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Abstract

Today’s automotive industry faces fast changing impacts and conditions which
forces fast and reliable decisions. The companies are pushed to innovative solu-
tions, mainly caused by political concerns, aiming at a gentle handling of energy
sources.

In order to meet average fleet consumptions, automotive manufacturers and sup-
pliers are trying to replace existing mechanical systems with electric/mechatronic
systems. Today exists a big variety of different partial or full electric power train
configurations on the market, each using different electric drives with different
design and optimization criteria. Which machine to use for a specific application
and how to design and control them is probably one of the main issues in a hybrid
vehicle development process. At present, conceptual design and dimensioning
tools are of big interest as subsequent production and modifications costs can
be lowered significantly. An efficient hybrid or full electric vehicle development
process minimizes the overall development time for the design and the analysis
of the entire mechatronic system and addresses electric motor selection issues
and power train evaluation processes.

The present thesis presents a novel time-efficient design and modeling approach
of two different AC drives which allows a fast evaluation of the machine topolo-
gies in conceptual design studies of automotive traction applications. The design
methodology applies to the V-model of VDI-standard 2206 focusing on the sizing
of electric motors under given geometric restrictions caused by the vehicle. The
work has a special focus on the design of the electric machines and the analysis
of the resulting thermal and operative machine characteristics.
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Kurzfassung

Die Fahrzeugindustrie ist heutzutage mehr gefordert denn je zuvor. Das re-
striktive Umfeld heutiger Fahrzeughersteller, politischer oder gesellschaftlicher
Natur, ändert sich rasch, sodass Entscheidungen in Innovations- oder Entwick-
lungsprozessen von Fahrzeugen sehr schnell und nachvollziehbar gefällt werden
müssen.

Im Zuge der Realisierung von Flottenverbrauchszielen werden Antriebsstrangkom-
ponenten im Fahrzeug sukzessive elektrifiziert. Aktuell existiert am Markt eine
Vielzahl unterschiedlicher Antriebsstrangkonfigurationen wobei jede dieser To-
pologien verschiedene Typen von Elektromotoren mit unterschiedlichen Aus-
legungs- und Optimierkriterien verwendet. Welcher Maschinentyp für welchen
Zweck unter gegebenen geometrischen Einschränkungen wie ausgelegt und be-
trieben werden sollte, stellen dabei essentielle Fragen in einem Entwicklungs-
prozess eines Fahrzeugs dar. Ein effizienter Entwicklungsprozess eines hybriden
oder rein elektrischen Fahrzeugs versucht demnach, sowohl Analyse als auch
Synthese des mechatronischen Gesamtentwicklungsprozesses zu reduzieren und
widmet sich Berechnungs- und Evaluierungsprozessen von elektrischen Antriebs-
strangkomponenten.

Der Schwerpunkt der vorgelegten Arbeit konzentriert sich auf die Berechnungs-
methodik zweier verschiedener Elektromotortopologien unter spezieller Berück-
sichtigung geometrischer Restriktionen durch das Fahrzeug. Die entworfene
Berechnungsmethodik basiert auf dem V-Modell aus der VDI-Richtlinie 2206,
wobei der anwendungsspezifische Entwurf der Maschinen und die Analyse des
resultierenden thermischen und operativen Verhaltens im Vordergrund steht.
Ziel der Arbeit ist der Entwurf einer effizienten Berechnungsmethodik für die
vorgestellten Motortopologien, die eine schnelle konstruktive und operative Eva-
luierung der Motoren für den Einsatz in hybriden oder rein elektrischen Trak-
tionsantrieben im Fahrzeug unterstützt.
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1
Introduction

Mobility is considered to be a basic need of humanity. Therefore, automobiles
always had and still have a strong presence and importance for human beings.
Providing mobility in future is a sociological and technical challenge. Today’s
automotive industry faces fast changing impacts and conditions which forces fast
and reliable decisions. Some of these issues exist since the first automobile was
invented. Cost and quality have always been of big interest to the consumers,
however, the variety of present vehicles is wide and changed dramatically com-
pared to former times. The continuous integration of mechatronic power train
components leads to an increase of the overall system complexity. Automotive
companies are pushed to innovative solutions, mainly caused by political con-
cerns, aiming at a gentle handling of energy sources. Shorter product innovation
cycles cause cost and time urgencies which counteract product quality and con-
sumer expectations.

During the 1960s up to the 1970s the development time for a vehicle was approx-
imately seven years. However, today’s vehicles are developed within a two years
innovation cycle [HIR10]. Since then, the development time decreased by approx-
imately 70% facing a much higher number of vehicle variants. One of the most
challenging task concerning the development of vehicles is the consideration of
the entire system itself, especially longitudinal vehicle dynamics. In most cases,
the system design is done independently. In fact, this frequently results in system
components being able to handle maximum loads. The reason for it looks very
simple, however, its solution is challenging. Neglecting system relationships and
dependencies normally results in oversized system components [NP06]. Thus,
an effective design process considers all relationships of superior and inferior
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2 Chapter 1. Introduction

system design stages combining linked virtual design and simulation tools with
expert knowledge. At present, virtual design and dimensioning tools are of big
interest as the early development process impacts subsequent production costs
by 70% [SR08]. Virtual design tools allow a basic dimensioning of system com-
ponents at relatively low computing time. Product optimization can already
be done during early development stages which significantly reduces product
varieties and subsequent product modification costs.

1.1 V-Model Based Design Process

Fig. 1.1 depicts the development process stages of mechatronic system design
methods based on the V-model of VDI-standard 2206 [SR08]. The vertical axis
of the design process reflects the degree of detail of the entire system design.
Therefore, the degree of detail gets higher at lower system hierarchies. The
horizontal axis is considered to be the time axis representing the verification
and validation efforts of the corresponding test procedures. The V-model can
basically be split up into stages of system design, domain specific optimization
and system integration. This process is continuously verified and validated at
different development stages up to the final product. The system design stage
focuses on the implementation of the system specifications at a defined accu-
racy. The stage considers mechanical, electrical and software requirements for
a given partial or entire system test. The domain specific optimization is prob-
ably the most intensive design stage examining the effects of different system

Figure 1.1: V-Model based power train development process (VDI-standard
2206) [SR08].
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variants, different operation variants and modifications of system behavior and
costs. The third design stage contains the system integration in combination
with the system test at different development stages. The information flow be-
tween the different design levels is not unidirectional, as the effects of system
modifications can eventually be seen at successive design stages. Hence, the in-
formation exchange needs to be bidirectional in order to get a product fulfilling
the predefined requirements.

1.2 Purpose and Motivation

Bidirectional information flow within a design process is an essential but time-
intensive procedure. An efficient mechatronic system development quickly pro-
vides information to superior or inferior system hierarchies. It tries to minimize
the overall development time for the design and analysis of the entire system.

Finite-Element (FE) programs such as ANSYS Maxwell2D/3Dr or JMAGr
are well-established in professional circles [ANS11] [JMA11]. However, ma-
chine sizing on a FE basis represents a computationally intensive system de-
sign procedure which may reach 8 − 16 hours depending on the electric motor
type [WEI06]. Thus, design parameters derived from the underlying application
scenarios should be accurately known in order to prevent unneeded long system
design phases and ensure a fast information flow to other system hierarchies.
Considering new hybrid vehicle architectures, the design parameters of the ma-
chines are mostly known rudimentarily. The optimum traction drive should be
able to handle predefined operation points at highest efficiency considering a
maximum acceptable active machine volume. The design process therefore has
to evaluate several optimization criteria which need to be solved iteratively. In
fact, there is a need of a time-efficient computation algorithm trying to find a
first estimation of an ideal layout of the traction drive for a given application
scenario under predefined requirements of vehicle dynamics.

The present work addresses this problem and applies it to the V-model of VDI-
standard 2206. The goal of the design methodology (DM) is to introduce a
time-efficient computation algorithm on an analytic basis trying to allow a de-
termination of the machine sizes for given geometric and thermal limitations
of the machine components. The thesis therefore concentrates on the domain
specific optimization of induction motors and permanent magnet synchronous
motors with surface mounted magnets considering design and operational issues
on a simulative basis, see Fig. 1.2. The introduced DM directly evaluates the
resulting speed-controlled efficiency maps of the machines and shows efficiency
optimization potentials by energy efficient control methods. The resulting de-
sign and operational characteristics of the DM support a rapid information flow
to other system hierarchies. The DM is planned to allow a faster and reliable
validation of different electric machines for hybrid or pure electric vehicles under
a given application scenario.
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Figure 1.2: Utilization of the VDI-model for the development of electric drives for
automotive traction applications.

1.3 Outline of the Thesis

Chap. 2 gives a short introduction into the chronology of development steps of
hybrid electric power trains and reflects the status quo of currently used hybrid
power train architectures.

Chap. 3 reports background information of machine sizing focusing induction
motors and permanent magnet synchronous motors. It gives an overview of the
status quo concerning sizing, operation, control and fault tolerant issues.

Chap. 4 presents a detailed look into AC motor design focusing the previously
mentioned machines. The fundamental equations of their magnetomotive forces
are derived and the computation of the motor sizes and operational characteris-
tics are introduced by a time-efficient computational algorithm. An evaluation
of the machine design characteristics is given at the end of the chapter.

Chap. 5 concentrates on AC motor operation issues and gives an insight into
the resulting efficiency maps and the machine component temperatures at con-
tinuous and short-term operation. Chap. 5 emphasizes individual advantageous
operation ranges and presents optimization potentials by energy efficient control
methods. An evaluation of the operative characteristics is given at the end of
the chapter.

Chap. 6 presents an energetic cycle analysis of the machines used as in-wheel
motors. The motors act as “on-demand” torque supplier on the rear axle rep-
resenting an electrical all-wheel drive concept. The comparison of the machines
is based on the New European Driving Cycle having a detailed look into fuel
consumption savings by energy efficient control methods of the machines.
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Finally, Chap. 7 summarizes presented work and points out the main issues of
the individual chapters.





2
Hybrid Electric Power Train Topologies -

A Chronology of Developments

Chap. 2 gives a brief introduction into the history of electric propulsion from the
early 19th century up to the present. Furthermore, it provides an overview of
existing partial power train topologies and points out configuration, functionality
and efficiency.

2.1 The Early Steps of Electrification

The history of electric propulsion started at the beginning of the 19th century
and was closely related to the history of batteries. Numerous inventors in Eu-
rope and North America pushed on a replacement for the horse to move people
and goods. In 1821, the Briton Michael Farraday demonstrated the principles
of the electric motor. Later, in 1831, Farraday showed the principles of elec-
tromagnetic induction with the physical relation between electric currents and
magnetism representing the basis of electric motors [HØY08]. The first ex-
perimental lightweight electric vehicles appeared in 1834. The 1860s until the
beginning of the 1880s have probably been the most inventive decades in automo-
tive history. The Belgian Etienne Lenoir invented the first internal combustion
engine (ICE) in the early 1860s, Nicholas Otto produced the four-cycle engine
in the late 1870s, Gottlieb Daimler and Karl Benz produced the first commer-
cial automobiles in Germany in the late 1880s, and Thomas Edison and George
Westinghouse introduced the electric power generation at the beginning of the

7
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1880s. At the turn of the 20th century electric vehicles were the most common
means of transportation in the United States and in Europe. In 1900, there were
a total of 2370 automobiles in New York, Chicago and Boston, of which 50%
were steamers, 34% were electrics, and only 16% were gasoline powered [SUL04].
The number of steam-powered cars decreased significantly within the following
decade as they had poor acceleration capability and suffered from intense main-
tenance. Gasoline powered vehicles at that time were considered to be noisy,
smelly and polluting. They were unreliable, prone to mechanical problems and
had to be cranked by hand to start them. Many people, especially women, there-
fore preferred the push-button electrics, as they did not require any shifting of
gears or turning of hand-cranks. Electric automobiles were simply considered to
be “neater” than gasoline and steam-powered automobiles. They were easier to
operate and produced no steam or odor [D’A93]. In 1899, the popular newspa-
per Scientific American praised electricity as an “ideal power for vehicles, for it
eliminates all the complicated machinery of either gas, steam, or compressed air
motors, with their accompanying noise, heat, and vibration” [SOV09].

Figure 2.1: Advertisement of electric and gasoline automobiles at the turn of the 20th

century [MUL10].

At the beginning of the 20th century the battery technology was in its infancy.
Early lead-acid batteries had an energy density of 9Wh/kg to 13Wh/kg resulting
in a battery weight of 77kg for 1kWh at best case. These batteries provided
a pure electric range of 30 to 70 kilometers and an electric vehicle top speed
of approximately 24km/h. Taxi companies in London, New York and Paris
represented the first enterprises which replaced their fleets by electric vehicles,
as the daily distances of their “cabs” were well within the battery range, see
Fig. 2.1. The electric vehicle at the turn of the century was an appropriate means
of transportation within cities. The distances were easily manageable, besides
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charging stations were well established and very common within cities or urban
areas. On the other hand the necessary electric infrastructure for recharging
vehicle batteries, either at home or at nearby locations, was very bad in rural
areas. They simply did not exist. Even distances were far longer. The most
powerful and pervading factor towards gas automobiles was certainly the fact
that this technology was available at a lower price. The costs of a gasoline
automobile in 1900 were $1000 to $2000, whereas that of an electric vehicle were
$1250 to $3500. The average income at the turn of the 20th century was upon
438$ per year, which evidences the enormous price issue car manufacturers were
facing [EMB08]. Concerning vehicle operation the costs of electric cars were
two to three times higher compared to gasoline cars. Because of that, gasoline
powered vehicles already took the lead in numbers and popularity by 1905. In
1909, the number of electric cars being produced was down to 4.4% of the number
of gasoline-driven automobiles [D’A93].

a) Military application. b) Race car application.

Figure 2.2: Historic series hybrids invented by the Austrian Ferdinand Porsche. Both
vehicles were equipped with in-wheel motors at the front axle [WRR10].

At the same time, a further important technology came up - the hybrids. The
automobile engineer Ferdinand Porsche was one of the first inventors in this
field. These early hybrids also included regenerative braking technologies, see
Fig. 2.2. They claimed to combine the best of electric and gasoline powered
vehicles: noiseless when driving in city areas and with no limits concerning the
range of the car outside the cities [HØY08]. In 1914, the Canadian Galt Motor
Company had a hybrid on the market with a top speed of 50km/h, and a fuel
consumption of four liters per 100km [AA05]. Even though the top speed is not
particularly impressive from a today’s point of view, the fuel consumption level
is better than that of the Toyota Prius model in 2004 [JB02]. Fig. 2.3 depicts a
view of this historic hybrid vehicle. This was the last hybrid production of any
importance for a long time. Mainly due to cost reasons, the hybrid concept more
ore less disappeared from the First World War until the early 1970s. Due to the
energy crisis, there had been a second hybrid initiative in politics and economy
in the early 70s. The US Congress passed the Electric and Hybrid Vehicle Act
of 1976, establishing a demonstration programme with the explicit aim to make
the USA an all-electric car economy by the year 2000 [AA05]. As fast as those
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initiatives arose, they had been abandoned by the end of the decade. It was
generally concluded that neither electric nor hybrid cars were able to compete
with gasoline driven cars.

The third era began in the 1990s. Toyota launched their Prius hybrid sedan
model on the Japanese market in 1997. At the same time, Audi was the first
European manufacturer to put a hybrid, the Audi Duo, on the market [HØY08].
This decade was probably the most intensive period concerning hybrid or electric
car research and development. New efforts were put into the development of
new batteries and more efficient electric motor drives. Several countries took
the chance to establish new car manufacturing plants, such as the Think Car
Company, which was founded in Norway and later taken over by the American
Ford Motor Company.

Figure 2.3: Historic series hybrid car published by the Canadian Galt Motor Com-
pany [WRR10].

The history of electric and hybrid car development has not been a history of
continuous success. Obviously, it has been accompanied by many ups and downs.
The downs have largely been the same as today; costly batteries, small ranges,
and time consuming recharging conditions. The ups have taken place due to
environmental concerns meaning local and global pollution, noise reduction and
the call for sustainability of energy resources. Climate change and the finiteness
of fossil energy resources nowadays is a worldwide concern. Countries all over
the world are therefore obliged to deal with the subject of an energy efficient use
of our all resources. One way to address this global challenge is certainly the
full or partial electrification of power train systems.
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2.2 Electrification of Power Trains Today

Partial electric vehicles, so-called Hybrids, are generally known as vehicles having
two different energy sources together with two different energy converters.

Modeling a hybrid or pure electric power train topology requires the consid-
eration of each power train component in order to be able to understand all
mechanical and electrical energy flows. The superior control unit, frequently
known as operation strategy, differs according to the individual power train
topology and provides the implemented operation modes of the vehicle. The op-
eration strategy of an electric vehicle is quite simple, as it can be reduced down
to the pure electric conformance to power requirements. The operation modes
of hybrid vehicles are numerous and depend on the power train topology and the
degree of hybridization. In order to shorten and ease the development process
of these control units the individual application scenarios of the vehicle under
development are of essential importance. The more is known about possible use
cases of the vehicle, the more decisions regarding suitability of hybrid topologies
and reasonable degrees of hybridization can be made.

2.2.1 Hybrid Vehicle Topologies

There exists a large variety of possibilities to combine mechanical and electri-
cal system components within a hybrid electric vehicle (HEV). The elementary
hybrid system topologies are classified into series HEV, parallel HEV, and power-
split HEV topologies, which are briefly described in the following.

Series Hybrid Topology

The series HEV is characterized by a series connection of all energy converters.
The internal combustion engine (ICE) is electrically decoupled from the wheel
speed of the vehicle, see Fig. 2.4. The structure of a series HEV liberates the
ICE and allows it to be operated mostly within an area of better efficiency as an
on-board generator. An electric machine (EM1), operating in generator mode,
converts the mechanical energy into electrical energy which can either be stored
in an energy storage device, or directly supply a second electric machine that
is operated as a motor (EM2) [BOS07]. This motor is mechanically coupled to
the propelled axle. A clutch mechanism is not mandatory. Depending on the
power of the electric motor a gear drive might not be necessary either. The
basic operation modes are electric driving and electric braking. In addition, the
ICE can be operated dynamically if the battery is not able to provide sufficient
power. In order to meet the needs for the required torque, series HEVs usually
employ a relatively powerful on-board battery pack and electric motor which
tends to increase the overall power train mass [XW07]. Therefore, the electric
power components need to be designed for the entire propulsion power which
results in higher component sizes and higher cooling requirements. Moreover,
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series HEVs represent a long efficiency chain leading to sometimes unsatisfac-
tory overall power train efficiencies. The primary energy reservoir is converted
up to four times until it is applied on the wheels. Fig. 2.4 shows the correspond-
ing minimum losses for each system component of a series HEV. The system
boundary for the efficiency calculation is the power train topology. The overall
maximum power train efficiencies can therefore be considered as Tank-To-Wheel
(TTW) efficiencies.

Figure 2.4: Principal sketch of a series HEV.

According to Fig. 2.4, the energy flow is unidirectional from the ICE to the bat-
tery, the power path considering all system components from the battery to the
wheel is bidirectional. An internal combustion engine being operated in its best
point produces at least 60% of losses, representing a maximum efficiency of 40%.
The electric motor drives are considered by a minimal loss of 5%. For a commer-
cially available battery and power electronic converter maximum efficiencies of
around 80% can be given [XW07]. Considering the entire efficiency chain of the
series HEV, the maximum TTW efficiency goes down to 28%. For pure electric
driving the maximum TTW efficiency can be estimated by approximately 84%.

Parallel Hybrid Topology

Parallel HEVs are characterized by a mechanical coupling of the ICE and the
driven wheels. The engine is therefore coupled to the wheels which basically
forces the integration of a clutch mechanism and a gear box. The design options
of parallel HEVs are manifold and vary according to the sequence of ICE, clutch
and electric motor drive. Only one electric motor exists for a parallel topology
which can either be operated as generator or as motor. According to this, the
battery knows two states, charging and discharging, of which only one can be
active at a given time. The parallel HEV topology basically combines ICE
power with electric motor power. The sum of the two power sources can either
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be managed by a gear box or by a road itself. Power addition via the road is
known as Through-The-Road-Hybrid topology. The parallel HEV topology has
the freedom to adjust the most efficient system component combination settings
for a given driver input. Therefore, the operation strategy represents a big
challenge due to the fact that the power restrictions and efficiencies of all system
components need to be known. The basic operation modes are pure electric
driving, electric braking, pure ICE operation and combined operation of both
power sources (ICE load point shifts). For these reasons, parallel HEV strategies
are more numerous, need to handle more information and are therefore more
complex than series ones. Compared to series HEVs, long efficiency chains can
be avoided and system modules do not need to be designed for the full propulsion
power requirements, which might result in smaller components. Hence, parallel
HEVs are able to represent a better compromise considering a compact vehicle
packaging.

Figure 2.5: Principal sketch of a parallel HEV.

According to Fig. 2.5, the energy flow is unidirectional from the ICE to the
electric motor drive, and bidirectional from the wheels to the battery. The
ICE speed is coupled to the wheels which means that the engine can hardly be
operated in its best efficiency point during different driving conditions. Indeed,
this increases the ICE losses to a minimum cycle loss of about 65%. The other
system component losses are assumed to be quite the same as with series HEVs.
Anyhow, due to the greater number of possible operation modes there exists
a relatively high variation of the TTW efficiency. Considering pure electric
driving, which represents the most efficient chain, a maximum TTW efficiency
of approximately 81% can be reached.

Power-Split Hybrid Topology

The power-split hybrid topology can be regarded as a combination of the previ-
ous mentioned series and parallel HEV topologies. The concept comprises one
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ICE and two electric machines (EM1, EM2). EM1 is operated as a generator,
EM2 works as a motor unit. In fact, the ICE is mechanically connected to the
wheels, however, its speed is electrically decoupled. Depending on the driver
torque demand, the power-split HEV chooses the most efficient path to achieve
the required torque.

Basically, the higher the torque demand, the higher the advantages of the par-
allel HEV topology. Contrary, the lower the torque demand, the higher the
advantages of the series HEV topology. The reason for this is that high torque
inputs can efficiently be provided by the ICE engine, a further load shifting
into upper operation ranges is useful and additionally improves the engine ef-
ficiency. Low torque requirements represent advantages for the series HEV as
the torque demand can be settled by the electric motor and the ICE can effi-
ciently be operated on the characteristic full load curve representing the highest
ICE efficiencies. The basic operation modes are pure electric driving, electric
braking, power-split drive and shifting of ICE load points. The power-split HEV
represents a maximum number of degrees of freedom concerning the operation
modes and can therefore be seen as the most complex topology. The concept
is based on a power distribution which can effectively be done by a planetary
gear box. The gear box allows any combination of power sources. Compared to
stand-alone variants of series and parallel HEVs the power-split HEV represents
the most component intensive topology.

Figure 2.6: Principal sketch of a power-split HEV.

