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Abstract

Due to the strong growth of electromobility, the demand for compact and efficient
electric motors is increasing. Currently, mainly permanent magnet synchronous
machines are used for electric vehicles. The use of rare earth materials in the mag-
nets is cost-sensitive and decreases the efficiency in the field-weakening range at
high speeds. An alternative is the use of electrically excited synchronous machines.
Electrically excited synchronous machines are often used as generators. For this
purpose, power density, wear and operation over the entire operating range are
not relevant but are essential for use in electric vehicles.

This doctoral thesis presents an inductive electrically excited synchronous machine
with a contactless energy transmission system. The transmission system is inte-
grated inside the rotor shaft to reduce axial length. The model of an electrically
excited synchronous machine is extended by considering saturation. An analyti-
cal calculation for the transformation ratio is derived. Furthermore, rotor shape is
investigated for operation in field weakening.

During the design process, thermal and mechanical requirements are considered
in addition to an electromagnetic design, and the topology selection of the con-
tactless energy transmission system is explained. An electromagnetic optimization
method is developed and applied to minimize torque ripple and optimize efficiency
in the drive cycle. For this purpose, a vehicle model is used to derive a relevant oper-
ating range from the driving cycle. In simulation, the machine losses in the driving
cycle are reduced by 40 % compared to referenced permanent magnet excited syn-
chronous machine.

The optimized machine is built as a prototype with an integrated contactless en-
ergy transmission system, driven on the test bench and evaluated.






Zusammenfassung

Durch den starken Zuwachs der Elektromobiltit steigt der Bedarf an kompakten
und effizienten Elektromotoren. Aktuell werden fur Elektrofahrzeuge hauptsich-
lich permanentmagnetisch erregte Synchronmaschinen eingesetzt. Der Einsatz
von seltenen Erden in den Magneten ist sowohl kostensensitiv als auch nachteilig
fiir den Wirkungsgrad im Feldschwichebereich bei hohen Drehzahlen. Eine Al-
ternative ist der Einsatz von elektrisch erregten Synchronmaschinen.

Elektrisch erregte Synchronmaschinen werden hiufig als Generatoren eingesetzt.
Fiur diesen Zweck sind Leistungsdichte, Verschleiff und Betrieb im gesamten Be-
triebsbereich nicht relevant, fir den Einsatz in Elektrofahrzeugen jedoch essen-
ziell.

In dieser Doktorarbeit wird eine induktiv elektrisch erregte Synchronmaschine
mit kontaktlosem Energietibertragungssystems vorgestellt. Zur Reduktion der ax-
ialen Linge ist das Ubertragungssystem in den Rotor integriert. Es wird dafiir die
Modellierung der elektrisch erregten Synchronmaschine um die Beriicksichtigung
der Sittigung erginzt und eine analytische Berechnung des, fir die Modellierung
notwendigen, Ubersetztungsverhiiltnisses hergeleitet. Desweiteren wird das Ro-
tordesign fiir Betrieb in Feldschwiche untersucht.

Beim Design des Systems werden dabei neben einer elektromagnetischen Ausle-
gung auch thermische und mechanische Anforderungen berticksichtigt sowie eine
Topologieauswahl des Uberragungssystems erldutert. Eine elektromagnetische
Optimierung wird entwickelt und zur Minimierung der Drehmomentwelligkeit
und Optimierung des Wirkungsgrades im Fahrzyklus angewandt. Dazu wird mit
Hilfe eines Fahrzeugmodells aus dem Fahrzyklus ein relevanter Betriebsbereich
abgeleitet.

Die optimierte Maschine wird mit integriertem Ubertragungssystem als Prototyp
aufgebaut, am Priifstand in Betrieb genommen und ausgewertet.
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Secondary side leakage inductance referred to the pri-
mary side

Axial length of the active parts

Direct inductance

Absolute d-axis inductance

Absolute d-axis inductance with constant excitation
Differential d-axis inductance

D-axis and excitation axis mutual inductance
Differential coupling inductance from g- and d-axis
Differential excitation inductance

Referred differential excitation inductance
Lamination length (axial)

Magnetization inductance

D-axis magnetization inductance

Differential d-axis magnetization inductance
Quadrature inductance

Absolute g-axis inductance

Differential coupling inductance from d- to g-axis
Differential g-axis inductance

D-axis leakage inductance

Differential d-axis leakage inductance

Mass of the active parts

Total mass
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Symbol

Myehicle

NI

7 meas
7EM

7, CP

7, CP

7 max
Zmech

nop

XXVIII

Unit

rpm

rpm

rpm

rpm

rpm
! / min

rpm

Description

Vehicle mass

Number of phases

Magneto-motive force

Magneto-motive force on the rotor
Speed

Number of turns

Primary side number of turns

Secondary side number of turns

Turns per coil

Machine speed at corner point
Maximum speed possible with the calculated corner
point

Measured speed of the electrical machine
Speed of the electrical machine

Maximum iterations for MTPA optimization for the
corner point

Maximum iterations for MTPA optimization for the
operation point

Maximum speed

Mechanical speed

Machine speed in operating point
Number of parallel strands

Turns per coil on rotor

Number of excitation turns
Turns per coil on stator

Speed of the wheel

Effective active eletrical power
Number of pole pairs

DC copper loss
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Symbol

Pcy.ac
Pcupe,r
Pcype,s
P €,max
Pr.

pFe
Pcys
Pres
Pric
Piogs,CET
Pmax
Pyen,max
Priot,max
P mot,n
P ref,CP
Prindage
q

gr

Qs

gs

Vvent

R

Ry

R,

R,

Tdyn

R.

