal resistance of slot copper to iron stack in K/W
Torque in Nm

Total harmonic distortion

DC bus voltage in V

Peak line-line fundamental voltage in V

Line-line voltage harmonic, peak value in V
Volume of iron stack in m?

Maximum line-line voltage in V

Magnetomotive force due to permanent magnets in A
Coil width in m

Fictive commutator pitch of winding harmonic v

Discrete Fourier coefficients



Applied Notations and Symbols

dso
fe
fs
hxp
hgp
h

kdz,u

kgn

Total width of slot copper in m

Slot width in m when approximated by a rectangular shape
Slot opening width in m

Correction factor for round wires when calculating AC losses
Power factor

Power factor excluding the influence of iron, magnet and additional losses
Specific heat capacity of copper in J/(kgK)

Field penetration depth in m for slots with coil sides a and b
Rotor inner diameter in m

Rotor outer diameter in m

Stator inner diameter in m

Stator outer diameter in m

Electrical frequency in Hz

Switching frequency in Hz

Number of north pole phasors connected in the delta branch
Number of south pole phasors connected in the delta branch

Number of phasors connected in the delta branch in chapter 2, normalized

tangential magnetic field strength in chapter 3
Height of one single conductor in m

Total height of slot copper in m

Magnet height in m

Slot height in m when approximated by a rectangular shape
Teeth height in m

Yoke height in m

Group factor of winding harmonic v
Distribution factor of winding harmonic v
Zone factor of winding harmonic v

Factor for iron loss increase

Slot fill factor
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Applied Notations and Symbols

ko
Fy
k.3
ke oft
ks
ksov
Estack
Fow
kyy
les
le

ltot

lW’O

Ny

qd
dg
qi
n
qNp

qsp

Wy

xvi

Pitch factor of winding harmonic v

Resistance factor due to fundamental harmonic
Resistance factor due to third harmonic

Effective resistance factor

Shift factor of winding harmonic v

Slot opening factor of winding harmonic v

Stacking factor of iron steel

Winding factor of harmonic v

Complex winding factor of harmonic v

Copper length per coil side including the winding overhangs in m
Length of iron stack in m

Total axial length in m

Winding overhang length of one coil side in m

Axial length of winding overhangs in m

Number of phases

Rotor rotation speed in 1/s

Number of pole pairs per winding

Number of pole pairs per base winding

Ohmic loss density in W/ m?

Number of slots per pole and phase

Denominator of ¢

Number of phasors per group

Heat flow in W/m?

Nominator of ¢

Number of phasors per north pole zone

Number of phasors per south pole zone

Shift distance of two windings counted in phasor positions
Winding periodicity in chapter 2, otherwise time in s

Magnet width in m



Applied Notations and Symbols

r Distance between + and — zone

D5y ¢ Air gap, yoke, teeth magnetic flux in Vs

Vom Flux linkage due to permanent magnets in Vs

« Angle between adjacent phasors in the star of phasors

o Angle between the reference phasor and phasor [

Qpm Arithmetical average flux density factor

Qs Pole shape coverage

Qh,out Heat transfer coefficient at stator outer surface in W/(m?K)

1) Air gap height in m

) Minimum air gap height in m

Ytd Flux density ratio

K Copper resistivity in 2m

Ko Copper resistivity at boundary temperature in m

s Effective thermal slot conductivity in W/(mK)

v Winding harmonic with reference to a base winding

17 Ordinal number of winding harmonic to be set to zero

w Electrical angular frequency in 1/s

) Angle between fundamental harmonic current and voltage, excluding the
influence of iron, magnet and additional losses

©d Additional phase shift of delta phasors

©s Angle of the symmetry axis of the geometrical sum of phasors

P Material density in kg/m3

o Electrical conductivity of copper in 1/Qm

oys Yield strength of electrical steel in Pa

Omax Maximum mechanical stress in Pa

Otan Tangential stress in Pa

Tp Pole pitch in m

Tom Theoretical pole coverage of permanent magnets

Ts Slot pitch in m
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19mag
Umax
190001

gab

xviii

Slot pitch at the outer slot side in m
Teeth width in m

Temperature in K

Hot spot temperature of magnets in K
Hot spot temperature in K

Cooling temperature in K

Rated conductor height for slots with coil sides a and b