According to Fig. 2.6, the energy flow is unidirectional from the ICE via the
generator EM1 to the battery and bidirectional from the wheels to the battery
via EM2. The maximum TTW efficiencies vary with the numerous possible
modes of operation. However, pure electric driving can result in a maximum
estimated TTW efficiency of approximately 84%.
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2.2.2 Hybridization Ratio

Hybridization ratios are a useful characterization of HEV topologies concerning
functionality, performance, fuel economy and costs. The standard classifica-
tion schemes of different hybridization levels such as micro, mild and full hybrid
systems are well known among experts. However, they do not convey any in-
formation on how to choose reasonable relations between the ICE power output
and the output of electric motors. There exist no standardized classification
schemes of hybrids, which makes the evaluation of technical and economical
HEV parameters generally very difficult. Therefore, each company had devel-
oped its own solution on how to choose the relation between ICE and electric
motor sizes [LE04]. The hybridization ratio (HR) is a relational operator and is
defined as

HR =
PEM
PICE

, (2.1)

with PEM being the continuous electromotive power output and PICE being the
continuous internal combustion engine power output for vehicle traction. The
HR in Equ. (2.1) can vary from near zero (for a conventional vehicle) up to
infinity (for a pure electric vehicle) [BBH09].

a) Relative fuel consumption of parallel
HEV concepts.

b) Relative fuel consumption of series
HEV concepts.

Figure 2.7: Comparison of relative fuel consumption reduction of parallel and series
HEVs as a function of the HR [BBH09].

Fig. 2.7 shows the relationships between the HR and the fuel consumption for
parallel, power-split (a) and series HEV topologies (b). The fuel consump-
tion is based on the comparison of hybrid cars with their non-hybrid coun-
terparts [BBH09]. The spline approximation of the relative fuel consumption
conveys a clear relationship between HR and relative fuel saving potential of a
given HEV topology. The relative fuel consumption of parallel and power-split
HEVs is quite linear up to a HR of 0.3, however, it heavily declines at higher
HRs which becomes quite obvious at a HR of 0.6. Series HEV topologies show a
considerable decline of the relative fuel consumption at a HR of approximately
1. A further increase of the HR would lead to an increase of the relative fuel
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consumption due to additional system masses which become dominant at higher
HR ranges. Based on market analysis data of 2006, [BHE06] states in his work
that the fuel saving potential of parallel HEV topologies is within 5% to 25%,
those of series HEVs is approximately 50% and power-split HEV topology may
reach a fuel saving potential of 60% to 65%.

a) Additional costs for different HRs at
parallel HEVs.

b) Additional costs for different HRs at
series HEVs.

Figure 2.8: Additional costs of parallel and hybrid HEVs depending on different
HRs [BBH09].

Fig. 2.8 shows an estimation of additional costs for HEV topologies compared
with a conventional car based on accessible information in [BHE06]. These
figures show a snapshot of the automotive market in 2006 and are strongly
related to the development of the world wide economy. Product costs might
have changed since that, nevertheless, they show a reference on how automotive
manufacturers are challenged regarding costs and fuel consumption reduction.
The hybridization of a conventional car with an additional cost restriction of
approximately $3000 would therefore result in relative fuel saving of 11% with
a HR of 12%. The additional costs for series hybrid topologies are generally
higher than those of parallel or power-split hybrid topologies due to the higher
requirements on energy storage systems. The additional costs of a HEV with
a HR of 3 are approximately 50% to 60% higher compared to conventional
configurations [BHE06].

Fuel consumptions cannot be a standalone decision parameter for designing hy-
brid electric vehicle topologies. The decision which HR to use is made by the
consideration of vehicle dynamics, application scenario, functionality, fuel con-
sumption and eventually the overall vehicle costs.

2.2.3 Relevance of Different Hybrid Topologies Today

The examination of today’s HEV topologies clearly shows that the relevance of
a particular topology depends on its potential use. While series hybrid concepts
are frequently used in commercial vehicle or rail car applications, parallel and
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power-split hybrid concepts are predominately used in automobiles. The fol-
lowing market analysis of HEV topologies considers 20 vehicles being currently
available on the market or close to start of production.

Figure 2.9: Market available hybrid power train topologies by the year 2010.

Fig. 2.9 shows that series HEV topologies have hardly any relevance for auto-
motive manufacturers as they represent only 10% of the available technologies.
The considered series hybrids are exclusively commercial vehicles. Parallel HEVs
take the lead as they represent 55% out of the investigated power train topolo-
gies. The remaining percentage of 35% can be assigned to power-split HEV
topologies.

Indeed, the favored use of parallel HEV can be explained by a lower complexity
compared to power-split topologies. A potential entry of an automotive manufac-
turer on the hybrid market represents the lowest risk regarding fail-safe behavior
and costs for parallel topologies. Furthermore, the information gain concerning
system behavior should be the highest for this topologies under given costs.





3
AC Machine Topology Issues

Chap. 3 investigates different electric machine topologies concerning their design,
their operational characteristics and their fail-safe behavior. The present chapter
aims to give background information on these issues trying to ease the design
considerations given in Chap. 4.

3.1 The Emerging of Variable Speed-Controlled
AC Machines

The first speed-controlled AC drives with sinusoidal excitation were synchronous
machines, since early inverter topologies were not capable of handling reactive
power. In 1930, the invention of the cycloconverter addressed this problem
which enabled the use of AC machines in speed-control applications. Further
developments, like the space vector theory for multi-phase AC motors by Kovàcs
and Ràcz in 1959 finally improved the machine performance and allowed AC
drives to be used in speed-controlled applications [PUR06].

However, these early drives were frequency controlled (u/f-control) only and of-
fered poor dynamic behavior. In 1972, the German Felix Blaschke introduced
the Field-Oriented Control method (FOC). He achieved significant improvements
concerning the dynamic behavior of AC controlled drives by decoupling flux and
torque building current components. Because the FOC method required - at
that time - relatively large computing time, the Japanese Isao Takahashi and
Toshihiko Noguchi and the German Manfred Depenbrock introduced almost si-
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multaneously the Direct-Torque Control method (DTC) in the mid 1980s. The
DTC method is based on the optimal choice of the stator voltage vector and is
characterized by a high dynamic torque performance and the omission of coordi-
nate transformation which is an essential part of the FOC method [PEI03]. Fast
development in the field of microprocessors and the introduction of Application
Specific Integrated Circuits (ASICs) in the early 1980s represent the basis for
speed-controlled AC drives and pushed the use of electric motor types within
automotive traction applications [PUR06].

3.2 Torque, Speed and Power Characteristics

Currently, several types of HEVs are being mass produced. Moreover, the start
of production of pure electric vehicles (EV) is in progress or very close. The
selection of a specific electric motor type in combination with its control strat-
egy is a key enabling factor for these vehicles, as they mainly affect the overall
power train efficiency. The electric motor as propulsion source has to meet prede-
fined vehicle dynamic requirements which can be distinguished into acceleration,
climbing and braking performance. In general, the propulsion power source has
to provide high torque at low speed, at the same time, it needs to be capable of
providing constant power at high speed ranges. The connection of each gear’s
point of maximum power of a conventional ICE results in a hyperbolic tractive
force characteristic. The envelope of these forces represents all valid operation
points of the vehicle. The controlled torque-speed profile of an electric motor
type shows a significant similarity to the tractive power chart of a vehicle, see
Fig. 3.1. Thereby, the motor control unit works as gear unit and provides con-
tinuous torque transmission. Thus, using an electric motor within a vehicle can
eliminate the integration of a gear box.

a) Tractive power chart of a conventional
vehicle.

b) Torque-speed profile of a
speed-controlled electric motor.

Figure 3.1: Comparison of the tractive power chart with the torque-speed profile of a
speed-controlled electric motor. The characteristics of the tractive forces
of both diagrams show a high similarity in case of powering.
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Concerning the design of electric machines, there exist four characteristic design
points, see Fig. 3.2. They need to be achieved in order to meet the predefined
vehicle requirements. The sizing parameters are the rated torque Tn, the rated
or base speed nn, maximum speed nmax and maximum torque at start-up Tsu
and at maximum speed. The maximum torque is frequently known as pull-
out torque Tpo. The electric motor provides constant torque below base speed,
therefore this region is called “constant torque” region. Due to the voltage limit
of the energy source, the machine flux needs to be decreased above the base
speed. As a consequence the rated torque decreases inversely proportional to
the motor speed. The electric motor provides constant power within this region,
hence, the operation range above base speed is denoted as “constant power” or
“field weakening region”.

Figure 3.2: Representation of the characteristic machine design parameters.

3.3 Electric Machine Characterization

The individual suitability of a specific machine topology and its design strongly
depend on the torque and therefore driver demand. The machine torque is a
quadratic function of the diameter, as a consequence the main design parameter
of an electric machine type concerning size and weight is its torque. Different
machine topologies are generally characterized by different overload capabili-
ties due to individual physical and thermal limitations. Moreover, a potential
overload duration heavily depends on cooling restrictions and varies with the
maximum allowed component temperatures.

The application and surrounding of the electric motor within the power train is of
great interest, as a specific operation frequency within the operation range entails
different energetic and thermal advantages and disadvantages. The operational
losses of a machine topology result on the one hand from their different functional
principles, on the other hand they can significantly be influenced by the control
algorithms. Frequently operated load points should be characterized by a low
torque ripple and low acoustic noise.
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Different motor technologies require different system components. Therefore, a
comparison of machine types has to consider the system including every stage
of power flow. Focusing on the use of different electric machines within a spe-
cific vehicle topology, the electric machine has to provide essential design and
operational features. The main characteristics are listed below, cf. [ZH07]:

� High torque density and low weight

� High efficiency across the full torque-speed profile

� High overload capability

� Wide speed range with a constant power range of around two to four times
of the base speed

� High reliability, robustness and life-time

� Low acoustic noise

� Low production costs

� Low maintenance requirements

The following sections introduce the characteristics of different motor technolo-
gies for the use in automotive traction applications. Thereby, the analysis con-
centrates on sizing, control and fault tolerance issues showing the basic depen-
dencies of sizing and operational features.

3.4 Assumptions

There exists a big variety of different machine topologies in literature. Each
of them differs concerning assembling, design and operational features being
suitable for different application scenarios. Chap. 3 concentrates on two different
machine topologies - induction motors (IM) and permanent magnet synchronous
motors (PMSM) having surface mounted magnets. From today’s point of view,
these motor topologies represent the most promising technologies concerning
assembling, efficiency, noise and costs for automotive traction applications. An
evaluation of their qualifications is given in App. A. For comparative purposes,
App. B introduces a third machine topology - the switched reluctance machine
(SRM).

Due to the fact, that both motor topologies are used as additional torque suppli-
ers at a non-permanent-driven axle, the subsequent explanations will be given
in terms of motor operation. The research work concentrates on three-phase
systems only. Therefore, fault tolerance analysis of machines with higher phase
numbers is beyond the scope of this work. Chap. 3 focuses on explanation of the
basic relations concerning sizing and operational features at IMs and PMSMs.
A detailed derivation and analysis of these characteristics is given in Chap. 4.
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3.5 Induction Motors

Induction motors (IMs) are generally known because of their robustness, relia-
bility and their well-established and relatively low cost assembling. In fact, they
take the lead concerning quantity and business volume and represent the stan-
dard motor technology in industrial applications. In automotive applications,
permanent magnet synchronous motors are mostly dominating. However, there
can be observed a recent return to IMs since prices for rare earth magnets are
going to increase rapidly [WK09].

For illustration purposes, Fig. 3.3 depicts the active machine components of a
three-phase four-pole induction motor having three slots per pole and phase.
Thereby, the slot conductors are given by a two layer winding topology. Due
to the pole symmetry, the cross section of the sheet is given along a single pole
pitch.

Figure 3.3: Representation of the active machine components of a three-phase four-
pole induction motor.

3.5.1 Sizing

According to Fig. 3.2, the torque-speed profile of a speed-controlled motor drive
is mainly affected by the characteristics of the nominal design torque Tn, the
start-up torque Tsu and the pull-out torque Tpo over speed n. Considering the
equivalent circuit diagram of an IM with a squirrel cage rotor, the torque output
T is proportional to the supply voltage US and the stator flux linkage ψd. The
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torque is inversely proportional to the angular slip frequency ω, the total stator
and rotor reactance XSR or the total stator and rotor leakage inductance per
phase LSR [ZH07] The corresponding equation reads

T ∝ U2
S

ωXSR
∝ ψ2

d

LSR
. (3.1)

According to Equ. (3.1), the torque output T is higher, the lower the leakage
inductance LSR. Thus, stator and rotor slots should be designed and optimized
in order to minimize LSR. This generally favors the use of wide and relatively
shallow rotor slots and parallel sided teeth. At the same time, focusing on the
use of a voltage-source inverter, the amplitude of high-order harmonic currents is
higher the lower the total leakage reactance XSR. Therefore, a suitable leakage
reactance should be chosen in order to meet the predefined performance and
efficiency requirements.

The designed machines in Chap. 4 are supposed to be used within the wheel
rim representing a restricted volume which basically constrains the motor design
torque. In order to meet the predefined torque requirements, the in-wheel motors
are designed to have a low leakage inductance. Conventional IMs at automotive
traction applications typically have a constant power range or field weakening
range of two to three times the base speed. However, long field weakening
ranges are generally desirable [ERT97]. These ranges are mechanically limited
by a characteristic overspeed reaching the maximum circumferential speed of
the rotor. The ranges are operatively limited by the characteristic decline of the
torque output as the supply voltage is limited. Therefore, in order to obtain
wide speed ranges it is beneficial to minimize the leakage reactance XSR.

The choice of pole pairs p has a great influence on the machine characteristics.
In fact, the stator yoke can be made thinner at a higher number of pole pairs.
Multi-pole IMs are characterized by smaller pole pitches τpp reducing the MMF
along the iron core θfe and the electric loading A along the radial length of the
air gap diameter dδ. This causes the MMF of the air gap θδ and the air gap
reluctance Rδ to become more dominant within the magnetic circuit:

1

p

∫
Hfedl︸ ︷︷ ︸
θfe

+

∫
Hδdl︸ ︷︷ ︸
θδ

=
1

p

∫
Adlδ︸ ︷︷ ︸
θ

(3.2)

The air gap reluctance Rδ is specified by:

θδ =
Bδ
µ0
wδ (3.3)

θδ =
wδ
µ0

φδ
τpplfe

(3.4)

Rδ =
wδ

µ0τpplfe
(3.5)
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Choosing a high number of poles pairs might introduce magnetic problems, as
the magnetizing inductance Ld decreases and the leakage becomes dominant.
The analytic derivation of Ld is given in Equ. (4.98). The power factor cos(ϕ)
of IMs is directly connected to the magnetizing inductance Ld and inversely
proportional to the pole number squared. The equation reads

cos(ϕ) ∝ Ld ∝
1

(2p)2
. (3.6)

According to this, the number of pole pairs at IMs is limited to four [CWBRS04].
The increased demand of magnetizing current Id reduces their torque and force
density and causes slight weight disadvantages compared to other machine tech-
nologies. There exists no characteristic torque density for IMs, however, IMs
typically produce only 70 − 90% of the torque produced by a comparable syn-
chronous motor with the same current [WZZC04]. The range of torque densities
is large and need to be considered by the underlying optimization and cool-
ing criteria. Nevertheless, high torque demands within restricted volumes are
associated with higher losses representing a tradeoff between small package con-
siderations and efficient motor designs.

3.5.2 Operation, Control and Acoustic Noise

IMs produce iron and copper losses in stator and rotor, even though the iron
losses within the rotor are generally low, see Fig. 3.4. Copper losses vary slightly
with speed. However, they significantly increase at torques being higher than
the design torque Tn - overload region - having an increase of the torque current
component Iq. In contrast, iron losses are closely related to the supply frequency
f , reaching a maximum at the base speed and decreasing within constant power
range. An overload operation might affect the iron losses by a slight increase of
the machine flux. The necessary machine flux φn needs to be induced by the
magnetizing current Id causing an increased stator current In at no-load. This
lowers the power factor cos(ϕ) and requires a slight oversizing of the converter.
Considering a machine’s design point, the subsequent relations are valid

In =
√
I2
d + I2

q , (3.7)

Pcu ∝ I2
n, (3.8)

Pfe ∝ B2fn. (3.9)

One of the major advantages of IMs is their efficient performance at high speed
applications. The flux reduction at constant power region causes the magnetiza-
tion current Id to shrink resulting in lower machine losses. Therefore, IMs show
convincing efficiencies of 90% and more within this region. Another significant
argument for the use of IMs is their good fail-safe behavior. No-load and short
circuit of motor windings (three-phase, two-phase) represent uncritical motor
states. In either case, there is no disturbing torque acting on the rotor shaft.
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a) Stator copper losses. b) Stator iron losses.

Figure 3.4: Normed copper and iron losses of an IM stator.

Operational optimization is one of the main issues at automotive traction drives.
The optimizing process therefore concentrates either on the electromechanical
design or on the operative influence of the torque output by the machine flux
φ and the torque building current component Iq. The latter seems to be very
attractive as existing motor dimensions do not necessarily have to be changed.
The optimization criteria are different and need to be considered by the under-
lying motor requirements concerning efficiency and dynamic behavior. In case of
high torque dynamics, the control will focus on maximum torque per stator am-
pere. This demand can be achieved by a constant flux control at constant torque
region. Considering a constant flux level, a field oriented machine produces a
torque which is linearly related to the slip frequency [NL96].

a) Constant flux control. b) Variable flux control.

Figure 3.5: Comparison of different control approaches concerning efficiency. The
operation strategies have opposing effects on machine efficiency and ma-
chine dynamics [NL96].

Fig. 3.5a shows the selection of flux level (dotted lines) for maximum torque per
stator ampere. The flux lines should be selected to intersect the peak of the
desired current (solid lines) at a maximum. The control approach focuses on
short operation allowing to realize a minimum system reaction time. High dy-
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namic motor requirements basically require higher saturation levels which cause
the motor losses to increase. In contrast, high motor efficiency is characterized
by continuous operation with minimal losses for given torque demands. Thus,
the efficiency of IMs can be increased by a proper adjustment of the machine
flux as a function of the load. Typically, this results in a flux reduction at part
load condition having a flux level being proportional to the torque demand and
inversely proportional to the speed [NL96]. Fig. 3.5b conveys two different flux
and torque current levels for the same power output. Unfortunately, there is
no general rule for the adjustment of machine flux and torque current, as these
factors heavily depend on the MMFs of the motor.

Variable flux control can be associated with an individual adjustment of flux
level for a given torque and speed. Indeed, computing time and dead time are
higher compared to constant flux control which means that motor dynamics
decrease and lack in case of high torque inputs.

The acoustic noise radiation is an individual characteristic of each machine and
is strongly related to the mechanic design of the motor. However, it can signif-
icantly be influenced by a variable flux control at IMs. Takahashi and Noguchi
observed a 10dB to 15dB noise reduction measured at an unloaded motor which
was operated under 33% of the rated flux level φn [XZH00a]. Therefore, the
optimal flux level for the lowest noise emissions increases with the load [ZH07].
This statement can figuratively be seen in Fig. 3.6a. Secondly, the flux levels
causing minimum losses need not necessarily be the same as for the lowest noise
emissions. According to Fig. 3.6, this discrepancy becomes obvious by com-
paring the corresponding flux levels for minimum sound pressure and minimum
stator current.

a) Sound pressure [XZH00b]. b) Stator current [XZH00a].

Figure 3.6: Comparison of sound pressure and stator current at different loads.

3.5.3 Fault Tolerance

Electromagnetic faults which may occur in IMs can be classified by (i) winding
open circuit, (ii) winding short circuit (phase-ground or within the phase) or
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(iii) winding short circuit at the terminals.

Basically, fault tolerance means that the machine is capable of continuing its
operation in case of any fault incidence. System efficiency is typically reduced
at faulted operation, since it represents an unusual operating condition. Motor
losses are assumed to be of secondary concern as long as the motor drive is
thermally stable. Having a three-phase machine, the copper losses are highly
effected under unbalanced two-phase operation, as they can easily reach twice
the value compared to healthy state condition [LFL93]. Providing low machine
losses requires an almost sinusoidal MMF distribution. This can be achieved by
the use of more than one slot per pole and phase, q > 1 [LEV08]. Concentrated
winding topologies are considered to have q < 1, therefore, three-phase IMs
are normally designed to have a distributed stator winding providing an almost
sinusoidal MMF distribution with sinusoidal phase currents.

Figure 3.7: Distributed two-layer winding topology induction machines [ST05].

The distributed phase windings of an IM are closely, mutually coupled and there-
fore not inherently tolerant of motor winding faults. Considering star connected
three-phase machines without a neutral connection, open circuit faults of phases
would result in high pulsating torques since the motor would have only one
controllable phase current left. The starting torque capability can still be main-
tained if the neutral point is joined to the mid point of the DC link of the
inverter drive. In fact, this allows to adjust two independent phase currents re-
quired to produce a rotating magnetic field if the rotor is stationary [GBS+04].
The number of phases m is related to the reliability and system stability of the
motor drive. Therefore, the higher the phase number m, the lower the reduction
of the MMF θ in case of a fault for the same phase currents. Achieving the
same torque output as in a healthy condition leads to inevitably to higher phase
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currents which might endanger the machine due to overtemperature.

Considering a winding short circuit, the back-EMF driven fault current will be
limited by the resistance and the inductive reactance of the shortened turns.
The air gap flux is reduced once due to a fewer number of effective turns and
once by the opposing MMF generated by the shortened windings. This leads to
the fact that the torque building current component Iq will gradually increase
for providing a constant torque output. Generally, the larger the number of
shortened windings, the higher the air gap flux reduction and the lower the fault
current [GBS+04].

3.6 Surface Permanent Magnet Synchronous
Motors

During the last decades, permanent magnet synchronous motors (PMSM) have
become one of the major favorites in automotive propulsion, as they convince
by their extraordinary high efficiencies. The first concept was introduced by
Wilson and Trickey in 1962. The motor had a classic three-phase stator and a
rotor with surface mounted magnets producing a rectangular air-gap flux distri-
bution [WZZC04].

a) Active machine components. b) Magnetization directions.

Figure 3.8: Active machine components and a rotor fixed coordinate system along
different magnetization directions.

Fig. 3.8a represents the active machine components of a three-phase synchronous
machine having two slots per pole and phase and a two layer winding topology.
For illustration purposes, Fig. 3.8b introduces a rotor fixed coordinate system.
Three-phase values are thereby reduced on two operation values being orthog-
onal to each other. The positive d-axis points along the main magnetization
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direction of a north pole, the corresponding q-axis is shifted by an electric angle
of π

2 [BOU07].