Rg

R

d€<44 |

cm
MPa

I/H

Description

AC copper loss

Rotor DC copper loss

Stator DC copper loss

Maximum rotor excitation power

Iron loss

Specific iron loss

Rotor iron loss

Stator iron loss

Friction losses

Losses in the contactless energy transmission system
Maximum number of pole pairs

Maximum mechanical power in generator mode
Maximum mechanical power

Nominal mechanical power

Reference Power at corner point

Windage losses

Slots per pole per phase

Number of rotor slots per pole

Number of stator slots

Number of stator slots per pole

Ventilation flow rate

Electrical resistance

Primary side resistance

Secondary side resistance

Secondary side resistance referred to the primary side
Dynamic wheel radius

Yield strength

Gear ratio

Magnetic reluctance
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Symbol Unit Description

R, MPa Tensile strength

Ree1 Yu Magnetic reluctance of the iron on the primary side

Ree,2 ! /H Magnetic reluctance of the iron on the secondary side

Rsoa ! /H Magnetic reluctance of the airgap in the primary side
leakage path

Rso,2 Yu Magnetic reluctance of the airgap in the secondary side
leakage path

Rs Yu Magnetic reluctance of the airgap

R ! / H Main magnetic reluctance

Ros1 ! /u Primary side leakage magnetic reluctance

Ro2 Yu Secondary side leakage magnetic reluctance

R, Q Rotor resistance

R! Q Referred rotor restistance

Rg Q Stator phase resistance

7 Slotcorner mm Stator slot corner radius

S % Percentage slope

T Nm Torque

t s Time

Tcp Nm Torque at corner point

TeMm Nm Machine

Ttic Nm Friction torque

Tie dev% % Percental deviation in torque to previous simuliation
for termination criterion

Thag Nm Magnetic torque

T nax Nm Maximum torque

Tref Nm Reference torque

Tef,cP Nm Reference torque at corner point

Tehafe Nm Mechanical shaft torque

T ehafer Nm Mechanical shaft torque ripple
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Symbol

Theel
TRV
ULimit,v
v

%1

U2

1)2’

Va
Vabc,SP
Vact

oy
VBatt,n
Uc

Ucirc
Ucirc,max
04

UDC
Udq,ind
Udq,SP
UE

/
€

v

phase,max

v

Uq

Viotor
Uyehicle
Va

Wrooth
WR ,coil

WR ,tooth

Unit

m3

<< <B <<<<<

85 B
<>w\

Description

Wheel torque

Torque per rotor volume

Boolean indicates voltage limit reached

Speed

Primary side voltage

Secondary side voltage

Secondary side voltage referred to the primary side
Stator voltage phase a

Three phase setpoint voltage

Volume of the active elements

Stator voltage phase b

Nomninal battery voltage

Stator voltage phase ¢

Circumferential speed

Maximum circumferential speed

Stator d-axis voltage in rotor flux reference frame
DC volatage

Complex induced voltage in d/q frame

Complex setpoint voltage in d/q frame

Rotor excitation voltage

Referred rotor excitation voltage

Maximum effective phase voltage

Stator g-axis voltage in rotor flux reference frame
Rotor volume

Vehicle speed

Fluid flow rate

Tooth width

Rotor coil width

Rotor tooth width
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Symbol

WR tip
ws Slot
WS tooth
Xpos

)’pos

XSkew
“Slope
&S, tooth

Br,
lgel

{@ el,initial
)

o CP,Power
o CP,Torque

Eel

Eel .k
Eel,k+1

7

7] Axledrive
7cET

76
7iEESM
M, max

7op
Y

XXXII

rad

rad

Description

Rotor tooth tip width
Stator slot opnen
Stator tooth width

X position in 2D plane

Y position in 2D plane

Rotor skewing angle
Slope angle
Stator tooth angle

Electrical angle of the rotor flux oriented coordinate
system

Currentangle in d/q

Initial current angle in d/q for the optimization process
Magnetic air-gap length

Allowed deviation from corner point power with der-
ating the fitness values

Allowed deviation from corner point torque with der-
ating the fitness values

Eletrical angle

Eletrical angle at discrete time step k

Eletrical angle at next discrete time step after step k
Efficiency

Axle drive efficiency

Efficiency of the contactless energy transmission system
Gear efficiency

Efficiency of the iEESM

Maximum machine efficiency

Efficiency at operation point

Viewing angle in the air-gap of the eletrcial machine
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Am

_P air
Tmech
Timech, peak
g
P
JEWdg R
JEWdg,S
3
Svent,in
19vent,out
3,in
3 fl,out
FWdg R
19de,$

@

Unit

VS/Am

MPa
MPa

N/m2

°C
°C
°C
°C
°C
°C
°C
°C
°C
v

Description

Vacuum permeability

d-Axis flux linkage

Referred excitation flux linkage
q-Axis flux linkage

Flux linkage

Primary side flux linkage

Primary side leakage flux linkage
Secondary side flux linkage

Main flux flinkage

Secondary side leakage flux linkage
Count variable of a sums

Torque harmonic count
Mathematical constant

Mass density of the air
Mechanical stress

Mechanical stress in particular points
Shear stress

Pole width (air-gap center)

Rotor end winding temperature
Stator end winding temperature
Temperature

Ventilation air inlet temperature
Ventilation air outlet temperature
Fluid inlet temperature

Fluid outlet temperature

Rotor winding temperature
Stator winding temperature

Electrical angular frequency of the stator
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