3.6.1 Sizing

The electromagnetic torque output T results due to the interaction of the phase
back-EMFs Up and phase currents I. The torque T is proportional to the supply
voltage US and inversely proportional to the angular frequency ω and the d-axis
inductance Ld. Considering two different torque parts being either dependent
(Ts) or independent (Tr) of the flux linkage, the following torque dependencies
can be given [RIE06]

T ∝ USUp
w2Ld

, (3.10)

T =
3

2
p(ψdIq︸︷︷︸

Ts

− (Lq − Ld)IdIq︸ ︷︷ ︸
Tr

), (3.11)

where ψd is the flux linkage between the stator winding and the rotor magnets.
The variables Ld, Lq and Id, Iq are the inductances and currents along the main
magnetization direction (d-axis) and the 90◦ shifted axis (q-axis) respectively.
According to Equ. (3.11), the torque output can be enhanced by either increasing
ψd or the inductance difference Lq − Ld. This can basically be done through a
reduction of the leakage flux by means of flux focusing. Flux focusing techniques
are a thing of their own, representing another sensitive design issue for PMSMs
having interior mounted magnets. As the subsequent content concentrates on
PMSMs having surface mounted magnets, flux focusing is not of prime interest.
Flux focusing is therefore not commented furthermore1. The inductance differ-
ence Lq−Ld represents a further important design and optimization parameter.
In case of a high torque output, meaning high overload capacity, the objective
is to achieve a low Ld inductance. In contrast, long constant power ranges focus
on a high Ld and a low Lq inductances providing significant reluctance torque
caused by the flux weakening current component. In fact, an increased d-axis
inductance Ld can be achieved by providing flux guides for the d-axis flux, hence
a low Lq can be achieved by providing airspace flux barriers or interpole magnets
and vice versa [SMW93]. The saliency ratio2 ζ is a well known parameter for
the quantification of Ld and Lq. The corresponding equation reads:

ζ =
Ld
Lq

{
surface mounted 0.8− 0.9

inset mounted > 1
(3.12)

1Information on this subject is given in [MVP08].
2The values were given in [PUR06].
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Classification

PMSMs having surface mounted magnets can be realized by either directly fixing
the magnets on the rotor surface or having them inset. This classification is
very useful as the location of the magnets has an impact on the inductance and
therefore on the overload capacity of the motor. The relative permeability of
modern rare earth magnets, such as Neodymium-Iron-Boron (NdFeB) is only
slightly above unity, as a consequence the air-gap width becomes very long at
PMSMs with affixed magnets. This makes the d-axis inductance smaller, which
has a substantial effect on the motor’s overload capability. As the pull-out
torque Tpo is inversely proportional to Ld, this rotor configuration shows a high
maximum torque, cf. Equ. (3.10). Thereby, the pull-out torque is typically in
the range of 4p.u. to 6p.u., which is quite impressive and advantageous for a
compact motor design [PUR06].

PMSMs having inset mounted magnets naturally have a higher d-axis inductance
Ld which might be useful for higher speed applications. Therefore, the pull-out
torque capability of this rotor configuration is considerably lower compared with
PMSMs having affixed magnets and varies according to the design. However,
it need to be at least 1.5p.u. according to the standard IEC60034 − 1 given
in [OVE04a].

Magnet Material

NdFeB is a commonly known magnet material which is primarily used at high ef-
ficiency drives in automotive applications. The specific energy product BHmax.

represents the stored energy within a magnet volume and is proportional to the
product of remanence flux density Br and coercive field strengths Hc. In prac-
tice, NdFeB magnets have energy products up to 400 kJ

m3 , which basically allow
very compact motor design variants [PJHN08]. The major limitation concerning
the application of NdFeB is its limited temperature tolerance and its corrosion
sensitivity. They normally are very brittle which makes them very sensitive to
mechanical shocks or tensile stress. While the Curie temperature of NdFeB mate-
rials is about 300◦C, its maximum operating temperature is considerably lower
and limited to about 200◦C depending on the composition technique. [RS85].
However, today’s commercial available NdFeB magnets have a remanence flux
density Br of 1.5T, nonetheless, their maximum operating temperature limit is
below 100◦C [PUR06].

Magnet warming decreases the remanence flux density which immediately leads
to a current increase for a given torque output. However, excessive machine
warming will probably lead to permanent damages of the rotor. The magnetiza-
tion curves of magnets show a significant decrease of the coercive field strength
Hc at increasing magnet temperatures, see Fig. 3.9. Hence, the inflection point,
meaning a rapid sag of the remanence flux density, comes very close to the oper-
ating point. A possible excess of the opposing field of the coercive field strength
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produced by the magnetic circuit and the magnetizing electric loading Ad needs
to be prohibited. This could eventually cause an irreversible demagnetization of
the magnets.

a) The type 1 magnet can be operated
up to 200◦C. A 60◦C temperature
increase leads to a flux density
decrease of 10%.

b) Type 2 magnet is supposed to be
operated below 100◦C. A 20◦C
temperature increase results in 10% flux
density reduction.

Figure 3.9: NdFeB magnets are typically operated in the second quadrant having
negative currents. The inflection point of the J −H curve characterizes
the operating point at which the polarization J is irreversibly lost.

3.6.2 Operation, Control and Acoustic Noise

As far as the stator is concerned, PMSMs have copper and iron losses. Their
specific characteristic is quite similar to those of IMs shown in Fig. 3.4. However,
the rotor losses are different as there are no copper losses. The iron losses
tend to be very small. They mainly arise due to air-gap permeance harmonics
which induce eddy currents on the rotor iron sheet and on the magnet material.
Although these losses are very small, they might cause a significant heating of
the magnets. The electric conductivity of NdFeB is only a tenth compared with
iron, as a consequence eddy currents may have a serious impact on the losses and
therefore on the magnet temperature. It is particularly important to consider
rotor eddy current losses at highly utilized PMSM drives having a high number
of pole pairs p, high stator slot openings and whose windings span a fractional
pole pitch with nearly equal pole and slot numbers [IZH05].

PMSM are generally classified according to their back-EMF waveform, being
either sinusoidal or trapezoidal. Furthermore, they can be classified according
to their control strategy. Brushless DC (BLDC) drives have almost rectangu-
lar phase currents commutated properly to the flat portion of the trapezoidal
back-EMF. Brushless AC (BLAC) drives have sinusoidal phase current wave-
forms [ZSH06]. In order to maximize a machine’s torque density and to mini-
mize it’s torque pulsations, PMSMs with trapezoidal back-EMF are frequently
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operated in BLDC mode. PMSMs with sinusoidal back-EMF are mostly oper-
ated in BLAC mode [ZH07]. Mainly due to the phase current waveforms, BLDC
drives are known to have higher harmonic content. Therefore, acoustic noise
reduction mostly considers this kind of control strategy. There are quite a lot of
reasons to cause vibrations and acoustic noise in a motor drive system. However,
examining the motor itself, torque ripples are the main reason. Torque ripples
consist of two main components - cogging torque and electromagnetic torque
fluctuation [LYJ08]. Cogging torque results due to the interaction of the perma-
nent magnets and the slotted iron structure of the stator. It manifests by the
tendency of the rotor to align itself in a stable position even when the machine
is not energized. There are many publications on cogging torque reduction in
literature - like stator teeth notching3 or stator teeth pairing4. Information on
these issues is given on the corresponding footnotes. Electromagnetic torque
fluctuation is caused by mismatches between of the back-EMF and the phase
currents associated with the motor dynamics. Generally speaking, the noise
amplitude is not only related to the torque ripples, but also in close relation
to the mechanical system resonance frequency. Therefore, the noise radiation
becomes higher at a higher matching of torque fluctuation and system resonance
frequency [LYJ08].

Having a look on the individual operation ranges, PMSMs show a relatively high
efficiency within the constant torque region (n < nn). Due to the permanent
excitation of the rotor, the flux building current component Id is very low re-
sulting in a high power factor cos(ϕ). A high portion of the stator current I
can be used directly for the torque output T . This advantage reverses when
entering the constant power region (n > nn). The machine flux φ needs to be
decreased complying with the voltage limit of the intermediate circuit. Contrary
to constant torque region, the flux weakening requires an additional current com-
ponent Id causing the machine efficiency to decrease. Considering a given stator
current I, the torque building current Iq decreases with higher speeds. Higher
speed ranges therefore mean high demagnetization currents Id resulting in bad
machine efficiencies. The maximum flux weakening capability could be achieved
when PMSMs are designed to have a 1p.u. d-axis inductance Ld [SL88],

LdIn
ψd

= 1. (3.13)

A relation of one would theoretically result in an infinite flux-weakening capa-
bility. In fact, for most PMSMs, the relation LdIn

ψd
is smaller than 1 since the

d-axis inductance is relatively low due to the permeability of the magnets it-
self being approximately equal to 1. A potential increase of the flux-linkage
ψd would result in a higher peak torque at constant torque region but a lower
flux-weakening capability. However, the higher the ratio given in Equ. (3.13),
the higher the flux-weakening capability. Considering a specific current, the flux
linkage ψd needs either to be lowered or the d-axis inductance Ld is increased.

3Information on this subject is given in [ZWS07].
4Information on this subject is given in [ZBL08].
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3.6.3 Fault Tolerance

Short-circuit faults at PMSMs may have serious impacts on their fault tolerance,
since the control of phases gets disabled. Alternating torques arise which are
strongly related to the short-circuit fault current Isc. Fault currents are limited
by the phase reactance XS and phase resistance RS . Hence, achieving limited
fault currents requires a machine design with a large leakage inductance LSR by
controlling the depth and width of the slot opening [JMH96]. Therefore, the slot
depth is designed to be approximately one half of the tooth width, with the slot
width chosen according to the required inductance. The per-phase synchronous
reactance should be typically higher than 1p.u., which means the short-circuit
current Isc under a single-phase fault is not greater than the rated phase current
In [AT09].

A low magnetic isolation causes faulted currents in phases to induce large inter-
ference voltages in other phases which makes an adequate control of them more
complicated. Hence, a further requirement concerning fault tolerant motor op-
erations is a low mutual coupling between the phases. Unlike IMs, three-phase
PMSMs - mostly BLDC drives - are frequently designed to have concentrated
windings. Concentrated winding topologies might mitigate this problem since
each winding is placed around one single tooth, see Fig. 3.10. Not only the
possibility of a phase to phase fault is reduced by this physical separation but
also the mutual coupling between the phases is low. Besides that, a physical
separation of windings ensures a good thermal isolation between the phases. A
higher thermal isolation can be achieved if each slot contains only a single phase.
In fact, every slot remains fully filled, the remaining teeth without coils are still
utilized as flux return paths [MJHC96].

Figure 3.10: Concentrated winding topology for a low mutual coupling between the
individual phases [ST05].
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Considering open-circuit conditions, iron losses must be limited as they might
cause thermal problems. In this case, pulsating braking torques arise which
are related to the machine parameters. Therefore, it is desirable to have a low
magnet flux linkage ψd and a high ratio of

Lq
Ld

[WJH02].





4
AC Motor Design

Chap. 4 gives a more detailed description of the basics of the implemented design
methodology (DM) for a fast and reliable computation and evaluation of IMs
and PMSMs with surface mounted magnets. According to Fig. 1.2, the intro-
duced DM takes the VDI model as a basis and concentrates on “Domain Specific
Optimization” issues of electric machines. The first part of the chapter intro-
duces generally accepted fundamental design parameters representing the basis
for the introduced design approach. The second part of the chapter concentrates
on the introduction of the DM exemplified by the sizing of an air-cooled IM and
PMSM. The content emphasizes the individual choice of design parameters for
the machines used as in-wheel motors at the rear axle.

4.1 Design Fundamentals

The design process is generally known to be an iterative process. It tries to han-
dle geometric, operational and dynamic requirements on the one hand, costs,
thermal and fail-safe behavior on the other hand. The first stage of the de-
sign process aims at the estimation of the basic geometric dimensions under
predefined design conditions. A second design stage considers additional design
criteria such as thermal restrictions or motor control aspects. In all cases, un-
wanted thermal warming of the active machine components needs to be avoided.
One of the major sizing parameters concerning the thermal utilization of an
electric machine is its corresponding current sheet or electric loading.

37
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4.1.1 Current Sheet and Electric Loading

Considering the limiting case of infinitely small slots, the slot current can be
depicted by a current sheet along the stator area. This current sheet is generally
known as electric loading A and is strongly related to the cooling condition
and the main size of the motor. The electric loading A can be considered by
a magnetizing component Ad and a torque building component Aq and varies
within a range of 20kA

m to 60kA
m for a three-phase machine [FIS06]

A =
√
A2
d +A2

q, (4.1)

20 ≤ A ≤ 60︸ ︷︷ ︸
air→water

[
kA

m

]
. (4.2)

The phases of a motor are locally displaced by an angle ϕp, the time displacement
is determined by the angle ϕt. Phase current and electric loading are physically
related to each other by the stator area of one phase [BIK99]. The variables
read

ϕp =
2π

mp
, ϕt =

2π

m
, ϕe = pϕm, (4.3)

i(t) =
√

2I cos(ωt+ ϕ). (4.4)

The electric angle ϕe over a pole pitch is known to be 180◦, thus, the pole pair
number p specifies the relation between the electric angle ϕe and the mechanical
angle ϕm. The spatial and time depending electric loading A of an m phase
motor drive can be given by:

A(ϕm, t) =

∞∑
ν=1

2mωph
√

2I

dδπ
ξw cos(νpϕm − ωt− ϕ)

=
√

2Aξw cos(ϕe − ωt− ϕ)ν=1 (4.5)

The insertion of single conductors into different slots and layers basically results
in a discrete distribution of the electric loading, which may cause higher order
losses and parasitic torques. A reduction of these effects can be achieved by an
adequate choice of the slot pitch τsp and the coil pitch τcp respectively. Having a
discrete electric loading, the fundamental wave and the higher order waves face
a distribution factor ξd, mainly depending on τsp and a chord factor ξc, strongly
related to τcp. The winding factor ξw, shown in Equ. (4.5), is defined by

ξwν = ξdνξcν . (4.6)

The winding factor ξwν is a design related winding parameter reflecting the
correlation of a field wave with the induced phase voltage in the stator. In case
of a high electromagnetic utilization of the machine (cf. Sec. 4.1.3), the winding
factor of the fundamental should be very close to one, ξwν → 1. Achieving a low
harmonic content it is desirable to have ξwν → 0.
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Distribution Factor

Considering QS numbers of stator slots, there is a slot angle αsl between two
neighbored slots corresponding to the slot pitch τsp = 2π

QS
. This angle causes

the slot currents to be summed up time-delayed reducing the magnitude of the
electric loading A. The distribution factor ξdν can be given in case of a single
or double layer winding with a constant zone angle of qαsl by [VOG88]:

αsl = pτsp

ξdν =
sin(qν αsl2 )

q sin(ν αsl2 )
(4.7)

Chord Factor

The effect of the chord factor ξcν is very similar to that of the distribution factor.
It considers the difference between the coil pitch τcp and the pole pitch τpp, which
may result in a reduction of higher order losses. However, the magnitude of the
electric loading decreases in case of τcp < τpp. The chord factor ξcν is a function
of the mentioned variables τcp and τpp and is specified by [VOG88]:

ξcν = sin

(
ν
τcp
τpp

π

2

)
(4.8)

Fig. 4.1 depicts a single layer winding with three slots per pole and phase (qS = 3)
having a chord factor of one. The height of the bars conveys the existing phase
current amplitudes (Fig. 4.1a), the corresponding electric loading A together
with its sinusoidal fundamental wave is shown in Fig. 4.1b.

a) Phase currents. b) Electric loading.

Figure 4.1: Illustration of a single layer winding with three slots per pole and phase
(qS = 3) and the corresponding electric loading A.



40 Chapter 4. AC Motor Design

Considering RMS values of Equ. (4.5), the relation between the current and the
electric loading results in [MVP08]

A =
2mωphI

πdδ
=

mωphI

pτpp
, (4.9)

where 2mωph denotes the total number of serial connected conductors and τpp
represents the stator pole pitch of the motor. The number of turns per phase
ωph is mainly determined by the induced phase voltage, the supply frequency fn
and the machine flux φn.

4.1.2 Magnetomotive Forces and Air Gap Fields

The appearance of electric and magnetic fields is based on the fundamental
equations of electrostatics and magnetostatics, known as Maxwell equations.
There is an easier approach giving a relation between electric and magnetic
characteristics - “Ampère’s Circuit Law”. In order to give a short insight on
the basic principles, a simplified magnetic circuit is assumed in form of a C-
shaped iron core. The iron core is supposed to have constant cross sections and
is constantly excited by a conductor loop on the opposite side of the air gap.
Thus, having constant flux densities, the MMF θ can be given by means of two
different magnetic potential differences shown by Equ. (4.10). The main path
of integration is right in the middle of the cross sections and consists of the air
gap distance xδ and the distance through the iron core xfe. The variables B̂δ
and B̂fe denote the peak values of air gap flux density and the iron cores flux
density respectively.

θ =

∮
x

H · dl = θδ + θfe

=
B̂δ
µ0
xδ +

B̂fe
µ0µfe

xfe (4.10)

Basically, there are two different ways of generating MMFs. Focusing IMs,
MMFs arise due to the magnetizing electric loading Ad. This may even be
the case at PMSMs, however, they mostly generate MMFs by their magnets. In
fact, Equ. (4.11) is equally valid for both motor topologies. The right side of
Equ. (4.11) considers the magnetizing electric loading Ad along the radial length
lδ of the air gap diameter dδ. The electric loading Ad can either be field building
(IM, PMSM) or field weakening (PMSM).

θ =

∮
x

H · dl =

∫
dδπ

Ad · dlδ = rδ

∫
2π

Ad · dϕm (4.11)
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Substituting Equ. (4.5) into Equ. (4.11), the spatial and time dependent MMF
results in

θ(ϕm, t) = rδ

∞∑
ν=1

√
2A

ξw,ν
pν

sin(pϕm − ωt− ϕ),

θ(ϕm, t) =
√

2θ sin(ϕe − ωt− ϕ)ν=1, θ =
rδ
p
Aξw, (4.12)

where θ represents the RMS value of the MMF. Equ. (4.12) assumes an ideal
permeance of the iron sheet, meaning µfe = ∞, which causes the magnetic
potential difference θfe of Equ. (4.10) to be zero. In fact, the total MMF is
located in the air gap. Considering Equ. (4.10) to Equ. (4.12), the air gap flux
density Bδ can now be given by Equ. (4.13).

Bδ(ϕm, t) =
µ0

2δ

√
2θ sin(pϕm − ωt− ϕ)ν=1

=
√

2B sin(ϕe − ωt− ϕ), B =
µ0

2wδ
θ (4.13)

Equ. (4.13) describes the air gap flux density Bδ generated by the electric loading
A of the motor. In fact, it reflects the magnetic excitation of an IM. The deriva-
tion of the air gap flux density of PMSMs differs from the previous example, as
the computation of the MMF considers an additional component θm = Hmhm
depending on the magnetic excitations Hm and the heights hm of the magnets.

4.1.3 Electromagnetic Utilization

The derivation of the electric loading A depending on the current waveform was
shown in Sec. 4.1.1. The electric loading A of a motor can also be explained by
the slot geometry, the slot pitch τsp and the current density Jcu of the winding
material. Assuming a rectangular stator slot, the electric loading A results in

A = kslJcuhsl
wsl
τsp

=

√
kslAJcu

wsl
τsp︸ ︷︷ ︸

constant

√
hsl︸ ︷︷ ︸

variable

, (4.14)

where ksl denotes the slot fill factor, Jcu is the copper current density and hsl
and wsl represent the slot height and the slot width respectively [MUE94]. The
slot pitch τsp describes the lengths of one slot-tooth combination. The slot fill
factor ksl = Jsl

Jcu
is defined as the relation between slot current density and copper

current density. The first factor of Equ. (4.14) is more or less constant assuming a
predefined slot pitch and a constant product of AJcu (Equ. (4.15)). This product
characterizes the electric utilization of the motor and is strongly related to the
cooling conditions. The second factor reflects the basic geometric dependency
of the electric loading A ∝

√
hsl. Therefore, the higher the slot height hsl, the

higher the allowable current loading A. In case of copper windings, it can be
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given within the following range [VOG88]:

100 ≤ AJcu ≤ 300︸ ︷︷ ︸
air→water

[
kA

m

A

mm2

]
(4.15)

The magnetic utilization is related to the cross sections of the magnetic parts.
In fact, the cross sections have to have a suitable dimension in order to prevent
unwanted high local flux densities along the flux path. Considering a given slot
pitch, the flux φt needs to pass one tooth. As a consequence, the tooth flux
density is higher by the factor of

τsp
wt

compared to the local air gap flux density
Bδ. Tooth flux densities higher than 2.2T lead to high magnetic field strengths
and therefore high MMFs. Indeed, this causes air gap flux densities Bδ to be
within 0.5T to 1.1T [MUE94].

Afe = kfewfelfe =
φ

Bmax


Bt,max = 2.2T

Bδ,max = 1.1T

By,max = 2.0T (Stator)

By,max = 1.8T (Rotor)

(4.16)

The variable kfe denotes the iron fill factor, wfe and lfe represent the iron width
and the stack length respectively. Stator yoke flux densities may be up to 2.0T,
rotor yoke flux densities are up to 1.8T [MUE94] [HUB11].

The nominal output torque is influenced by two parameters, the air gap radius rδ
and the mean shear force density σn. Therefore, the force density σn represents
the mean force Fδ across the active area (Sec. 4.1.4) and describes the relation
between the air gap diameter dδ, and the product of the q-component of the
electric loading Aq and the air gap flux density Bδ,

σn =
Fδ

dδπlfekfe
=

1

2
ÂqB̂δ. (4.17)

Similar to Equ. (4.15), shear force densities are tightly coupled with the existing
cooling conditions. Known from experience, air cooled motors allow shear force
densities up to approximately 13 kN

m2 . Water cooled motor types allow much

higher force densities, which may reach 30 kN
m2 for jacket cooling and 50 kN

m2 for
direct winding cooling.

Pi
n

= Cud
2
δlfekfe ⇒ Cu =

Pi
d2
δnlfekfe

= π2σn (4.18)

Equ. (4.18) introduces the inner power Pi and the utilization factor Cu of a
motor. Thus, the air gap diameter dδ has squared influence on the corresponding
torque, given by the first part of Equ. (4.18). The nominal torque Tn of a motor is
the dominant characteristic concerning, size, volume and weight. The utilization
factor Cu describes the electromagnetic utilization of the material, see Fig. 4.2.
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Figure 4.2: Utilization factor Cu for all motor types as a function of the inner power
Pi. The factor represents a mean value, neglecting extremely bad and
extremely good cooling [MUE94].

As this factor is mainly determined by the electric loading A, the utilization
factor Cu is strongly related to the machine size and the cooling methods.

Designing highly utilized motors basically results in relatively small motor di-
mensions. This causes current densities Jal,cu and flux densities Bt,y to be on
upper ranges of technical feasibility. As copper and iron losses increase with the
square of Bt,y and Jal,cu respectively, the efficiency decreases rapidly. Therefore,
a tradeoff between high utilization at small motor sizes and high efficiency at
bigger motor sizes exists.

4.1.4 Lorentz Force and Torque Development

Electric motor types are based on the physical fact that electric charge moving
within a magnetic field is effected by forces, called Lorentz forces. Static charge
is not affected. There exists a well defined relationship between the electric
charge I, the air gap flux Bδ and the resulting Lorentz force F δ. The force F δ

is perpendicular to I and Bδ, its action can be given by the right-hand rule. The
equation reads:

F δ = I (lfe ×Bδ) (4.19)

The electric charge transmits the force onto the surface of the conductor being
moved towards the air gap. Combining Equ. (4.9) and Equ. (4.19) the differential
Lorentz force dF δ results in

dF δ = A rδdϕ (lfe ×Bδ), (4.20)

dT = rδ × dF δ. (4.21)

Assuming a sinusoidal current waveform (Equ. (4.4)) of the electric loading A
and the air gap flux density Bδ, the effective torque output T of the motor can
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be expressed as follows [BIK99]:

T (t) =

∫ 2π

0

dTdϕm

= 2BδAr
2
δ lfe

∫ 2π

0

cos(pϕm − ω1t− ϕ1) cos(pϕm − ω2t− ϕ2)dϕm

= 2πBδAr
2
δ lfe cos(ω2t+ ϕ2︸ ︷︷ ︸

α

− (ω1t+ ϕ1)︸ ︷︷ ︸
β

) (4.22)

Equ. (4.22) shows that the torque output T can be given by the inner product of
the air gap flux density Bδ = f(ω2, ϕ2) and the electric loading A = f(ω1, ϕ1).
It is maximal if the difference between the angles (α, β) is minimal. Moreover,
the torque output is constant if ω1 equals ω2.

4.1.5 Loss Characterization and Computation

According to [OVE04b], electric motors have several loss sources which can ba-
sically be divided into current dependent and current independent losses. The
latter consist of iron losses Pfe, bearing losses and air friction losses. Current
depending losses denote copper losses Pcu in stator windings (IM, PMSM) and
the rotor windings (IM). PMSMs do not have any copper losses in the rotor, the
rotor iron losses are comparatively small. In fact, there exists a third loss part
known as supplementary load losses. These losses represent an overall summary
of losses due to eddy currents, high-order harmonics and the electric commuta-
tion.

In order to ease the subsequent considerations, the losses of the active machine
parts are given in per-unit form. The equation for the stator losses PS is equally
valid for IM and PMSM, the rotor losses PR are valid for the IM only. High order
losses of the PMSM rotor are not considered (PR,PMSM = 0). The corresponding
equations read

PS =CS1

(
IS
ISn

)2

+ CS2

(
φ

φn

)2
f

fn
+ CS3

(
φ

φn

)2(
f

fn

)2

, (4.23)

PR =CR1

(
IR
ISn

)2

︸ ︷︷ ︸
Pcu

+CR2

(
φ

φn

)2
fslip
fn

+ CR3

(
φ

φn

)2(
fslip
fn

)2

︸ ︷︷ ︸
Pfe

, (4.24)

where f and fslip denote the supply frequency and the slip frequency respec-
tively [WH10]. The constants CS1 and CR1 are proportional to the phase re-
sistances RS,R and the phase currents squared I2

S,R. They can be evaluated
by

PcuS = mRSI
2
S , (4.25)

PcuR = mR′RI
′2
R . (4.26)
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The variables denoted with an apostrophe represent rotor values respectively
transformed to stator level. The phase resistances RS,R are depending on the
relative temperature increase ∆T = T −T20 related on a 20◦C reference temper-
ature T20. Considering a linear temperature coefficient αT , the phase resistances
result in [CAR08]:

RS,R = RS20,R20
(1 + αT∆T ) (4.27)

The variables RS20
, RR20

are based on a 20◦C reference temperature and are
proportional to the mean winding length lw, the conductor cross section Aw and
the corresponding conductor resistivity ρ [VOG88]:

RS20
= ρcu

ωphlw
aAw

(4.28)

RR20
=
QR
m

(
Rb +

1

2 sin2(αel2 )
Rr

)
(4.29)

Rb = ρcu
lfe
Ab

(4.30)

Rr = ρcu
2π(roR − hslR

2 )

QRAr
(4.31)

Equ. (4.30) shows the bar resistance of the cage, Equ. (4.31) represents the
corresponding resistance of a ring segment between two neighboring bars. Iron
losses represent the second group of loss sources. They can generally be split up
into hysteresis losses and eddy current losses. Therefore, sheet suppliers usually
specify so-called overall toll values ν10, ν15, which are given for a reference flux
density of either 1T or 1.5T at a frequency of 50Hz. According to [FIS06], the
iron losses Pfe can be computed by

Pfe = mfeνref

(
B

Bref

)2

CfCb, (4.32)

where the values Cf and Cb represent the iron losses depending on the supply
frequency f and the degradation coefficient due to production processes respec-
tively:

Cf =

(
f

fref

)1.6

(4.33)

Cb ≈ 1.3 (4.34)

Indeed, motor loss models often use the approach shown in Equ. (4.32), as the
detailed determination of the loss constants CS2, CS3 and CR2, CR3 require at
least two different loss measures at two different frequencies. Using the approach
above, the iron losses PfeS , PfeR of Equ. (4.23) and Equ. (4.24) are reduced on
the consideration of hysteresis losses only. The determination of the copper and
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iron loss coefficients is based on the evaluation of Equ. 4.25 to Equ. 4.34.

PcuS,cuR = CS1,R1

(
IS,R
ISn

)2

(4.35)

PfeS,feR = CS23,R23

(
φ

φn

)2(
f

fn

)
(4.36)

Designing motors leads to the question on how to choose the relation between
copper and iron losses. However, the maximum efficiency can be obtained by
designing similar iron and copper losses [WZZC04]. The predominant part of
the rotor losses arise through the torque building current component Iq. The
rotor slip frequency fslip at the design point tend to be low, thus, the losses are
mainly dominated by the copper losses. The analytic derivation of the existing
mechanical losses is generally hard to analyze, however, there exist some basic
dependencies which allow a valid approximation. The mechanical losses are
modeled according to [MVP08]:

Pm = Cmv
2doR(lfe + 2laxR) (4.37)

Cm =

{
8 . . . 10 surface aeration

15 internal cooling airflow
(4.38)

Equ. (4.37) reflects the basic relations. Thus, the overall mechanical losses Pm
are proportional to the friction surface and the circumferential speed v squared.
The variable laxR depicts the axial length of the short circuit ring. The constant
Cm is known to be an empirical value which has been gained by experience.
Supplementary load losses mainly arise at applied loads, thus, their analysis
concentrates on the computation of the current depending loss component. This
component represents a general term which summarizes loss parts that cannot be
assigned directly to a specific loss group. They basically arise due to high-order
harmonics. Following [OVE04b], the supplementary load losses are assumed to
be 0.5% of the rated input power at mains operation. As the motors are operated
by converters, the modeling approach considers an additional frequency depen-
dency, moreover, the losses are related on the rated machine power. According
to [FIS06], the additional load losses Padd can be given by

Padd = Cadd

(
I

IS

)2(
f

fn

)2

Pn, (4.39)

Cadd = 0.0075. (4.40)

Mechanical as well as supplementary load losses have a squared influence of the
rotational speed. These losses are dominant at high speed drives which might
have a considerable impact on the choice of the air gap size, (Equ. (4.103) et
seq.).
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4.1.6 Leakage Analysis and Evaluation

The electromagnetic energy conversion is not supported by the entire magnetic
field. In fact, some flux components do not cross the air gap and therefore
represent no valid linkage between stator and rotor. These flux parts are known
as leakage inductance. The leakage inductance Lσ results by the sum of five
subcomponents [PUR06]:

� Coil end leakage inductance Lc

� Tooth tip leakage inductance Lt

� Slot leakage inductance Lsl

� Harmonic leakage inductance Lδ

� Skew leakage inductance Lχ

In case of PMSMs with surface mounted magnets, two further subcomponents
should be mentioned considering the

� Magnet-to-Magnet inductance Lm2m and the

� Magnet-to-Rotor inductance Lm2r.

Assuming a given MMF θ, leakage inductances lower the air gap flux density
Bδ. Moreover, they used to raise the machine losses by inducing losses into
ferromagnetic parts, often regarded as supplementary load losses (Sec. 4.1.5 et
sqq.). The leakage inductance Lσ is inversely proportional to the torque output,
thus, providing high torque densities generally requires a low leakage inductance.
Contrary to that, high machine efficiencies and low torque ripples require a high
leakage inductance representing a further tradeoff in machine sizing.

Coil End Leakage Inductance

Coil end leakages depend on the winding type, the shape of the coil endings
and the configuration of the iron parts. Stator and rotor currents cause a 90◦

shifted flux distribution which induces eddy currents on the neighboring ferro-
magnetic parts. The analytic computation of the coil end leakage is difficult due
to an enormous range of input parameters. Hence, its computation is frequently
based on some basic physical relations and leakage permeance values which have
been gained by experimental data. The leakage inductance is approximated
by [VOG88]:

Lc =
2

p
µ0ω

2
phτcpλc (4.41)

The variables λc and τcp represent the coil leakage permeance value and the coil
pitch respectively.



48 Chapter 4. AC Motor Design

Slot and Tooth Tip Leakage Inductance

Slot leakage happens if some flux lines close through the slot without crossing
the air gap. The corresponding leakage inductance is entirely defined by the slot
geometry and consists of several part components. The tooth tip leakage arises
when the MMF creates a magnetic potential difference on the neighboring teeth
at both sides of the slot. The leakage permeance value λsl,t is therefore depending
on the relation of the slot opening width and the air gap size. According to
[VOG88], the entire slot and tooth tip leakage Lsl,t can be evaluated by:

Lsl,t =
2

p
µ0ω

2
phτcp

λsl,t
q

(4.42)

Basically, the leakage permeance value λsl,t is higher, the higher the slot con-
ductor and the lower the slot width. Moreover, its value increases at small slot
opening widths. Consequently, slots with wide openings should be applied. As
IMs uses small air gap sizes increased slot openings might enhance the harmonic
content which lowers the motor efficiency.

Harmonic Leakage Inductance

Because the implemented algorithm focuses on a fundamental wave approach,
the harmonic leakage inductance is entirely neglected. Nevertheless, the subse-
quent content gives a short overview of its basic computation. The harmonic
leakage inductance considers the discrete distribution of the stator and rotor
windings in slots. This discretization of the electric loading A causes the air gap
field to be basically stepwise rather than sinusoidal. High order harmonics are
introduced, their amount is summarized by the harmonic leakage factor σδ. The
harmonic leakage inductance Ld results in [PUR06]

Lδ = σδLd, (4.43)

σδ =

ν=+∞∑
ν=−∞,ν 6=1

(
ξν
νξ1

)2

, (4.44)

where ν is the ordinal number of the harmonic frequency and ξν represents
the corresponding winding factor. Generally speaking, the higher q, the more
sinusoidal the air gap field distribution and the lower the harmonic leakage in-
ductance.

Skew Leakage Inductance

Stator and rotor slots are often assembled in a skew position in order to reduce
the influences of permeance harmonics caused by slots [PJHN08]. Skew position
therefore means that the slot conductors are put at an angle being higher or
lower than 90◦ relative to the sheet edge. The geometric offset is mostly given



4.1. Design Fundamentals 49

in relation to the slot pitch τsp. Usually the slots of the stator stack are straight
and the slots of the rotor are skewed. However, it is of course possible to skew the
stator slots instead. Skewing basically weakens the electromagnetic coupling, as
some flux parts created by the stator do not penetrate the rotor winding. The
skew leakage inductance Lχ is given in relation to the magnetizing inductance
Ld as

Lχ = (1− χ2)Ld, (4.45)

χ =
sin γ

2
γ
2

, (4.46)

where γ and χ denote the skew angle and the reduction of the induced voltage
between skewed and unskewed conductor respectively. The skew angle depends
on the predefined application scenario, however, the cant from one end of the
stack to the other should be around one slot pitch.

Magnet-To-Magnet and Magnet-To-Rotor Inductance

Considering permanent excited rotors having surface mounted magnets, two
leakage flux types can be distinguished. One type specifies the magnet-to-magnet
leakage Lm2m, the other portion specifies the magnet-to-rotor-iron leakage Lm2r.
Their permeances λm2m and λm2r can respectively be given by [RL04]

λm2m =
µ0lfe
π

ln

(
1 +

πwδ
wtR

)
, (4.47)

λm2r =
µ0lfe
π

ln

(
1 +

πwδ
hmR

)
for wδ <

wtR
2
, (4.48)

where lfe, wδ and wtR denote stack length, air gap size and the iron tooth width
in case of an inset magnet configuration. Equ. (4.48) is a valid expression for
wδ being smaller than

wfe
2 which is usually true. Both permeances are higher

the higher the stack length of the laminated sheets and the higher the air gap
size wδ. Moreover, the magnet-to-magnet reluctance Rm2m = 1

λm2m
is higher

the smaller the iron bridge between the magnets. The magnet-to-rotor-iron
reluctance Rm2r = 1

λm2r
increases at small magnet heights. Many models exist

in literature describing how the reluctances are linked with the air gap flux
density Bδ.

Bδ = f(wm, wfe, Rm2m, Rm2r) (4.49)

However, there is a somewhat easier approach for surface mounted magnet mo-
tors in [HAN94]. Equ. (4.127) gives the basic relation on how to determine the
d-axis air gap flux density component Bd for the resulting MMFs along the ideal
path of integration. The effective d-axis flux density crossing the air gap can be
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given by considering an additional correction factor σc.

Bd = σcBr

(
1− Hm

Hc

)
(4.50)

σc =
ClCf

1 + Cr
µrec
Cp


0.9 ≤ Cl < 1.0

1.0 ≤ Cr < 1.2

Cf = Am
Aδ

Cp = wm
wδ

(4.51)

The constants Cf , Cp, Cl and Cr denote flux focusing, permeance, leakage and
reluctance factor respectively. The first two constants depend on design values,
therefore Cf and Cp determine the cross section relation and the length relation
between the magnets and the air gap respectively. In practice, the constants Cl
and Cr are hardly computed analytically as their evaluation is too difficult. Their
values are chosen from empirical data which are usually within the ranges given
in Equ (4.51). The variable µrec considers the characteristic recoil permeability
of the magnet material.

4.1.7 Overload Capability

The subsequent sections analyze the basic relations concerning IM and PMSM
overload capabilities and give background information on their computation.

Induction Motors

The pull-out torque capability of IMs can be derived by a common simplified
circuit, shown in Fig. 4.3.

Figure 4.3: Simplified circuit model for overload considerations [PUR06].

The air gap voltage is supposed to be the terminal voltage neglecting any voltage
drop at the stator. The mechanical power output Pmech can basically be given
by the air gap power Pδ minus the corresponding slip power PR in the rotor:

Pmech = Pδ − PR = Pδ − Pδs (4.52)
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Considering the valid expressions of the rotor losses as a function of the per
unit slip s, the torque output Tmech and the corresponding rotor current IR can
respectively be represented by

Tmech =
Pmech
ωmech

=
mpR′RI

2
R

ωns
, (4.53)

IR =
US√

(RS +
R′
R

s )2 + (XS +X ′R)2

. (4.54)

Equ. (4.52) shows the slip dependency of the rotor losses PR. Assuming a per
unit slip of s = 1, the entire air gap power is converted into rotor losses, repre-
senting a short-circuited transformer. Thus, the pull-out slip spo can be given by
the equalization of air gap power Pδ and rotor losses PR. The relative angular
slip frequency ωpo results by the multiplication of the pull-out slip spo and the
angular frequency ωn given by

m
R′R
spo

I2
R = m

√
R2
S + (XS +X ′R)2I2

R, (4.55)

spo =
R′R√

R2
S + (XS +X ′R)2

=
ωpo
ωn

. (4.56)

The pull-out torque Tpo can generally be given by the fraction of the air gap
power Pδ and the angular slip frequency ωpo. Substituting Equ. (4.54) into
Equ. (4.26), the torque relation can be specified as

Tpo =
m

ωpo

U2
S

(RS +R′R)2 + (XS +X ′R)2
R′R. (4.57)

The pull-out torque Tpo is directly proportional to the stator voltage US squared
and inversely proportional to the phase impedance. Hence, considering constant
power range (n > nn) having a limited stator voltage US , the pull-out torque
decreases inversely proportional to the angular frequency ωn squared. As the
phase resistances of stator and rotor are far lower than the phase leakages, they
might be neglected for the torque computation without tainting the result. How-
ever, increasing the overload capability of IMs basically requires a low leakage
design which can be realized by one of the equations mentioned in Sec. 4.1.6.

Permanent Magnet Synchronous Motors

PMSMs mounted magnets basically provide two kinds of torques. The predom-
inant part of the torque output is given by the synchronous torque Ts which
depends on the magnetic excitation and therefore on the magnet characteris-
tics. The second torque part Tr is independent of the magnetic excitation and
is due to the different permeances in d- and q-direction. The maximum oper-
ative pull-out torque Tpo can be derived by the model presented in Fig. 4.4.
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Figure 4.4: Simplified circuit models for the d- and q-axis. Stator resistances and
stray reactances are not considered.

For simplification, the stator resistance and the stator reactance are neglected
for the subsequent explanations. The basic equation of the torque output T is
commonly known and is given by [RIE06]

T =
3

2
p(ψdiq − ψqid). (4.58)

The presentation of the torque output related on the synchronous generated
voltage Up, the terminal voltage US and the angular displacement δ requires the
consideration of decoupled equations in d- and q-direction respectively. These
quantities read:

ψS =
√
ψ2
d + ψ2

q (4.59)

uS =
√
U2
Sd + U2

Sq (4.60)

ψd = Ldid +
up
ωn

(4.61)

ψq = Lqiq (4.62)

Considering steady state conditions, the voltage equations can be depicted very
simply representing the coupled voltage components only. Their corresponding
current components can be evaluated analytically by the vector diagram shown
in Fig. 4.4.

uSd| d
dt=0 = −ωnψq = uS sin(δ) (4.63)

iSd| d
dt=0 =

up − uS cos(δ)

ωnLd
(4.64)

uSq| d
dt=0 = ωnψd + ωnψp = uS cos(δ) (4.65)

iSq| d
dt=0 =

uS sin(δ)

ωnLq
(4.66)
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Substituting Equ. (4.59) and Equ. (4.66) into Equ. (4.58) the torque relations
can be given by [RIE06]:

T =
3

2

p

ωn
(iSduSd + iSquSq) (4.67)

=
3

2

p

ωn

[
up − uS cos (δ)

ωnLd
uS sin (δ) +

uS sin (δ)

ωnLq
uS cos (δ)

]
(4.68)

=
3

2

p

ωn

[
upuS
ωnLd

sin (δ) +
u2
S

2

(
1

ωnLq
− 1

ωnLd

)
sin (2δ)

]
(4.69)

Using RMS values, the pull-out torque capability results in:

Ts = 3p
UpUS
ω2
nLd

sin(δ) = Ts,po sin(δ) (4.70)

Tr =
3

2

p

ω2
n

U2
S

(
1

Lq
− 1

Ld

)
sin(2δ) = Tr,po sin(2δ) (4.71)

As stated in Sec. 3.6.1, the pull-out torque capability is mainly influenced by the
d-axis inductance Ld, the stator supply voltage US and the inductance difference
Lq−Ld. According to Equ. (4.70), the synchronous torque Ts decreases inversely
proportional to the angular frequency ωn at constant power region (n > nn).
The reluctance torque part Tr is affected by the doubled angular displacement δ.
Indeed, this causes the total torque output to be highest at a tilt angle δ being
lower than π

2 . The tilt angle results from a superposition of the synchronous and
reluctance torque part for δ = [−π . . . π] evaluating the angle at the maximum
torque output. The corresponding polar wheel angle at the design point is
determined according to Equ. (4.66).

4.2 Design Methodology

The DM aims at a valid and time-efficient design approach for IMs and PMSMs
trying to minimize the computation time for a conceptual evaluation of the
motors concerning dimensions and operational characteristics. The presented
equations are valid for IM and PMSM sizing issues and allow a computation
of dimensions, masses and operational characteristics of the machines. The
given DM is valid for each kind of cooling conditions. However, the DM will
be exemplified by an air-cooled IM and an air-cooled PMSM having equal outer
stator and inner rotor diameters. In order to demonstrate the correctness of the
DM, the resulting design and operational characteristics of the machines have
been compared with those of the electric motor manufacturer THIEN eDrives
GmbH [THI11].
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4.2.1 Assumptions

The analysis and computation of the designed IM and PMSM will be done under
the following simplifications:

� The DM focuses on a fundamental wave approach only.

� The algorithm considers parallel teeth only.

� There exists a constant current density within the slots. Skin effects in the
wires are not considered.

� The motor parameters are supposed to be phase values transformed to
stator level.

4.2.2 Sizing Examples

The following sections focus on the sizing of a three-phase radial field orientated
inner-rotor IM and PMSM. The motors are supposed to be used within a wheel
rim at the rear axle of a vehicle. Due to package and mechanical stability
considerations, the maximum outer stator diameter doS was defined by 170mm.
The design concentrates on a high electromagnetic utilization of the machines
providing a thermally stable continuous operation for a nominal power Pn of
5.25kW at a base speed nn of 3000rpm. Both machines are operated up to
12000rpm. The design specifications of IM and PMSM are shown in Tab.4.2.
Their values have been derived from the system specifications of the underlying
automotive traction application given in Sec. 6.3.

Pole Pair Number

The physical dimensions and the number of pole pairs p specify the air gap
flux density Bδ and the rated machine flux φn. Assuming the same saturation
levels, high pole machines have lower yoke heights, as the lower machine flux
φn can be carried over a thinner yoke (cf. Sec. 3.5.1). However, iron losses and
cooling requirements increase, as the angular frequency ωn is p times higher than
the mechanical angular frequency ωm. Hence, there is a tradeoff between small
motor dimensions and high motor efficiencies. Focusing on IMs, higher pole pair
numbers might be sensitive to the power factor which decreases significantly.
According to that, the choice of the pole pair number at IMs is advantageously
limited to p = 4 [CWBRS04].

Both machines are designed as four-pole machines which represents a good com-
promise between the resulting dimensions and the reachable motor efficiencies.
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Flux Density, Stack Length and Shear Force Density

The peak value of the air gap flux density B̂δ for the IM is specified at 0.9T which
represents a common specification for IM designs (0.88 − 0.92T). Considering
PMSMs, the magnet wheel induction B̂p is lower resulting in 0.8T. The local

tooth flux densities B̂tS,tR represent one of the main sizing parameters. In case
of air cooling, they should be chosen to be within 1.77−1.8T for stator and rotor.
For this reason, the relative tooth width parameter wt

wsl
is introduced providing

information on how to portion tooth width wt and slot width wsl within the slot
pitch τsp. The corresponding equation for the stator reads:

τsp =
(diS + htS)π

QS
(4.72)

The peak value of the yoke flux densities should be chosen to be around 1.55−
1.60T for the stator and 1.45 − 1.65T for the rotor for an air-cooled machine.
According to Sec. 4.1.3, there are some guidance values on how to choose shear
force densities for a thermally acceptable operation. Considering conceptual
machine design studies, the shear force density σn is mostly selected by experi-
mental data depending on an achievable air gap diameter dδ for a certain number
of pole pairs p. Therefore, having a maximum stator diameter of 170mm, the
air gap diameter dδ should be chosen to be within 100mm to 110mm for an
air-cooled four-pole machine [HUB11].

Stator diameter doS [mm] Air gap diameter dδ [mm]

p = 2 p = 3
170 100− 110 110− 120
200 120− 130 130− 140
240 150− 160 160− 170
270 170− 180 180− 190
300 190− 200 200− 210

Table 4.1: Suggested air gap diameter range dδ depending on stator diameter doS
and the number of pole pairs p [HUB11].

Tab. 4.1 gives a design suggestion on how to choose the air gap diameter dδ
depending on the number of pole pairs p and a maximum outer stator diameter
doS of air-cooled machines. Hence, the start value of the shear force density σn
was selected to be 13 kN

m2 for the IM and 17 kN
m2 for the PMSM. The corresponding

start value of the air gap diameter was selected to be 103mm. Considering the
given values, the stack length can be approximated by

lfe =
2Tn
σnπd2

δ

, (4.73)

with Tn denoting the design torque. The individual stack lengths of the four-pole
machines eventually resulted in 80mm for the IM and 65mm for the PMSM.
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Number of Stator Slots per Pole and Phase

The design variable q characterizes the number of stator and rotor slots per pole
and phase. Considering the given outer stator diameter doS the upper range
of q is physically limited by the smallest mechanically possible slot pitch τsp.
Choosing higher values for q generally attenuates high order air gap flux densities
and is advantageous concerning motor noise and motor efficiency. Because of
that, q should be chosen to be a whole-number value and should be selected
higher than two if possible [BIK99].

According to this, the variable qS of the stator was selected to three for both
motor types. The individual adjustment of qR of the rotor depending on qS for
the IM is given in Sec. 4.2.3.

Slot and Iron Fill Factor

The slot fill factor ksl is a matter of the implemented winding design. Moreover,
it is affected by the present supply voltage considering a given internal power.
Low voltage applications tend to have slightly higher slot fill factors compared to
high voltage applications [VOG88]. They do have bigger wire diameters which
might lead to a higher utilization of the slot space. The slot fill factor ksl reads:

ksl =
Jsl
Jcu

{
low voltage, 0.3 ≤ ksl ≤ 0.5

high voltage, 0.2 ≤ ksl ≤ 0.4
(4.74)

The slot fill factors ksl of around 42% given in Tab. 4.2 represent reference values
which are assumed to be achievable for the present application at a voltage level
of 250V. The iron fill factor kfe denotes a correction factor of the active magnetic
cross section. It depends on the insulating medium and varies within the range
of 0.95− 0.97 [NER06].

Current Density

According to [HUB11] and [VOG88], the stator copper current density Jcu for
self-cooled machines is around 3 − 8 A

mm2 for both motor types. In case of a
copper winding, the current density of the IM rotor can basically be within the
same range if thermally stable. Aluminium cages allow a slightly lower range
(3 − 6.5 A

mm2 ), as the volume conductivity of aluminium 1
ρal

is lower compared

with copper [FB07]:

1

ρcu
= 58

Smm2

m
(4.75)

1

ρal
= 37

Smm2

m
(4.76)
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The copper current density for the stator was iterated to comply with the max-
imum stator diameter of doS = 170mm on the one hand and to get a thermally
stable winding temperature of not higher than 125◦C on the other hand. The IM
rotor uses an aluminium cage. Its current density was iterated to get a thermally
stable cage temperature of not higher than 165◦C. Therefore, the shown current
densities in Tab. 4.2 are based on a thermal model introduced in Sec. 5.3.

Slot Opening Width and Slot Opening Height

The design of slot openings influences the stator and rotor leakage. Thus, ac-
cording to Sec. 3.5.1 and Sec. 3.6.1, the design of slot opening width wr and slot
opening height hr is sensitive on the pull-out torque capabilities of the machines.

The corresponding dimensions of the slot openings have been obtained by the
considerations given in Sec. 4.1.6 having a special focus on a low slot and tooth
tip leakage induction Lsl,t. The slot opening widths and heights in Tab. 4.2 are
given relative to the tooth width. They have been designed in order to meet the
requirements for the insertion of slot conductors and the pull-out torque which
should be upon 34Nm for a minimum battery voltage of 250V.

Parallel Branches and Number of Conductors per Slot

Besides the given sizing factors, the design process has to consider the electric
motor supply system. The most important two parameters to be adjusted are
the number of parallel branches a and the number of conductors per slot ωsl.
Especially low voltage applications require a careful choice of ωsl if a high num-
ber of stator slots should be realized with a small number of serial connected
windings. The intermediate circuit voltage is directly coupled with the battery
voltage representing a load-dependent voltage level. The design process therefore
needs to consider the minimal available battery voltage of 250V.

The motors are designed with a two layer distributed winding having 20 con-
ductors per slot and a coil pitch of 1 : 8. The coil pitch τcp has been selected
according to the statements given in Sec. 4.1.6 trying to get a low Lc and Lsl,t.
Focusing on machine efficiencies, the most undesirable harmonics are the third
harmonic and multiple of it as they used to increase machine losses and do not
contribute anything to the electromagnetic torque output. Both motor types are
therefore star connected to eliminate the third harmonic.

Sheet Material

Fig. 4.5 shows the magnetic excitation characteristics and the corresponding iron
losses of two different electric sheets frequently used in electric machines. Both
sheets meet the requirements given in the European standard DIN EN10106.
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a) Excitation curves of two different
sheets.

b) Iron losses for the two different
sheets.

Figure 4.5: Characteristics of two different electric sheets [THY11].

The notation of the illustrated sheets provides information on their material
qualities and sizes. Thus, “M270-35A” specifies an electric sheet having 0.35mm
thickness and a maximum loss of 2.7W at 1.5T and 50Hz. The same statement
is valid for the second sheet “M800-50A”. This sheet provides lower magnetic
field strengths at higher saturation levels of the machine which is quite beneficial
concerning small motor sizes. However, its loss characteristic is worse compared
to the first one. Thicker sheets naturally have higher losses as the eddy currents
face a wider cross section. In fact, it is a matter of cost meaning lower material
quality for lower prizes and vice versa. The given sheets reflect the basic tradeoff
at machine sizing - either small motor sizes at higher losses or large sizes at lower
losses.

The design of IM and PMSM uses the “M800-50A” sheet as the compliance
with the maximum stator diameter of 170mm is of prime interest. The mate-
rial design parameters represent generally accepted values found in the litera-
ture [MAG11], [VOG88], [BOE07]. The design parameters are given in Tab. 4.2.
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General Design Parameters IM PMSM

Design torque Tn[Nm] 17.2 17.4
Air gap flux density, Bδ [T] 0.9 0.8

Shear force density σn [ N
m2 ] 13410 16940

Number of pole pairs p [-] 2 2
Supply frequency fn [Hz] 100 97
Phase number m [-] 3 3
Air gap size - one sided wd [mm] 0.4 1
Stack length lfe [mm] 80 65
Iron fill factor kfe [%] 97 97

Slot/Yoke Design Parameters Stator Rotor Stator Rotor

Slot conductor density Jcu [ A
mm2 ] 7 3.6 8 -

Slot number Q [-] 36 28 36 -
Slot fill factor ksl [%] 42 100 42 -
Slots per pole and phase q [-] 3 2 1

3 3 -
Tooth width relation [%]
basis: slot pitch (IM) wt

wsl
basis: pole pitch (PMSM) wm

τpp

43.9 55.4 41.9 95

Slot opening width relation wr
wt

[%] 48 20 50 -

Slot opening height relation hr
wt

[%] 48 40 48 -

Skewing relation sχS,R [-] 0 1.5 1.5 0

Yoke flux density,
By
Bt

[%] 85 92 70.5 80

Winding Design Parameters IM PMSM
Parallel branches a [-] 2 2
Conductors per slot ωsl [-] 20 20
Coil pitch τcp [-] 1: 8 8

Material Design Parameters

Conductor/Magnet density [ kg
m3 ] 8920 2700 8920 7500

Conductor conductivity [Smm2

m ] 57 32 57 0.6

Sheet density M800-50A [ kg
m3 ] 7800 7800 7800 7800

Remanence flux density N38SH [T] - - - 1.22

Coercive field strength [kA
m ] - - - 840

Table 4.2: Design specification of IM and PMSM.
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4.2.3 Induction Motor Design

The following content derives the basic equations for IM sizing exemplified at one
single pole pitch τpp. The sections focus on the computation of the magnetic
circuit and present the design stages of the DM. For evaluation reasons, the
IM specified in Tab. 4.2 has additionally been computed by the electric motor
manufacturer THIEN eDrives GmbH.

Assumptions

According to the considerations given in Sec. 4.2.2, the air-cooled IM is designed
to have 2p = 4 poles and uses a three-phase distributed winding with an alu-
minium squirrel cage. The number of rotor slots per pole and phase qR should
be close to that of the stator qS [VOG88]. However, qS and qR must not be
equal to each other,

qR = qS ±
2

3
. (4.77)

This choice is very important to obtain a low cogging torque and a low har-
monic content. Experimental data showed that the slot combinations given in
Equ. (4.77) are preferable [HUB11]. Therefore, the stator has 36 slots, the rotor
uses 28 slots representing a number of slots per pole and phase of qS = 3 and
qR = 2 1

3 . The rotor slots are skewed by 1.5 τsp.

Magnetic Circuit

The presented equations are based on an ideal sinusoidal characteristic of the air
gap flux density Bδ, see Fig. 4.6. The computation of the magnetic circuit utilizes
the symmetry of the design. This concept of modeling is very convenient, time-
saving and eases the computations by considering one single pole only. Fig. 4.7
depicts the main path of integration at one single pole (dotted line) and presents

Figure 4.6: Per-unit illustration of air gap flux density Bδ and the magnetic flux φn
over a pole angle of ϕe = 180◦.
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the dimensioning variables of the machine’s cross-sectional area. The stator and
rotor segments are given for the mechanical angle ϕm = π

p resulting in 90◦ for
p = 2. In order to grant consistency to Fig. 4.6, the electric angle ϕe is given
by its equivalent ϕe = pϕm. The abbreviations used in Fig. 4.7 consist of three
letters, which either specify width w, height h or a radius r of the corresponding
region (slot, tooth, yoke) and component (stator, rotor). The air gap radius
denotes the torque building radius and is figuratively given by rδ. The relations
read:

φn = lfekferδ

∫ π
p

0

Bδdϕm =
rδ
p
lfekfeB̂δ [− cos(pϕm)]

π
p

0 =
2

p
rδB̂δlfekfe

(4.78)

φ̂y =
1

2
φn =

1

p
B̂δrδlfekfe (4.79)

B̂y =
φ̂y

hylfekfe
=

rδ
phy

B̂δ (4.80)

φ̂t =
φn

wtSlfekfe
− µ0Ht

ws
wt

(4.81)

B̂t = B̂δ
wsl + wt

wt
(4.82)

Equ. (4.78) clearly shows, that the nominal machine flux φn is already defined
by the air gap flux density Bδ and the corresponding geometry of the motor.
The same statement can be given for the yoke flux φ̂y, the tooth flux φ̂t and the

corresponding densities B̂y and B̂t respectively. Tooth flux densities below 1.7T
cause neighboring slot spaces to be more ore less field-free [VOG88]. However,
flux densities higher than 1.7T cause additional magnetic fields in the slot space
influencing the tooth fluxes along the main path of integration. Equ. (4.82)
depicts the tooth flux density B̂t, assuming the cumulated machine flux of a slot
pitch to pass one tooth. The following considerations do not consider magnetic
load shedding of teeth corresponding to a relative permeance of air µ0 being
zero.

Stator as well as rotor yokes have to carry half of the rated flux φn along one pole
pitch τpp. The rated flux splits up into several part fluxes mainly crossing the
excited teeth at both ends of the pole pitch. The yoke fluxes are assumed to have
sinusoidal characteristics causing flux densities and magnetic field strengths to
be not constant. Rotor yokes might be saturated higher if the shaft restricts the
cross section for the flux. The corresponding rotor flux densities can be lowered
by magnetic load shedding through proper shaft materials.

Equ. (4.83) to (4.88) show the computation of the MMFs and the corresponding
magnetizing slot current density Jd,sl. The main path of the MMF is split up
into five fields of integration. The equation read:

θ =

∮
Hdl =

∫
HySdl+

∫
HyRdl+2

(∫
HtSdl +

∫
HtRdl +

∫
Hδdl

)
(4.83)
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Figure 4.7: Stator and rotor segment with parallel sided teeth over a symmetric pole
pitch τpp. The main path of integration is depicted by the white dotted
line.

with the components∫
HySdl =

∫ π
2

−π2

B̂yS
µfe

(
roS + riS + htS

2

)
dϕ =

∫ π
2

−π2

B̂yS
µfe

(
roS −

hyS
2

)
dϕ =

=

(
roS −

hyS
2

)∑ B̂yS
µfe

∆ϕ,

=

(
roS −

hyS
2

) N
2∑

k=−N2

B̂yS
µfe

cos

(
k

N

π

p

)
, (4.84)

∫
HyRdl =

(
riR +

hyR
2

) N
2∑

k=−N2

B̂yR
µfe

cos

(
k

N

π

p

)
, (4.85)

∫
HtS,Rdl =

B̂tS,R
µfe

htS,R =
B̂δ
µfe

wslS,R + wtS,R
wtS,R

htS,R, (4.86)∫
Hδdl =

B̂δ
µ0
wδ. (4.87)
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Hence, it can be written:

θ =

∮
Hdl =

∫
Jd,sl dAslS = Ĵd,sl

AslS
wslS + wtS

(
riS +

htS
2

)∫ π
2p

− π
2p

cos (pϕm) dϕm

=
2

p
Ĵd,sl

AslS
wslS + wtS

(
riS +

htS
2

)
=

2

p
Âd

(
riS +

htS
2

)
(4.88)

Practically, the boundaries of the integrals are not clearly defined as they mu-
tually influence each other. According to Fig. 4.6, the air gap flux density Bδ is
maximum at both sides of the pole pitch. However, the MMFs along the teeth
tend to be high causing a flattening and enlarging of the sinusoidal field charac-
teristic. Therefore, the higher the saturation levels of the teeth, the higher the
reduction of the air gap field in the center of the pole and the higher the increase
of the field outside the pole center. It might have ideal sinusoidal characteristic
in case of unsaturated motors. Indeed, there is an influence of the MMF along
the yoke on the air gap field being higher the lower the number of pole pairs
p [VOG88]. The subsequent analysis considers the individual MMFs on their
own, mutual influence of the part fluxes is neglected.

a) Tooth flux densities BtR,tS versus
different air gap flux densities Bδ.

b) Magnetic excitation HtR,tS for
different air gap flux densities Bδ.

Figure 4.8: Different tooth flux densities and their corresponding magnetic excita-
tion.

Fig. 4.8 and 4.9 show the resulting local flux densities B and their corresponding
magnetic excitation H using a “M800-50A” sheet. Due to the consideration of
slot openings, the tooth flux φt faces two different cross sections resulting in two
different tooth flux densities Bt. The first cross section at the entrance (base) is
bigger having a radial length wtS1,tR1 . The second cross section is specified in
the middle of the tooth height ht and can be given by wtS2,tR2 :

wtS1 =
2(riS + hrS)π

QS
− wrS wtS2 =

2(riS + htS
2 )π

QS
− wslS (4.89)

wtR1 =
2(roR − hrR)π

QR
− wrR wtR2 =

2(roR − htR
2 )π

QR
− wslR (4.90)
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According to Fig. 4.8b, the magnetic excitation H of the sheet material is highly
non-linear and increases significantly at air gap flux densities Bδ being higher
than 0.9T (cf. Sec. 4.2.2).

a) Yoke flux densities ByR,yS along a
symmetric pole pitch.

b) Magnetic excitation HyR,yS of the yoke
flux densities By.

Figure 4.9: Sinusoidal yoke flux densities and their corresponding magnetic excita-
tions over a symmetric pole pitch.

According to the statements given in Sec. 4.2.2, the IM is designed to provide
a fundamental air gap flux density B̂δ of 0.9T. The tooth widths were adjusted
to get a flux density B̂t of 1.8T representing a high magnetic utilization of the
IM. The maximum yoke flux densities of the stator B̂yS and the rotor B̂yR are

85% and 92% lower compared to their tooth flux densities resulting in B̂yS =

1.53T and B̂yR = 1.66T. Although B̂yS and B̂yR are relatively close, their
magnetic excitations differ considerably. The higher saturated rotor yoke causes
a significant increase of the magnetizing excitation HyR being approximately
1.2kA

m higher compared to HyS , see Fig. 4.9b.

a) Per-unit illustration of the magnetizing
curve.

b) Air gap flux density B̂δ versus
magnetizing current Id.

Figure 4.10: Air gap flux density characteristic at different magnetizing currents.

Fig. 4.10 illustrates the air gap flux densities Bδ depending on the magnetizing
current Id for the “M800-50A” sheet. The MMF has therefore been transformed
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to the corresponding magnetizing phase current Id. According to Equ. (4.88),
the magnetizing slot current Id,sl can be given by Equ. (4.91).

Id,sl =
θ̂

2

p√
2

1

ξw

wslS + wtS

riS + hslS
2

(4.91)

Id = Id,sl
a

ωsl
(4.92)

QS =
2π(riS + htS

2 )

(wslS + wtS)
(4.93)

ωph =
QSωsl
2am

=
QSωw
am

(4.94)

The variables ωsl andQS denote the number of conductors per slot and the stator
slot number respectively. Considering Equ. (4.91) to (4.94) the magnetizing
phase current reads

Id =
1

2

π√
2

θ̂

mwphξw
p. (4.95)

The corresponding characteristic of the induced phase voltage Ud is more or less
equivalent to the characteristic of the air gap flux density Bδ shown in Fig. 4.10.
It is proportional to the fundamental wave of the machine flux φn, the angular
frequency ωn and the number of turns per phase ωph [VOG88]. The equation
reads:

Ud =
ωn√

2
ωphξwφ̂n (4.96)

Equ. (4.96) might be used as the primary equation for the determination of ωph.
However, it illustrates the basic relation between machine size, winding topology
and induced phase voltages.

a) Per-unit illustration of magnetizing
permeance λd.

b) Magnetizing permeance λd versus
magnetizing current Id.

Figure 4.11: Magnetizing permeance of different magnetizing currents.

Fig. 4.11 shows the magnetic permeance λd of the IM depending on different
magnetizing currents Id. Fig. 4.11a illustrates the high magnetic utilization of
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the machine as the characteristic of the permeance is already very flat around a
1p.u. magnetizing current. The computation of the phase winding inductance Ld
depends on the flux linkage ψd and the magnetizing current id = m

2 Id, shown in
Equ. (4.97). Assuming a constant air gap size wδ, the main inductance of a phase
winding results by the evaluation of Equ. (4.78), Equ. (4.95) and Equ. (4.96).

Xd =
Ud
id

=
ωψd
id

= ωLd (4.97)

Ld = (ωphξ1)2rδlfekfe
1

p2

4

π

B̂δ

θ̂
(4.98)

θ̂ =
2

π
αfl

B̂δ
µ0
wδ (4.99)

Equ. (4.98) shows the basic dependencies of the magnetizing inductance Ld on
the choice of design parameters. Thus, the main inductance Ld is inversely
proportional to the number of pole pairs squared. According to Equ. (3.6),
Equ. (4.98) eventually shows the design limits of IMs, as the main inductance
Ld is proportional to the power factor.

Iterative Computation

The presented DM consists of three main design stages of which each can be
divided into three sub-steps. The variables are determined according to the
statements given in Sec. 3.5 and Sec. 4.2.2 for IM sizing issues and Sec. 3.6 and
Sec. 4.2.2 for PMSM sizing issues.

Design Stage 1: Fig. 4.12 illustrates the 1st design stage and gives a brief
overview on its consecutive steps. The DM uses a predefined structure with 36
input variables shown in Tab. 4.2.

Figure 4.12: Illustration of the 1st design stage and the listing of the corresponding
computation steps. The expression (!) denotes an executional step,
having a (?) means that the algorithm decides on a predefined tolerance
limit which step to proceed.

The iterative computation of the machine dimensions and its corresponding
operational characteristics regionally starts right in the middle of the air gap
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(2nd sub-step). The algorithm therefore has to have at least three input pa-
rameter in order to be able to calculate an air gap radius rδ. These parameters
are:

� Nominal design torque Tn [Nm]

� Nominal shear force density σn
[

N
m2

]
� Stack length lfe [m]

The shear force density σn and the stack length lfe are determined in accordance
with Sec. 4.2.2. Referring to Equ. (4.17), the air gap diameter dδ has squared
influence on the design torque T . This statement is emphasized by Equ. (4.102),
as the air gap radius rδ is once introduced by the torque building cylinder area
Afe and once by the lever arm to the shaft.

Tn =
dδ
2
Fδ; Fδ = σAfe; Afe = dδπlfe (4.100)

Tn =
1

2
d2
δσπlfe (4.101)

d2
δ =

2Tn
σnπlfe

(4.102)

In order to compute the inner and outer diameters of stator and rotor respec-
tively, the air gap size wδ needs to be determined. This is frequently done by
empirical data which have been gained over years. An empirical reference value
of the expecting air gap size wδ can be given by [SIN04]:

wδ =
1

4

4
√
Pn10−3

1000
(4.103)

The air gap size wδ of the IM results in 0.4mm for a nominal power of Pn =
5.25kW. The lower bound of the air gap size wδ is surely affected by tolerances
resulting from manufacturing processes. Its choice also depends on the resulting
rotor dimensions and the maximum mechanical speed of the motor drive. With
small air gap sizes, air friction and supplementary load losses increase [BIK99].

The 3rd sub-step considers the evaluation of the electric loading A. Referring
to Equ. (4.17), the peak value of torque component Âq can be evaluated by

Equ. (4.104). The magnetizing component Âd is not known so far. In order to
determine a valid start value, Âd is estimated assuming a relative permeability
of µfe = ∞ (cf. Equ. (4.105)). The entire electric loading A is given by the
quadratic sum of Ad and Aq.

Âq =
2σn

B̂δ
, (4.104)

Âd = p
1

ξw

1

rδ

∫
Hδdl, (4.105)

A =
√
A2
q +A2

d. (4.106)
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Design Stage 2: The 2nd design stage considers again three sub-steps which
are executed iteratively. The variable n represents the iterative counter.

Figure 4.13: Illustration of the 2nd design stage and the corresponding computational
sub-steps.

The DM considers parallel sided teeth only, hence, the slot form is considered to
be trapezoidal. The 1st sub-step (step 4) concentrates on the computation of the
slot design. Thus, the cross-sectional area of the stator slot AslS and the rotor
slot AslR are evaluated considering the electric loading A, the air gap diameter
dδ, the slot numbers QS,R and the individual slot current densities Jsl = Jcuksl
of stator and rotor:

AslS =
A

JslSQS
dδπ (4.107)

AslR =
A

JslRQR
dδπ (4.108)

The computation of the slot height hslS is subsequently given for the stator only.
Thus, the variable hslS is determined by an algebraic equation evaluating the slot
opening height hrS , the slot numberQS and the relative tooth width relation wt

wsl
.

The mentioned parameters represent design specifications, see Tab. 4.2. Their
individual values are chosen according to the statements given in Sec. 4.2.2 and
Sec. 4.2.3. The equations read

0 ≤ wtS
wslS

≤ 1, (4.109)

wtS =
(diS + htS)π

QS

wtS
wslS

, (4.110)
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wslS1 =
(diS + 2hrS)π

QS
(1− wtS

wslS
), (4.111)

AslS =
(wslS1 + wtS)

dδ
h2
slS + wslS1hslS , (4.112)

with wslS1 being the slot width at the bottom of the slot trapezoid, see Fig. 4.7.
The yoke flux densities B̂yS,yR are evaluated by the specification of

By
Bt

. Their
individual values should be chosen according to Sec. 4.2.2. The corresponding
yoke heights hyS,yR are computed according to Equ. (4.80).

The axial coil width for the stator winding (distributed) and the rotor winding
(squirrel cage) are estimated by the empirical formulas given in Equ. (4.113) and
Equ. (4.114).

laxS = 2wslSqS (4.113)

laxR = wslRqR (4.114)

The moments of inertia of the rotating parts are evaluated by their individual
diameters and masses. Copper and iron weights of the active components can
now be calculated by the corresponding volumes and material densities.

The 2nd sub-step (step 5) concentrates on the computation of the magnetic
circuit and evaluates Equ. (4.83) to Equ. (4.88) for the determination of the
MMFs. The magnetic potential differences are strongly related to the previously
calculated dimensions of teeth and yokes, their flux densities together with their
corresponding magnetic excitations. In fact, having n > 1, the magnetizing
electric loading Âd can now be given by

Âd =
θ̂

2
p

1

ξw

1

riS + hslS
2

. (4.115)

The 3rd sub-step (step 6) concentrates on the computation of the overall electric
loading A since the magnetizing component Ad might have changed for n > 1.
The algorithm terminates if the quadratic difference of two consecutive computed
electric loadings (An−1 − An)2 is lower than the tolerance limit. An excess of
the tolerance limit will automatically cause a reentrance on step 4.

Design Stage 3: The 3rd design stage acts as post-processing unit evaluating
the previously computed sub-steps. The parameters are transformed to phase
values.

The 1st sub-step (step 7) considers the computation of the magnetizing current
component Id, the torque building current component Iq and the corresponding
resistances and reactances of the phases. The power factor cos(ϕ) is evaluated
by means of analyzing the corresponding relations of currents and voltages of a
conventional IM phase circuit diagram.

The 2nd sub-step (step 8) concentrates on the loss computation examined in
Sec. 4.1.5. The losses at the design point are given for steady state condition
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Figure 4.14: Illustration of the 3rd design stage and the listing of the corresponding
computational steps.

using the thermal model being introduced in Sec. 5.3. The thermal model pro-
vides information of the thermal utilization of the machine under the given design
specifications and reports whether a continuous operation at nominal power Pn
is thermally stable. A non-thermally stable input specification will not auto-
matically cause a reentrance on step 4. The adjustment of the input parameters
needs to be done by the design engineer. The evaluation of optimization poten-
tials by energy efficient control methods is considered to be part of this sub-step.
Information on this issue is provided in Chap. 5.

The last sub-step (step 9) focuses on the analysis and computation of the leakage
parameters and evaluates the resulting winding parameters and pull-out torque
according to Sec. 4.1.6.

Discussion

Sec. 4.2.3 introduced a DM having a special focus on IM sizing issues. The
presented DM uses the symmetry of design. Therefore, the computation of
the magnetic circuit is reduced on one single pole which makes this concept of
modeling very efficient and time-saving concerning computing time. Tab. 4.2
shows the design specification of the presented IM taking 36 input variables.
The resulting machine characteristics are given by Tab. 4.3 to Tab. 4.6.

The electric loading A represents the main sizing parameter. Its computation
is split up into the individual determination of a torque component Aq given
by Equ. (4.104) and a magnetizing component Ad shown by Equ. (4.105) and
Equ. 4.115. Although Equ. (4.78) to Equ. (4.88) are not impressively new for
MMF calculation, their evaluation has been prepared to a term easing the de-
termination of Ad. The DM turned out to be very time efficient. Considering
the IM specifications in Tab. 4.2, the DM takes n = 15 iterations at a tolerance
limit of 10−6 terminating in a total time of 13.1s.
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Although an air-cooled IM has been used as sizing examples, the presented DM
and the given equations of Sec. 4.2 do not reflect sizing issues of air-cooled IMs
only. They are certainly valid for water cooled machines too. However, machine
sizing focusing water cooling requires at least one basic thermal parameter set in
order to decide on a thermal stable input specification. This eventually requires
a redesign of an existing water-cooled machine for identifying their heat transfer
coefficients (cf. Sec. 5.3).

Results and Evaluation

In order to demonstrate the correctness of the presented DM, the given IM sizing
example has entirely been computed by the electric motor manufacturer THIEN
eDrives GmbH. THIEN eDrives GmbH has more than 60 years of practical expe-
rience in motor sizing of IMs. Hence, their development tools have grown since
then. THIEN eDrives GmbH uses an algebraic approach analyzing harmonics
up to the 4th order.

The subsequent content analyzes the DM results and compares them with those
of THIEN eDrives GmbH. The goal of the present section is to achieve a qual-
ification of the given approach by determining the deviation of the DM results
with those of an electric motor manufacturer.

Comparison DM THIEN eDrives GmbH

Electric loading [Am ]
Electric loading Ad 15187 16446
Electric loading Aq 21101 21100
Electric loading A 25998 26752

Parameter [-]
Rated current In [A] 27.4 27.7
Rated voltage Un [V] 167 167
Power factor cos(ϕ) [-] 0.79 0.78
No-load current Id [A] 15.5 15.2
Induced voltage Ud[V] 89.4 87
Reactance Xd [Ω] 5.77 5.78
Inductance Ld [mH] 9.18 9.19

Table 4.3: Comparison of the DM results - electric loadings, induced voltages, mag-
netizing parameters.

Referring to Tab. 4.3, the magnetizing electric loading Ad of the DM is lower
compared that computed by THIEN eDrives GmbH. The presented DM repre-
sents a fundamental wave approach, contrary to that, THIEN eDrives GmbH
computes harmonics up to the 4th order. Thus, the computed values naturally
differ from each other resulting in a lower MMF and therefore lower Ad com-
ponent for the DM result. The computed torque components Aq are very close
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to each other. In fact, this is quite obvious as the shear force density σn and
the air gap flux density Bδ must be equal for the given torque output Tn (cf.
Equ. (4.104)).

Comparison DM THIEN eDrives GmbH

Dimension [mm]
Inner stator diameter riS 103 103
Stator slot height hslS 15.3 17
Stator slot width wslS 7.9 6.9
Stator yoke height hyS 15 18.6
Outer stator diameter roS 164 170
Outer rotor diameter roR 102.2 102.2
Rotor slot height hslR 12.8 17.9
Rotor slot width wslR 4.9 4.7
Rotor yoke height hyR 13.9 14.2
Shaft diameter doSh 38 38
Stator coil width (axial) laxS 25 25/35
Rotor coil width (axial) laxR 14.3 11

Area [cm2]
Stator surface AS 412 427
Rotor surface AR 257 257
Cooling surface AcS 1566 1623

Mass [kg]
Copper (stator) mcuS 2.3 2.5
Iron (stator) mfeS 6.0 6.6
Aluminium (rotor) malR 0.7 0.6
Iron (rotor) mfeR 3.3 3.4

Table 4.4: Comparison of the DM results concerning component sizes and weights.

Focusing the resulting dimensions, the DM gives plausible results. The DM
computes a slightly lower outer stator diameter of 164mm, mainly caused by
a lower computed stator yoke. The DM uses Equ. (4.78) and Equ. (4.82) as
primary equations for the evaluation of the yoke heights hy. Hence, they are
strongly related to the rated machine flux φn. In fact, the machine flux φn might
be too high to some degree due to an insufficient consideration of the leakage
flux φl. However, leakage flux computation is a thing of its own. The present
work does not focus on a detailed leakage modeling as there are many discussions
about different approaches among experts.

The comparison of the rotor slot dimensions differs more significantly. THIEN
eDrives GmbH computed drop-shaped slots which cause the slot height hsl to
be larger due to a tapered shape. Contrary to that, the DM uses parallel teeth
resulting in shorter trapezoidal slot shapes. The computed axial coil widths waxS
of the stator winding have equal values on both sides of the machine. They have
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been computed by an empirical formula presented in Equ. (4.77). Practically,
they differ from each other depending on the mounting of the terminal box. The
side moved towards the terminal box has a slightly higher axial width due to the
connection of the parallel branches and the integration and connection of the
phases with the wires. This generally requires some additional width in axial
direction which can be given by approximately 10mm at a maximum for the
distributed stator winding.

The computed copper weight mcuS of the stator is too small, mainly caused
by a lower resulting axial coil width waxS at the DM. The slightly lower stator
diameter of 164mm even causes the iron weight to be smaller than that computed
by THIEN eDrives GmbH. However, the rotor weights are close to each other.

Comparison DM THIEN eDrives GmbH

Loss [W]
Stator winding PcuS (124◦C) 372 361
Stator iron PfeS 157 163
Rotor cage PalR (161◦C) 172 158
Rotor iron PfeR 0 50
Mechanical loss Pm 139 141
Supplementary load loss Padd 63 67

Total loss Ptotal 903 940

Relative loss Prel = Ptotal
AcS

5765 5789

Machine efficiency ηn [%] 85.3 84.8

Table 4.5: Comparison of the DM results concerning component losses at thermal
steady state condition.

The current depending losses of stator PcuS and rotor PalR respectively differ
from those of THIEN eDrives GmbH by more than 10W. Referring to Tab. 4.6,
the DM results of the stator resistances RS as well as the rotor resistances RR are
too high. In case of the stator resistance RS , the mean winding length lw might
be computed incorrectly. However, a more accurate computation of lw tend to
be difficult as the computation of lw is related to the assembling of the winding
topology too. Considering the rotor cage, the pitch circle of the short-circuit
ring is assumed to be in the middle of the rotor slots. As mentioned previously,
the DM causes a lower height of the rotor slot. Referring to Equ. (4.31), smaller
slot heights cause the resistance of the short-circuit ring Rr to increase leading
to a slightly higher overall rotor resistance RR.

The fundamental wave approach of the DM naturally causes the iron losses to
be lower at the stator, iron losses in the rotor are close to zero. The constants
given for the mechanical and the supplementary load losses did not achieve a
good correlation with that of THIEN eDrives GmbH. Hence, their constants Cm
and Cadd have been recalculated which resulting in Cm = 52 for the mechanical
losses and Cadd = 0.012 for the supplementary load losses. The overall machine
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efficiency at the design point results in 85.3% for the DM and 84.8% at THIEN
eDrives GmbH.

The leakage parameters represent the results given by the equations of Sec. 4.1.6.
The given inductances have been transformed to their reactances and are summed
up for stator and rotor respectively. It can be seen, that the analyzed values
given by the DM are smaller than those computed by THIEN eDrives GmbH.
However, a more accurate computation requires a more detailed look into leak-
age computation which is not the goal of the current thesis. The lower leakage
parameters cause a higher pull-out torque which results in 61Nm for the DM
and 56Nm at THIEN eDrives GmbH.

Comparison DM THIEN eDrives GmbH

Value [Ω]
Stator resistance RS (124◦C) 0.165 0.157
Stator leakage reactance XS 0.248 0.294
Rotor resistance RR (161◦C) 0.123 0.116
Rotor leakage reactance XR 0.360 0.355

Parameter
Turns per phase ωph[-] 60 60
Winding factor ξw [-] 0.92 0.902
Coil pitch τcp [mm] 107.8 -
Skew angle γ [◦] 10.4 -
Pull-out torque Tpo [Nm] 61 56
Pull-out slip spo [-] 19 23
Pull-out speed npo [rpm] 2320 2310

Table 4.6: Comparison of the DM results concerning winding and pull-out torque
parameters.
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4.2.4 Surface Permanent Magnet Synchronous
Motor Design

The DM design stages of the PMSM are quite close to those of the IM. Thus,
the current section will not address the same aspects as in Sec. 4.2.3, as many
of the given approaches are equally valid for the PMSM. Sec. 4.2.4 therefore
concentrates on design stage 2 and emphasizes the differences of a DM focussed
on PMSMs.

a) Surface mounted magnets. b) Inset mounted magnets.

Figure 4.15: Different magnet design configurations of surface mounted PMSMs hav-
ing 2p = 30 poles [LS04].

Assumptions

The advantages of PMSMs with buried magnet configurations, like flux con-
centration, demagnetization protection or mechanical strength, are well-known.
However, they are a world of their own and will not be investigated within this
section. The given PMSM sizing example concentrates on a four-pole inner rotor
configuration with inset mounted magnets, see Fig. 4.15b. The corresponding
equations associated with PMSMs having surface mounted magnets are men-
tioned too. Acting forces on the magnets will not be examined. The stator uses
36 slots representing a slot number per pole and phase of qS = 3.

Magnetic Circuit

Referring to Sec. 4.2.3, the introduced concept of modeling uses the symmetry
of design. Fig. 4.17 therefore shows the magnetic circuit over one single pole
corresponding to a mechanical angle of ϕm = π

p . The shown variables are the
same as for the IM sizing example. The pole shown in Fig. 4.17 has a magnet
coverage of 95%. The main path of integration is depicted by the white line
(dotted) which is in the middle of the teeth and yokes respectively.



76 Chapter 4. AC Motor Design

According to the statements given in Sec. 3.6.2, PMSMs have different perme-
ances along the mechanical angle ϕm. These variable permances normally cause
the voltage equations to be very complex. Thus, as far as the operation of the
PMSMs is concerned, it is beneficial to introduce a rotor fixed coordinate sys-
tem. Three-phase values are thereby reduced on two operation values (d-,q-axis)
being orthogonal to each other, see Fig. 4.16. The introduced transformation
is known as “Park-Transformation” and was already introduced in 1929. The
positive d-axis points along the main magnetization direction of a north pole,
the corresponding q-axis is shifted by an electric angle of π

2 [FIS06].

Figure 4.16: Illustration of the d- and q-component of the air gap flux density Bδ.

Unlike IMs, the sinusoidal air gap flux density B̂δ of the PMSM is introduced by
the rotor magnets. However, the computation of of the machine flux φn and the
corresponding local flux densities B̂t and B̂y introduced in Sec. 4.2.3 are equally
valid for the PMSM design approach. Thus, Equ. (4.78) to Equ. (4.82) represent
the basis for the subsequent evaluation of the MMFs. Magnetic load shedding
of teeth is not considered.

In accordance with the illustration of d- and q-axis, the computation of the
MMF θ is split up into two components. The d-component θd considers the
magnetization characteristic along the d-axis. The stator cross field θq focuses
on the MMF in q-direction. Equ. (4.116) to Equ. (4.128) show the evaluation of
θd, θq and the determination of Bd and Bq respectively. The equations read:

θd =

∫
HySdl +

∫
HyRdl + 2

(∫
HtSdl +

∫
Hδdl

)
+HmhM (4.116)

θq =

∫
HySdl +

∫
HyRdl + 2

(∫
HtSdl +

∫
Hδdl

)
(4.117)
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Figure 4.17: Magnetic circuit, stator and rotor segment with parallel teeth over a
symmetrical pole pitch.

with the components

∫
HySdl =

∫ π
2

−π2

B̂yS
µfe

(
roS + riS + htS

2

)
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∫ π
2

−π2
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µfe
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2

)
dϕ =,

=
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2
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=
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2

) N
2∑
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µfe
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(
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N

π

p

)
, (4.118)

∫
HyRdl =

(
riR +

hyR
2

) N
2∑

k=−N2

B̂yR
µfe

cos

(
k

N

π

p

)
, (4.119)

∫
HtSdl =

B̂tS
µfe

htS =
B̂δ
µfe

wslS + wtS
wtS

htS , (4.120)∫
Hδdl =

B̂δ
µ0
wδ, (4.121)
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θd =

∫
Âd dlδ −Hmhm, (4.122)

= Âd

(
riS +

htS
2

)∫ π
p

0

sin (pϕm) dϕm︸ ︷︷ ︸
θw

−Hmhm︸ ︷︷ ︸
θm

, (4.123)

θq =

∫
Âd dlδ, (4.124)

= Âd

(
riS +

htS
2

)∫ π
p

0

sin (pϕm) dϕm︸ ︷︷ ︸
θw

. (4.125)

Permanent magnets are typically driven within the second quadrant which means
that their characteristic working point is within negative field strengths (Hc <
0). As long as there is no influencing external magnetic field, the magnets
are operated in one single working point. The operating quadrant is known as
demagnetization range.

The air gap flux density Bd along the main magnetization direction (d-axis) is
given by the MMF θd shown in Equ. (4.123). Considering one single working
point at constant torque region (n < nn) might cause Âd and therefore θw
to be zero. However, operating PMSMs within their field weakening regions
(n > nn) requires Ad > 0. The corresponding relations between the machine flux
characteristic φ and the magnetizing component Id have already been introduced
in Sec. 3.6.2.

Figure 4.18: Typical operation range of permanent magnets. Reaching Hc causes
the magnets to demagnetize.

The rotor magnet height hm is determined along the d-direction equalizing
the magnetic excitation θw with zero. According to the statements given in
Sec. 3.6.2, the computation of the demagnetization characteristic requires θw >
0. The introduced equations are based on a linear characteristic between the re-
manence flux density Br and the coercive field strength Hc, shown in Fig. 4.18.
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The corresponding equation for the determination of Hm reads:

−Hm =
θd − θw
hm

{
θw = 0 hm

θw > 0 demagnetization range
(4.126)

Thus, the flux density components Bd,q can be determined by:

Bd = Br

(
1− Hm

Hc

)
= Bδ − k0λdAd (4.127)

Bq = µ0

∫
Hδds

wδ
= k1λqAq︸ ︷︷ ︸

inset mounted

, Bq = µ0

∫
Hδds

hm + wδ
= k1λqAq︸ ︷︷ ︸

surface mounted

(4.128)

a) Flux densities Bδ,tS,tR versus electric
angle ϕe.

b) Flux densities Bδ,t versus magnet
height hm.

Figure 4.19: Local flux densities along the integration path. The flux densities are
given along an electric angle of π

2
.

a) Per-unit illustration of magnetizing
curve.

b) Air gap flux density Bδ versus
magnetizing current Id.

Figure 4.20: Air gap flux density Bδ as a function of the magnetizing current Id.
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The resulting cross component Bq depends on the magnet design configuration
(cf. Equ. (4.128)). Thus, synchronous rotors having inset mounted magnets ba-
sically face a smaller air gap size than synchronous rotors with exterior, meaning
surface mounted magnets. This causes the reluctance torque Tr of rotors with
inset mounted magnets to be higher making this magnet design configuration
more beneficial for high speed applications (cf. Sec. 3.6.2).

The torque output T can be given by substituting Equ. (4.127) and Equ. (4.128)
into the subsequent analytic equations:

T = k2(BdAq +BqAd) (4.129)

T = k2(Bδ + (k1λq − k0λd)Ad)Aq (4.130)

Tn = k2BδAqn, Bδ = k0λdAd,max (4.131)

Hence, the relative torque output T
Tn

reads:

T

Tn
=
Bd
Bδ

Aq
Aqn

+
k1λq
k0λd

Ad
Ad,max

Aq
Aqn

(4.132)

T

Tn
=

φ

φn

Iq
Iqn︸ ︷︷ ︸
Ts

+
λq
λd

Id
Id,max

Iq
Iqn︸ ︷︷ ︸

Tr

(4.133)

Equ. (4.133) represents the general relation between the torque output T and
its operational characteristics. Given a constant torque output, the synchronous
torque part Ts gets lower the higher the reluctance torque part Tr. Differently
expressed, the permeance ratio λ =

λq
λd

may provide a significant reluctance
torque Tr at higher speeds if properly designed. Surface mounted magnet rotors
normally have a permeance ratio of around one (λ ≈ 1), inset mounted magnet
rotors provide higher permeance ratios λ > 1. As Equ. (4.127) and Equ. (4.128)
implies, the values are strongly related to the local flux densities over the pole
pitch, the resulting MMF θ and the choice of the air gap size wδ.

Figure 4.21: Permeance ratio λ at different magnetizing currents Id
In

based on the
M800-50A sheet.
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Fig. 4.21 shows that the permeance ratio λ is more ore less constant at a negative
field current component Id−. Positive field currents Id+ cause λ to increase due
to a higher saturation along the magnetization path which lowers the d-directed
permeance. Hence, highly saturated motors have a lower d-inductance Ld which
basically leads to a higher peak torque capability. Contrary to that, lowering
Ld might lead to a high short-circuit current Isc which might constrain the field
weakening capability (Sec. 3.6.2).

The rippled characteristic of λ is strongly related to the predefined tolerance limit
of the iterative evaluation of the peak values of B̂d1,q1 introduced in step 4.2.
Therefore, the ripple increases at lower tolerance limits due to higher variances
of B̂d1,q1. In fact, it is recommendable to specify a lower tolerance limit for a
first evaluation of an input specification as the algorithm will terminate faster.
The tolerance limit may be adjusted towards lower values in case of a lower
variance of the characteristic design values shown in Fig. 3.2.

Considering ωw = 1, the inductance Ld,q,1 corresponds to the introduced per-
meance λ. However, the motor inductance is determined by taking into account
the winding setup having ωw number of turns per slot,

Ld,q,1 =
φn
Isl

= λd,q, (4.134)

Ld,q =
ψd
I

=
ωwφn
Isl
ωw

= ω2
w

φn
Isl

= ω2
wLd,q,1. (4.135)

Iterative Computation

The flow diagram of the iterative computation algorithm for the PMSM is quite
similar to that of the IM presented in Sec. 4.2.3. The DM consists of three
main design stages of which design stage one and three can be divided up into
three sub-steps. These design stages can be taken without any changes, hence,
they will not be presented a second time. The 2nd design stage differs by one
additional sub-step considering the computation of the magnet heights hm, see
Fig. 4.22.

Design Stage 2: The 1st sub-step (step 4.1) is identical to step 4 of design
stage 2 given in Sec. 4.2.3. The 2nd sub-step (step 4.2) focuses on the evaluation
of the magnet height hm. Therefore, an array of different magnet heights is
specified evaluating θd along the main path of integration. In order to analyze
the saturation level of the machine by different magnet heights, the influencing
external magnetic field is switched off by means of equalizing Ad with zero
(θw = 0). The magnetic circuit is determined according to Equ. (4.116) choosing
Bd = Br as a valid start parameter. The local flux densities Bt and By are
derived from Equ. (4.78) to Equ. (4.80) and Equ. (4.82).

In a first step (u = 0), the air gap flux density Bd is assumed to be rectangular,
see Fig. 4.23. The corresponding fundamental wave of Bd is subsequently com-
puted by analyzing the Fourier coefficients. The first order coefficient B̂d1 can
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Figure 4.22: Illustration of the 2nd design stage and the corresponding sub-steps.

Figure 4.23: Fundamental wave of Bd along the d-direction.

be evaluated by the following equation:

B̂d1 =
2
π
2p

∫ π
2p

0

B̂d cos(pϕm)dϕm (4.136)

The iteration loop u terminates if the quadratic difference of the peak value of the
fundamental waves (B̂d1,u−1−B̂d1,u)2 is within a predefined tolerance limit. The
air gap flux characteristic resulting from different magnet heights hm is shown
in Fig. 4.19b. The individual magnet height hm is evaluated interpolating the
air gap flux characteristics taking Bd ≈ Bδ as input parameter, cf. Tab. 4.2.

The 3rd sub-step (step 5) analyzes θd,q for θw > 0 and evaluates the air gap flux
densities Bd,q for different demagnetizing electric loadings Ad. The correspond-
ing equations are identic to those previously mentioned. The permeance ratio λ
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results by the fraction of d- and q-permeance, λ =
λq
λd

. Their values are derived

from Equ. (4.127) and Equ. (4.128).

λd =
φd
Id
∝ Bd
Ad

(4.137)

λq =
φq
Iq
∝ Bq
Aq

(4.138)

The magnetizing component Ad is determined by an interpolation of the de-
magnetization characteristic taking Bd ≈ Bδ as input variable, see Fig. 4.20.
The entire electric loading A is given by the quadratic sum of Aq and Ad shown
in Equ. (4.106). The algorithm terminates if the quadratic difference of two
consecutive electric loadings (An−1 −An)2 is lower than the tolerance limit.

Discussion

The present section concentrated on the 2nd design stage of the DM having a
special focus on the computation of the magnet height and the permeance ratio
of the PMSM rotor. Corresponding to the IM approach, the present DM uses
the symmetry of design. Therefore, the computation of the magnetic circuit is
reduced on one single pole which makes this concept of modeling very efficient
and time-saving concerning computing time. Tab. 4.2 shows the design specifi-
cation of the presented PMSM taking 32 input variables. The resulting machine
characteristics are given by Tab. 4.7 to Tab. 4.10.

The electric loading A represents the main sizing parameter. Unlike with IMs,
the MMFs need to be computed twice. Once for the evaluation of the magnet
height neglecting any influence of external fields (θw=0) and once for analyzing
the permeance ratio λ and the electric loading A assuming θw > 0. Com-
pared to the DM of IMs, the present DM takes more steps representing a more
computationally-intensive design procedure.

The DM turned out to be very time-saving. Considering the PMSM specifica-
tions in Tab. 4.2, the DM approximately takes u = 4 iterations for each evalu-
ation of θd and hm at a tolerance limit of 10−3. In case of the outer iteration
loop, the DM takes approximately n = 5 iterations for each computation of λ at
a tolerance limit of (An−1 − An)2 < 10−6. The algorithm terminates in a total
time of 24.5s.

Although an air-cooled PMSM has been used as sizing examples, the presented
DM and the given equations of Sec. 4.2 do not reflect sizing issues of air-cooled
PMSMs only. They are certainly valid for water cooled machines too. How-
ever, machine sizing focusing water cooling requires at least one basic thermal
parameter set in order to decide on a thermal stable input specification. This
eventually requires a redesign of an existing water-cooled machine for identifying
their heat transfer coefficients (cf. Sec. 5.3).
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Results

The designed PMSM has not been computed by THIEN eDrives GmbH, an
evaluation of the DM results can therefore not be given. THIEN eDrives GmbH
supported the work by giving advice on how to choose the design parameters for
air-cooled PMSMs. The corresponding statements have already been given in
Sec. 4.2.2. Because of this, it was possible to analyze the DM results and adapt
the design approach for a valid approximation of PMSMs.

Summary DM

Magnetic excitation [Am ]
Electric loading Ad 3
Electric loading Aq 29564
Electric loading A 29564

Parameter [-]
Rated current In [A] 30.9
Rated voltage Un [V] 122.5
Power factor cos(ϕ) [-] 0.89
Induced voltage Ud[V] 63.1
d-Reactance Xd [Ω] 0.4
d-Inductance Ld [mH] 0.65
q-Reactance Xq [Ω] 0.89
q-Inductance Lq [mH] 1.46

Table 4.7: Summary of DM results - electric loadings, induced voltages and magne-
tizing parameters of the permanent magnet synchronous motor.

Summary DM

Loss [W]
Stator winding PcuS (138◦C) 466
Stator iron PfeS 90
Rotor magnet PmR (96◦C) -
Rotor yoke PfeR -
Mechanical loss Pm 80
Supplementary load loss Padd 63

Total loss Ptotal 699

Relative loss Prel = Ptotal
AcS

5394

Machine efficiency ηn 88.3

Table 4.8: Summary of the DM results concerning component losses at thermal steady
state condition.
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Summary DM

Dimension [mm]
Inner stator diameter riS 102.8
Stator slot height hslS 14.7
Stator slot width wslS 8
Stator yoke height hyS 17.3
Outer stator diameter roS 167
Outer rotor diameter roR 100.8
Rotor magnet height hmR 1.4
Rotor magnet width wmR 74.2
Rotor yoke height hyR 22.9
Shaft diameter doSh 38
Stator coil width (axial) laxS 25

Area [cm2]
Stator surface AS 341
Rotor surface AR 206
Cooling surface AcS 1296

Mass [kg]
Copper (stator) mcuS 2.1
Iron (stator) mfeS 5.4
Magnet (rotor) mmR 0.2
Iron (rotor) mfeR 3.2

Table 4.9: Summary of the DM results concerning the computed component sizes.

Summary DM

Value [Ω]
Stator resistance (138◦C) 0.162
Stator leakage reactance 0.245

Parameter
Turns per phase ωph[-] 60
Winding factor ξw [-] 0.92
Coil pitch τcp [mm] 107.2
Skew angle γ [◦] 10.4
Correction factor σc [-] (Cl = Cr = 1) 0.934
Pull-out torque Tpo [Nm] 67
Polar wheel angle [◦] 26
Tilt angle [◦] 59

Table 4.10: Summary of DM results concerning winding and pull-out torque param-
eters.
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4.2.5 Summary and Discussion

Design Method

Chap. 4 gives a detailed description of the introduced DM for a time-saving and
reliable computation and evaluation of IMs and PMSMs with surface mounted
magnets. The DM makes no claim to be a development tool for these kinds of
machines but serve as an analytic design tool in conceptual design studies. Due
to the time-saving approach, design parameters can easily be changed. Hence,
the DM represents an evaluation basis illustrating the effects of the choice of
characteristic design parameters (cf. Fig. 3.2) on machine dimensions and effi-
ciencies.

The presented DMs for IMs and PMSMs are aimed at handling a minimum of
necessary input specifications taking 36 input variables for the IM and 32 input
variables for the PMSM, see Tab. 4.2. The DMs of both machines turned out to
be very fast. Indeed, it would not be that serious taking the overall computation
time of the IM and PMSM specification into account only and neglect the time
effort on their adequate choice. It certainly takes some time to get a reasonable
choice of input parameters which strongly depends on the experience of the
design engineer. However, in case of knowing the information on IM and PMSM
sizing issues given in Sec. 3.5 and Sec. 3.6 together with the choice of design
specifications given in Sec. 4.2.2 it should be possible to get a valid parameter
set within 30 minutes.

The DMs have been exemplified by air-cooled sizing examples of IM and PMSM.
However, the given DMs are valid for each kind of cooling conditions. Designing
water cooling machines requires at least one basic thermal parameter set in
order to decide on a thermal stable input specification. This eventually requires
a redesign of an existing water-cooled machine for identifying their heat transfer
coefficients (cf. Sec. 5.3).

Design Comparison

According to the statements given in Chap. 3 and Chap. 4, the design torque Tn
represents the main sizing parameter of an electric machine, not the power Pn.
Moreover, it was generally concluded that there is a tradeoff between small ma-
chine dimensions and high machine efficiencies (cf. Sec. 4.2.2). A compendium
of design and operational characteristics for IM and PMSM is given in Tab. A.1
and Tab. A.2.

Tab. 4.11 gives an overview of IM and PMSM results concerning machine sizes
and operational characteristics considering the design specifications in Tab. 4.2.
The computed values are once given as absolute values and once given relatively
to each other. The IM denotes the basis for the comparison, i.e. the 100% value.

According to Tab. 4.11 the PMSM provides significant advantages regarding the
resulting machine sizes. Thereby, the PMSM convinces by 12% less active weight
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Summary IM PMSM

Stator diameter doS [mm] 164
100%

167
+2%

Stack length lfe [mm] 80
100%

65
-19%

Active length lact [mm] 130
100%

118
-9%

Active weight1 mact [kg] 12.2
100%

10.8
-12%

Torque density [Nm
kg ] 1.41

100%
1.61

+14%
Moment of inertia2 JEM [gm2] 4.3

100%
3.1

-28%
Stator loss PcuS [W] 372

100%
466

+25%
Total loss Ptotal [W] 903

100%
699

-23%

Relative loss Prel [kW
m2 ] 5.8

100%
5.4

-7%
Nominal Efficiency ηn [%] 85.3 - 88.3

+3%
1 Weight of all electromagnetic parts.
2 Moment of inertia of rotor without shaft.

Table 4.11: Comparison of IM and PMSM.

and 9% less active length. Considering the given design torque Tn, the torque
density is 14% higher than that of the IM. Due to the fact that the MMFs are
mainly provided by the magnets, a high portion of the electric loading A can be
used for torque production. This allows a higher shear force density σn by means
of a shorter stack length. The PMSM has a 19% shorter stack which causes the
moment of inertia of the rotor to be 28% lower compared to the IM. The total
losses of the PMSM are 23% lower resulting in a rated machine efficiency of
88.3%. The efficiency of the IM is 85.3% and therefore 3% lower.

The relative machine losses Prel consider the fraction of the total losses Ptotal
and the stator cooling surface AcS being 5.8kW

m2 for the IM and 5.4kW
m2 for the

PMSM. According to [MAN89], air-cooling can be applied up to a value of 6kW
m2 .

In fact, this shows the high electromagnetic utilization of both machines. IM
and PMSM do not reach this upper limit, although the IM is very close to that.
Therefore, the higher the value of Prel, the lower the resulting machine efficiency
ηn.

In conclusion, from a purely design point of view concerning dimensions, masses
and nominal efficiencies, the PMSM provides advantages for the use in auto-
motive traction applications. However, machine efficiencies beyond the design
point have not been considered so far. In order to get an insight on this sub-
ject, Chap. 5 compares IM and PMSM at their resulting efficiency maps and
presents active component temperatures for continuous and short-term opera-
tion. Chap. 6 concentrates on an in-wheel motor application within a parallel hy-
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brid power train. The machines are respectively compared to each other by their
resulting cycle efficiencies within the New European Driving Cycle (NEDC).



5
AC Motor Operation

Chap. 5 presents the resulting efficiencies of the IM and PMSM design specifica-
tions introduced in Chap. 4. It gives an overview of their individual advantageous
operation ranges and compares their operational characteristics at different con-
trol methods. Furthermore, Chap. 5 provides information on the benefit of en-
ergy efficient control methods at different operation ranges and presents active
component temperatures at continuous and short-term operation.

Chap. 5 is supposed to serve as an additional evaluation basis on how to specify
design specifications for a certain automotive traction application. It is part of
design stage three introduced in Sec. 4.2.3 and Sec. 4.2.4.

5.1 Assumptions

The individual optimization potentials of IM and PMSM are based on their eval-
uated loss coefficients shown in Tab. 5.1. The computation of minimum machine
losses for each load point is implemented by a MATLABr optimizer [MAT11].
Different control methods typically change the dynamic behavior of a machine,
however, research work on converter modeling and machine dynamics is not
considered.

According to [OVE04a], ten different operation modes (S1. . . S10) are distin-
guished. The presented active component temperatures are based on an exter-
nal ventilation and will be given for continuous operation (S1) and short-term
operation (S2) only. The designed machines use the highest insulation class “H”

89
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having a limit temperature of 180◦C. The overtemperature characteristic will
be given for the stator winding and the rotor cage/magnet.

Loss Coefficients IM PMSM

Stator copper CcuS = CS1 [-] 371.8 473.4
Stator iron CfeS [-] 157.4 90.4
Rotor cage CalR = CR1 [-] 260.7 -
Rotor iron CfeR [-] 3.9 -

Table 5.1: Per-unit loss coefficients of the designed IM and PMSM.

5.2 Energy Efficient Control Methods

Automotive applications normally require motors to be operated within wide
speed ranges facing different loads. Hence, conventional control structures should
be reconsidered and adapted according to the application scenario of the motors.

Energy efficient control methods concentrate on taking a minimum of necessary
power for a given load. As far as the constant torque region is concerned, two
different control methods can be distinguished - constant flux (CFC) and variable
flux control (VFC) methods1.

5.2.1 Assumptions

Sec. 5.2.2 and Sec. 5.2.3 do not focus on the introduction of new control ap-
proaches of IM and PMSM as there exists many literature upon this subjects2.
The subsequent sections examine the resulting efficiency maps and optimization
potentials of the IM and PMSM design specifications given in Tab. 4.2.

5.2.2 Constant Flux Control Method

Considering constant flux control (CFC), the machine flux φ = φn is kept con-
stant within constant torque region. As long as the machine is operated below
the base speed nn, CFC can be reduced to a current control of Iq. The con-
trol method cannot be applied at constant power region as the induced voltage
Ud would exceed the maximum intermediate voltage Ui. Thus, the machine
flux φ is decreased by approximately 1

ω . Because of this, a valid torque output
T at the doubled base speed requires the doubled torque building current Iq.

1The used abbreviations are not literally known among experts, as they represent an arbi-
trary definition of the author. They characterize the basic control strategy as both definitions
can be used for each motor respectively.

2Information on this subject is given in [SUL11], [NL96], [PZZHH04], [CMS+10]
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Fig. 5.1 illustrates the per-unit flux φ
φn

of the speed-controlled IM and PMSM
introduced in Tab. 4.2. Both machines machines have different pull-out torque
characteristics (cf. Sec. 4.1.7).

a) IM. b) PMSM.

Figure 5.1: Per-unit illustration of the machine flux at constant flux control.

a) IM. b) PMSM.

Figure 5.2: Per-unit illustration of the magnetizing current as a function of torque
and speed.

Fig. 5.2 illustrates the corresponding magnetizing current component Id. Pos-
itive components Id+ denote field building currents which are the case at IMs
and PMSMs. Negative current components Id− denote field weakening currents
which means that they are opposing the machine flux induced by the rotor mag-
nets. Thus, they exclusively happens at PMSMs (cf. Sec. 3.6.2 and Sec. 4.2.4).

In case of the designed IM, the machine flux φ needs to be raised by the stator
current which requires approximately 58% of the rated current In at constant
torque region. In fact, the field building current Id+ decreases significantly at
constant power region due to the highly non-linear magnetization curve given in
Fig. 4.10. Doubling the base speed nn causes Id+ to decrease down to 14% of
the rated stator current In. PMSMs normally have low magnetization currents
at constant torque region, as the magnetic excitation is mainly provided by the
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magnets (cf. Sec. 3.6.2 and Sec. 4.2.4). However, entering constant power region
generally requires additional field weakening current Id− in order to keep the
induced voltage Ud within limits. Considering the present PMSM, a flux decline
of half of the nominal flux φn results in a field weakening current Id− of 52% of
the overall stator current In.

a) IM. b) PMSM.

Figure 5.3: Per-unit illustration of the torque current over the full torque-speed pro-
file.

Fig. 5.3 represents the torque building current components Iq given in per-unit
form. Focusing constant torque region, their characteristic is linear depending
on the applied load, hence, the torque output is predominately provided by Iq.
A flux decline at constant power region causes Iq to increase slightly.

a) IM. b) PMSM.

Figure 5.4: Motor efficiencies of the designed electric machines.

Fig. 5.4 shows a comparison of the computed motor efficiencies at CFC and
thermal steady state condition. The intersection point (dotted lines) shows
the individual design points of the machines. The PMSM shows convincing
characteristics at part load region (e.g. η = 87.5% at 5Nm and 1000rpm). The
efficiency η becomes generally worse within overload region (T > Tn) and field
weakening region (n > nn). Contrary to that, the designed IM shows worse
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efficiencies within constant torque region, especially at low part load regions.
The machine losses within this region tend to be high as the high saturation
level is provided constantly. As far as the constant power region is concerned,
the IM efficiency increases as the field building current Id+ decreases. In fact,
the IM has its best characteristic at higher speeds having a maximum efficiency
of 87.4% at 14Nm and 3400rpm. Fig. 5.5 shows the individual advantageous
operations ranges of IM and PMSM (shaded in green).

a) IM. b) PMSM.

Figure 5.5: Advantageous operation ranges of IM and PMSM.

5.2.3 Variable Flux Control Method

Variable flux control (VFC) is characterized by minimized losses for a given
torque output T . Therefore, the control variables φ = f(Id) and Iq are deter-
mined to get the highest achievable machine efficiency. IMs tend to provide
significant optimization potential as the machine flux φ and the magnetizing
current component Id can directly be adjusted by the stator current In. In fact,
part loads do not necessarily require the flux to be controlled on its rated value
φn [NL96].

a) IM. b) PMSM.

Figure 5.6: Per-unit illustration of the machine flux at variable flux control.
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Considering the present IM, VFC causes a flux reduction at part loads which is
lower the lower the torque output T , see Fig. 5.6. Therefore, providing half of
the rated torque results in 83% of the rated flux φn for optimized efficiency. A
tenth of the rated torque Tn requires no more than 41% of φn. Loss minimization
at PMSMs happens by adjusting the magnetizing current Id trying to enhance
the achievable reluctance torque Tr for a given torque output T (cf. Sec. 4.2.4).
The PMSM shows a maximum reluctance torque Tr at a flux decline at very
low part load regions, see Fig. 5.6b. The machine flux φ is reduced to 79% at
1Nm and 2910rpm. The VFC method is commonly known in industry and is
frequently denoted as Maximum-Torque-Per-Ampere (MTPA) operation.

a) IM. b) PMSM.

Figure 5.7: Per-unit illustration of the magnetizing current component as a function
of torque and speed at VFC.

a) IM. b) PMSM.

Figure 5.8: Per-unit illustration of the torque building current component over the
full torque-speed profile at VFC.

Fig. 5.7 and Fig. 5.8 show the corresponding current components Id and Iq.
The values of the magnetizing currents Id+, Id− depend on the machine flux φ.
Their relation is given by the individual magnetization curves of IM and PMSM
presented in Chap. 4. The rated magnetizing current Idn of the IM is now 43%
of the rated current In. The maximum torque output Tmax at the base speed
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nn causes the magnetizing current Id to be 59% of In. The magnetizing currents
of the PMSM are low and constant over a wide range at constant torque region.
Part load operation causes the field current Id− to be 17% of the rated current
In at 1Nm and 2910rpm.

a) IM. b) PMSM.

Figure 5.9: Absolute motor efficiency increases at different loads achieved by VFC.

Fig. 5.9 depicts the absolute efficiency increases caused by VFC for the designed
machines. Therefore, CFC acts as a reference representing the basic motor
efficiency. It is clearly shown that the VFC method has a tremendous impact
on the efficiency of both motors.

Considering IMs, the influence is generally higher the lower the load requirements
and reaches up to 50% at very low part load conditions. The overload region
shows less influence by the VFC method. This is not surprising, as the designed
IM is highly utilized in terms of high teeth and yoke flux densities. Raising
the machine flux φ much higher than the rated flux φn would result in undue
magnetic field strengths. Hence, torques being higher than the design torque
(T > Tn) are therefore predominately provided by the current component Iq,
which is quite similar to the CFC method. Consequently, there can only be
achieved a low efficiency increase within the overload region for the IM. The
given results and statements are supported by the research work of [ISDK08].

In contrast, the designed PMSM shows a relevant efficiency rise within the en-
tire load range. The maximum efficiency difference is up to 3% at part load
region. The resulting values represent less than a tenth of the achieved effi-
ciency increases at the IM. However, this may not lead to misinterpretation as
the efficiencies of the PMSM at CFC method are higher by far compared to
the IM within constant torque region. The implemented VFC method leads
to efficiency enhancements at part load regions and low speeds. In the present
case can be achieved efficiency increases up to 3.5% around a speed of 500rpm.
Higher speeds cause the efficiency increases to shrink having approximately 1%
around the base speed. Fig. 5.10 gives an overview of the absolute efficiency
increases at different speeds for both motors.
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Generally speaking, the influence of VFC methods on both machines is lower
the higher the speed. Entering the field weakening region (n > nn) restricts
the flux adjustment possibilities as the flux φ needs to be decreased due to the
voltage limit. The flux φ decreases inversely proportional with the speed. In
fact, there exist some optimization potentials for IMs, as the flux φ may be
further reduced at part load region. Regarding the PMSM, the VFC method
causes a very low impact on the losses at constant power region. Both control
methods, meaning CFC and VFC, use reluctance torque Tr. However, the flux
presettings at constant power region require field currents which are equal for
both control methods. Differently expressed, CFC and VFC methods become
similar at field weakening entrance. The optimization potential therefore mostly
concentrates on constant torque region.

a) IM. b) PMSM.

Figure 5.10: Absolute motor efficiency increases of the designed motor types at dif-
ferent speeds achieved by VFC.

5.3 Active Component Temperatures

The present section focuses on the analysis of the thermal utilization of active
components such as windings, iron stacks and permanent magnets considering
the design specifications given in Tab. 4.2. According to Sec. 4.2.3 and Sec. 4.2.4,
the presented DMs of IM and PMSM require at least one basic thermal parameter
set in order to decide on a thermal stable input specification.

The computation of the active component temperatures is based on a transient
thermal model introduced in [TSKT04]. Therefore, the current section will not
focus on the verification of the differential equation, but use the previously men-
tioned work as a basis for identifying the conductive and convective heat trans-
fer coefficient h and k respectively shown in Fig. 5.11. For evaluation reasons,
the air-cooled sizing example of the IM has been computed by THIEN eDrives
GmbH too. Thus, it was possible to derive a basic air-cooling parameter set by
identifying h and k between the modeled thermal mass points. As far as the
PMSM is concerned, the heat transfer coefficients of the stator are quite similar
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to that of the IM. The corresponding parameters for the rotor have been gained
by experimental data from THIEN eDrives GmbH.

Although the heat transfer coefficients have been derived from the air-cooled
sizing examples of Sec. 4.2.2, they should be valid for other air-cooled variants
of IMs and PMSMs too. Therefore, it should be clearly mentioned that the
derivation of a basic parameter set for air-cooled or water-cooled machines needs
to be evaluated only once.

Figure 5.11: Thermal interaction of the active components of the electric machine.

Fig. 5.11 shows the mutual thermal influence of eight thermal mass points being
used for the evaluation of the overtemperatures of the active components. Ac-
cording to [OVE04b], the maximum temperature Tref of the ambient air must
be lower than 40◦C for an altitude of site below 1000m. The temperature rise
∆T = T−Tref of the active components is given relative to the temperature Tref .
The subsequent equation specifies the thermal approach given by [TSKT04]:

micp,i
dT

dt︸ ︷︷ ︸
Stored heat

=
∑

Ptotal,i︸ ︷︷ ︸
Generated heat

− hAh,i∆Th,i − kAk,i∆Tk,i︸ ︷︷ ︸
Transfered heat

(5.1)

The variables mi and cp,i denote the individual masses and the heat capacities
of the components. The coefficients h and k represent an average conduction
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heat transfer coefficient between two different components and an average con-
vection coefficient between the component and the ambient air. The variables
Ptotal,i, Ah,i and Ak,i denote the total losses in the active components and the
interfacing thermal convective and conductive cross-sections respectively. The
expressions ∆Th,i and ∆Tk,i represent the temperature differences between two
coupled thermal masses.

Operation Modes Applied Power [kW]

Continuous operation S1 5.25 @ 2910rpm
Short-term operation S2 10.5 @ 2910rpm

Table 5.2: Applied power at different operation modes.

5.3.1 Continuous Operation

Having continuous operation (S1), the motors are operated at nominal power
Pn causing the machines to reach a thermal steady state condition, see Tab. 5.2.
Thermal steady state condition requires ∆T to be below 2K within a time in-
terval of one hour [OVE04a].

a) Stator winding (IM). b) Rotor cage (IM).

Figure 5.12: Overtemperature characteristic of stator winding and rotor cage at con-
tinuous operation (S1).

Fig. 5.12 and Fig. 5.13 illustrate the individual overtemperatures ∆T of stator
winding and rotor cage/magnet at external ventilation. The heating time con-
stants of the stator winding τhS and the rotor cage τhR are computed by solving
Equ. (5.1) resulting in an exponential characteristic [GHV03]:

∆T

∆T∞
= 1− e−

t
τh ⇒ τh = − t

ln(1− ∆T
∆T∞

)
(5.2)

Fig. 5.12b shows a strong thermal strain of the IM rotor cage resulting in a max-
imum overtemperature ∆T∞ of 122◦C. The computed steady state temperature
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is reached after two hours and 24 minutes, representing a heating time constant
τhR of approximately 21 minutes. The rotor cage and the housing are thermally
coupled to each other via at least one additional thermal mass point. In fact,
this slows down the heat dissipation causing a higher stored heat energy.

The heat transfer from the stator winding to the housing is obviously better as
the stator stack is directly pressed into it. Thus, the maximum overtemperature
∆T∞ is lower resulting in 84.5◦C. The stator winding reaches its thermal steady
state condition earlier. The heating time constant τhS is approximately five
minutes lower compared to the rotor cage.

a) Stator winding (PMSM). b) Rotor magnet (PMSM).

Figure 5.13: Overtemperature characteristic of stator winding and rotor magnet at
continuous operation (S1).

According to Sec. 4.2.4, the PMSM is designed to have a higher slot current
density Jsl compared to the IM. The stator winding of the PMSM is therefore
thermally utilized stronger which can be seen by a higher winding temperature
rise ∆T∞ of 99.4◦C. Referring to Sec. 4.2.5, the relative losses Prel of the PMSM
are 5.4kW

m2 which is 7% lower compared to the IM having 5.8kW
m2 . Thus, the stator

winding of the designed PMSM is expected to reach its thermal steady state
condition faster in case of a given cooling power. The heating time constant τhS
is approximately five minutes lower compared to the IM.

Due to the fundamental wave approach of the DMs presented in Sec. 4.2.3 and
Sec. 4.2.4, the magnet and rotor stack temperatures are expected to rise more
slowly. The given statement can obviously be seen in Fig. 5.13b, as the absolute
temperature rise time te of the rotor magnets is nearly twice the time of the
stator winding. The maximum temperature rise ∆T∞ of the magnets can be
given by approximately 56◦C.

Maximum overtemperatures IM PMSM

Stator winding ∆T∞ [◦C] 84.5 99.4
Rotor cage/magnet ∆T∞ [◦C] 122 56

Table 5.3: Maximum overtemperatures for the active components of IM and PMSM.
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5.3.2 Short-term Operation

Short-term operation is characterized by maximum power operation Pmax. Hav-
ing reached the maximum insulation temperature, the motor goes in power-off
state. The duration of an S2-operation does not cause the motor to reach its
thermal steady state condition [OVE04a].

a) IM - rotor cage (CFC). b) IM - rotor cage (VFC).

Figure 5.14: Influence of CFC and VFC methods on overtemperature of rotor cage
at short-term operation (S2).

a) PMSM - stator winding (CFC). b) PMSM - stator winding (VFC).

Figure 5.15: Influence of CFC and VFC control methods on overtemperature of sta-
tor winding at short-term operation (S2).

Fig. 5.14 and Fig 5.15 present the overtemperatures ∆T of the thermal critical
active components of IM and PMSM based on external ventilation. The figures
illustrate the influence of the VFC method on the individual overload capability
of the motors, taking the rotor cage for the IM and the stator winding for the
PMSM. The corresponding values of τcR,cS are based on Equ. (5.1) resulting
in [GHV03]:

∆T

∆T∞
= e−

t
τc ⇒ τc = − t

ln( ∆T
∆T∞

)
(5.3)



5.3. Active Component Temperatures 101

According to Fig. 5.14 and Fig. 5.15, the cooling time constants τcR, τcS are
more than twice as high as the heating time constants τhR, τhS . This is not
unusual, as the heat dissipation of the active components is reduced on natural
convection at power-off state extending the cooling down process. The results
correspond to the statements given in [HVB99].

The CFC IM shows an overload duration of 277s at Pmax = 10.5kW. The VFC
IM shows an additional overload duration of 8s. Hence, the CFC and the VFC
IM tend to be very similar at the S2-operation. Indeed, this is quite obvious
as the IM is designed to be highly saturated. Because of this, the machine flux
φ can only be slightly increased at VFC. The maximum torque output Tmax is
predominantly provided by the torque building current Iq ≈ IR which is quite
similar to CFC. Thus, the rotor cage reaches the maximum temperature of 180◦C
almost at the same time.

The CFC PMSM shows an overload duration of 122s. As stated in Sec. 5.2.3,
there can only be achieved low efficiency increases within the overload region for
the VFC PMSM. The efficiency gains are very poor and can be given by 1% at
34Nm and 2910rpm. In fact, they do not lead to a significant extension of the
overload duration, which results in 124s for the VFC PMSM.

Maximum overload duration IM PMSM

Constant flux control (CFC) [s] 277 122
Variable flux control (VFC) [s] 285 124

Table 5.4: Maximum overload duration of CFC and VFC for IM and PMSM.
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5.4 Summary and Discussion

Design Method

In conclusion, Sec. 5.2 and Sec. 5.3 serve as an additional evaluation basis for
the DMs presented in Sec. 4.2.3 and Sec. 4.2.4. The analysis and optimization of
operation ranges and the implemented thermal model are part of the 3rd design
stage acting as post-processing unit.

Referring to Fig. 4.13 and Fig. 4.22, there is no explicit feedback from step 8
to step 4 (IM) and step 4.1 (PMSM) which means that a non-thermally stable
design specification will not automatically cause an change of the input variables
shown in Tab. 4.2. The design specifications have to be adapted manually. Thus,
in case of a too high overtemperature of stator or rotor winding

� lower the nominal copper density Jcu

� lower the nominal shear force density σn

� lower the number of pole pairs p

� increase the relative tooth width wt
wsl

� increase the stack length lfe

for a given design torque Tn and supply frequency fn. Overtemperatures of
magnets must be checked by their individual B−H curves. In case of a too high
overtemperature, the magnet type need to be changed by means of adapting the
values of remanence flux density Br and coercive field strength Hc.

Although the present investigations concentrated on air-cooled sizing examples
of IM and PMSM, the given DMs are valid for each kind of cooling conditions.
Designing water cooling machines requires at least one basic thermal parameter
set in order to decide on a thermal stable input specification. This eventually
requires a redesign of an existing water-cooled machine for identifying their heat
transfer coefficients.

Design Comparison

Sec. 5.2.2 to Sec. 5.2.3 investigate CFC and VFC methods of the designed IM
and PMSM and present their resulting efficiencies. CFC is based on constant
saturation levels at constant torque region. VFC adjusts the machine flux level
φ focusing on minimum machine losses for a given torque output T .

Both machines show a significant efficiency increase at the introduced VFC
method. The efficiency increase ∆η of the designed IM is inversely propor-
tional to the torque output T and reaches up to 50% at very low part loads
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(T < Tn). In case of the PMSM, VFC leads to a better utilization of the avail-
able reluctance torque Tr. This results in lower losses for a given torque output
T by means of a more convenient current distribution of Id and Iq. The designed
PMSM shows the highest efficiency increases ∆η at low speeds and low torque
outputs, which can approximately be given by 3% to 3.5%.

As far as the temperatures are concerned, VFC tends to cause some additional
thermal strain on the IM rotor as a possibly decreased flux φ needs to be com-
pensated by a higher torque current Iq ≈ IR. Thus, CFC and VFC are very
close to each other at S2-operation which becomes even obvious at the resulting
overload durations tol.

Tab. 5.5 gives a short summary of the individual heating and cooling time con-
stants for IM and PMSM at different control methods. Considering the stator
windings, the heating time constant of the PMSM τhS is 31% lower mainly
caused due to 7% lower relative loss Prel = 5.4kW

m2 . The strong thermal utiliza-
tion of the PMSM requires an earlier power-off state, hence, the PMSM shows
a 56% lower peak power duration compared to the IM.

Heating time constant IM PMSM

Stator winding τhS [s] 934
100%

642
−31%

Rotor cage/magnet τhR [s] 1241
100%

2315
+87%

Cooling time constant, CFC IM PMSM

Stator winding τcS [s] -
100%

1445

Rotor cage/magnet τcR [s] 2840
100%

-

Overload duration tol [s] 277
100%

122
−56%

Cooling time constant, VFC IM PMSM

Stator winding τcS [s] -
100%

1450

Rotor cage/magnet τcR [s] 2881
100%

-

Overload duration tol [s] 285
100%

124
−56%

Table 5.5: Thermal time constants and overload durations of IM and PMSM.

In conclusion, from a purely operational point of view, the VFC IM provides
significant advantages for the use within an automotive traction applications.
Its part load efficiencies can be increased significantly, therefore, the IM comes
very close to the PMSM within that region. Beside that, the IM provides high
efficiencies within the field weakening region and has a two times higher overload
duration compared to the PMSM at S2-operation. Fail-safe characteristics have
not been considered so far. A compendium of these characteristics is given in
Tab. A.2.





6
In-Wheel Motor Application

Chap. 6 concentrates on an in-wheel motor application of the sized IM and
PMSM designed in Chap. 4. A hybrid power train is set up in the vehicle
simulation program veDYNAr providing all necessary mechanical and electrical
propulsion and supply components for the use of the motors at the rear axle of the
vehicle [DYN11]. The operation of the individual motors is considered by their
speed-controlled efficiency maps introduced in Chap. 5. Chap. 6 concentrates
on the investigation of the energy consumption of IM and PMSM, representing
fuel saving potentials by VFC methods. Moreover, the present chapter gives a
tendency of suitability of IM and PMSM for different application scenarios.

6.1 Assumptions

The research focuses on a medium sized parallel hybrid power train topology,
having an ICE in the front and two in-wheel motors at the rear axle of the
vehicle. The following sections concentrate on the cycle efficiencies of the motor
types and compare the results of IM and PMSM. The motors are designed to
be integrated within a 16inch wheel rim. The assembly of motor and gear drive
is coupled to the drive shaft via a clutch element. The determination of the
electric motor cycle efficiencies and the corresponding fuel consumption of the
vehicle will be given for the New European Driving Cycle (NEDC) consisting of
a city cycle section (ECE15) and an urban cycle section (EUDC). In order to
allow a valid comparison of the machines, the final state-of-charge (SOC) of the
battery is restored to its initial condition at the end of the cycle. All auxiliary

105



106 Chapter 6. In-Wheel Motor Application

consumers of the vehicle are assumed to be switched off.

6.2 Vehicle Dynamics Model

The simulation program veDYNAr integrates and implements the numerical
simulation of a full vehicle model. Thereby, a full vehicle model combines driv-
ing and steering components which basically allows a vehicle to follow a spatial
trajectory. The veDYNA model consists of a fully parameterized multi-body
system including component models for power train, steering and tyre dynam-
ics, see Fig. 6.1. The vehicle body has three translational and three rotational
degrees of freedom. However, up to 30 degrees of freedom per axle are con-
sidered in case of geometrically modeled suspensions [EBSB07]. The simulation
program allows to implement components at different levels of detail. Hence, the
highly nonlinear elastokinematics of the individual axle types can be depicted
by either look-up tables or by detailed geometric models including control arms,
drag links and bushings.

The spatial motion of the vehicle is described by minimum coordinates yV B
giving the vehicle body position in inertial coordinates as well as its roll, pitch
and yaw angles. In addition, generalized velocities zV B are introduced giving
the translational and angular speeds in the vehicle reference frame. The use of
generalized velocities is very advantageous as the equations of motion become
very compact. The individual bodies such as front or rear axle are specified
by position yFA, yRA and velocity vectors zFA, zRA relative to the vehicle
reference system [EBSB07]. The transformation between the inertial system and
the vehicle reference frame is described by the subsequent kinematic equationsẏV B

ẏFA
ẏRA

 =

CV B 0 0
0 I 0
0 0 I

zV B
zFA
zRA

 , (6.1)

where I and CV B denote the identity matrix and the transformation matrix
between the time derivative of the position vector yV B and the vector of gener-
alized speeds zV B respectively. Considering the Newton-Euler equations

miai = F ci + F ai ,

Jiα+ ω × Jiω = T ci + T ai ,

with the translational and rotational accelerations ai and αi the dynamic equa-
tions read: MBB MT

BF MT
BR

MBF MFF 0
MBR 0 MBR


︸ ︷︷ ︸

Mvehicle

=

żV B
żFA
żRA


︸ ︷︷ ︸
żvehicle

QV B

QFA

QRA


︸ ︷︷ ︸
Qvehicle

(6.2)

The symmetrical mass matrix Mvehicle includes the contributions of the masses
mi and the moments of inertia Ji of the individual bodies referenced with the
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index i. The vector Qvehicle holds the constrained and applied forces (F ci ,
F ai ) and torques (T ci , T ai ) [HIR11]. The tyre force computation in veDYNA is
based on the modeling approach of TMeasy. The model uses a semi-physical
method which simplifies the analytical description of acting tyre forces and
torques [EBSB07].

Figure 6.1: Full vehicle model of veDYNA including component models for power
train, steering and tyre dynamics.

6.3 In-Wheel Motor System Specification

The electric motors are supposed to substitute a conventional all-wheel drive
(AWD) concept on the rear axle of a passenger car. For packaging reasons, the
motors are integrated into a 16inch wheel rim. The design study focuses on the
use of a conventional brake system, thus, the maximum outer stator diameter
doS is restricted to 170mm. The design specifications of the electric motors have
been evaluated by an analysis of the torque distribution of a conventional AWD
concept resulting in 400Nm at a maximum per wheel up to a vehicle speed of
30km/h. The motors are designed to provide additional torque up to a vehicle
speed of 120km/h.

According to Sec. 4.2.2, high torque demands within restricted volumes used
to cause high machine losses. Thus, there is a tradeoff between small motor
dimensions on the one hand and high machine efficiencies on the other hand.
Because of this, it is recommendable to integrate a gear box. Not only the design
torque Tn is lowered which is the main sizing factor at electric machines but also
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the thermal utilization of the machine is reduced. However, high gear ratios
increases the maximum speed nmax which might be sensitive to the mechanical
stability of the rotor.

In fact, the gear ratio cannot be selected independently. There are some guidance
values on how to check whether nmax is within a valid range. Considering the
design of IM and PMSM with surface mounted magnets, the circumferential
speed vc of the rotor should be chosen to be within [HUB11]:

70 ≤ vc ≤ 120
m

s
(6.3)

Referring to Tab. 4.1, the outer rotor diameter doR should be selected to be
within 100 − 110mm for an outer stator diameter of doS = 170mm and p = 2.
Considering the outer rotor diameter doR = 103mm, the maximum overspeed
nos = 1.2 ∗ nmax and Equ. (6.3), the gear ratio was selected to be 11.5 resulting
in

vc ≈ 76
m

s
. (6.4)

Considering Equ. (6.3), it might be suggestive to choose a higher gear ratio.
However, the given gear ratio of 11.5 is maximum in case of integrating gear box
and electric motor within one housing facing an outer diameter of approximately
170mm.

The electric power train does not consider a step-up converter. Hence, the termi-
nal voltage of the battery Ub corresponds to the intermediate circuit voltage Ui
representing a load depending voltage level. The motors are therefore designed
for a minimum voltage of 250V.

Design specification Wheel Electric Motor

Maximum power Pmax [kW] 10.5 10.5
Maximum torque Tmax [Nm] 400 35
Nominal torque Tn [Nm]1 200 17.5
Nominal speed nn [rpm] 250 2875
Maximum speed nmax [rpm] 1030 11845
Maximum overspeed nos [rpm] - 14215
Minimum battery voltage Ub [V] - 250
1 Assuming an overload factor of two.

Table 6.1: System design specifications for the in-wheel motor configuration.
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6.4 Power Train Architecture

The present section gives an overview of the hybrid power train architecture and
the corresponding “on-demand” (OD) strategy of the power train components.
Therefore, the front axle of the vehicle is propelled mechanically whereas the rear
axle of the vehicle is driven electrically and works as additional torque supplier.
The rear axle provides 800Nm up to a vehicle speed of 30km/h. Thus, electric
driving is basically possible within city cycles. Both axles are electrically coupled
via the battery system, figuratively shown by the dotted lines. Front and rear
axle propulsion are mechanically coupled via the road only.

Figure 6.2: Power train architecture and “On-demand” strategy of the hybrid vehicle.

Fig. 6.2 illustrates the interfaces between the component management systems
and the superior hybrid control unit (HCU). This unit manages the communi-
cation, the individual component states and the operation ranges of the power
train components.

As far as the electric motor management system is concerned, there are four dif-
ferent modes. The operation modes are listed according to their priority. At any
time there is only one mode put on active state by the HCU. The mode “eRE-
COVER” has the highest priority trying to recover electric power at braking.
The mode “eASSIST” provides a torque boost function. The torque contribu-
tions at the rear axle are therefore higher the lower the dynamics of the load
requirements from the driver. Thus, the present mode enables full electric driv-
ing at city cycles up to a vehicle speed of 30km/h. Having “eCHARGE” on
active state means that the battery is on low state-of-charge (SOC ≤ 30%). In
order to prevent unfavorable serial efficiency chains, the operation mode “eAS-
SIST” is disabled until the SOC of the battery has reached a valid operation
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range (SOC=70%). The operation mode “eAWD” has the lowest priority. The
function is triggered by an increasing front tyre slip (sft ≥ 1.5%. The opera-
tion mode represents a basic functionality of the vehicle. Hence, it cannot be
switched off by the “eCHARGE” strategy. The operation modes are depicted in
Fig. 6.3.

The battery management system considers a second interface providing the max-
imum duration of the peak power, given by means of the state-of-power (SOP).
As far as the power train management systems are concerned there is one in-
terface for starting and shutting down the engine, one for adjusting clutch and
gear position and one for activating the mechanical brakes. Switching off the
ICE causes a minimum power-off state of 6s. Afterwards, the ICE can either
be switched on due to insufficient torque settlements of the in-wheel motors,
by underrunning a 30% SOC of the battery, or by exceeding a vehicle speed of
25km/h at the horizontal. The clutch is controlled to provide torque at the front
axle depending on the operating state of the ICE. A summary of the vehicle data
is given in Tab. 6.2.

Figure 6.3: Electric motor operation modes; (white shaded) inactive components;
(white) battery; (red) electric motor; (blue) internal combustion engine

Vehicle Value

Vehicle mass mv [kg] 1600
Drag value cd [-] 0.32
Front area Af [m2] 2.2
Wheel rim dr [inch] 16
Effective tyre radius re [m] 0.31

Table 6.2: Vehicle data of the parallel hybrid power train topology.
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6.5 Power Train Components

The following content gives a short introduction of the external implemented
power train components. The internal components of the vehicle dynamics pro-
gram veDYNAr will not be commented as they are considered by their individ-
ual equations of motions which are solved internally, see Sec. 6.2. The moments
of inertia of the additional mechanical components in the wheels are adapted
as they are necessary for the computation of the equations of motions within
veDYNAr.

Figure 6.4: Motor package study at a double wishbone suspension with an adapted
spring damper system [RNA11].

Internal Combustion Engine

The introduced hybrid power train architecture uses a four-cylinder compression
ignition engine with a maximum power output of 77kW, see Tab. 6.3. The ICE
is considered by a steady state performance map having a maximum efficiency
of 41.7% at 222Nm and 2143rpm. The dynamics of the ICE are considered by a
PT1 element.

Battery System

The battery is considered by a single cell approach considering a voltage source
and a RC-circuit. Indeed, it is very convenient to concentrate on cell levels as
the parameters are much easier to identify. The OD strategy of the hybrid power
train architecture mainly causes a short-term operation of the electric machines
which results in short but high power drains of the battery cells. Due to cell
lifetime considerations, the time duration of the power drains is limited. The
operation ranges are therefore specified by 40% of the standard capacity. In
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order to satisfy the power requirements of the motor types, the battery uses
106 cells in series and two cells in parallel, each having a nominal capacity of
3600mAh. Thereby, the battery provides a nominal voltage of 350V.

Electric Motor and Converter

The electric motors as well as their converters have been modeled separately.
The efficiencies of the electric machines are considered by their individual per-
formance maps given in Sec. 5.2. The machine dynamics are specified by a PT1
element. The active component temperatures are based on the approach given
in Sec. 5.3. The modeling of the corresponding converters is given by efficiency
maps modeled according to the approach of [JAE95].

Gear Box

According to the statements given in Sec. 6.3, both motors use a dual-stage
gear drive with a gear ratio of 11.5. The gear box is considered by a steady
state performance map having a maximum efficiency of 96%. Its dynamics are
considered by a PT1 element.

Tab. 6.3 gives an overview of the used power train components.

Components Value

Maximum engine power Pmax [kW] 77 at 4400rpm
Maximum engine torque Tmax [Nm] 250 at 2500rpm
Rated starter engine power Pn [kW] 9.4
Rated in-wheel motor power Pn [kW] 2x5.25
Rated battery voltage Ui [kWh] 350
Rated battery energy En [kWh] 2.5, 40% usable
Maximum discharge current Idc,max [A] 296
Maximum charge current Ic,max [A] 140

Table 6.3: Power train data of the parallel hybrid power train topology.
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6.6 New European Driving Cycle

Driving cycles define vehicle speed as a function of the cycle duration. Therefore,
gear shift information has to be taken into account in order to get comparable
and reproducible results. The New European Driving Cycle (NEDC) is well
known in automotive industry. At present, the NEDC represents the standard
European test procedure for fuel consumption measurements. The NEDC has
a total cycle time of 1180s and consists of four consecutive city cycle sections
(ECE15) and a subsequent interurban part (EUDC). Both cycle sections are
known to be modal cycles and can be characterized by piecewise constant speeds
and constant accelerations. The maximum speed is 120km/h, the maximum ac-
celeration is around 1m/s2. The subsequent investigations on fuel consumptions
will be given for the ECE15 and the EUDC, figuratively shown by Fig. 6.5.
Constant vehicle accelerations do not effectively represent real-world driving
patterns. Therefore, the NEDC should be considered somehow critically.

a) ECE15. b) EUDC.

Figure 6.5: City and urban cycle parts of the NEDC.

6.6.1 On-Demand Operation Strategy

The distribution of the driving torque between the front and the rear axle is
managed by a causal relation of weighted vehicle speeds. The driver torque Ttot
is entirely provided by the rear axle if the relative changes between the weighted
moving average speeds WMA(vt1) at time t1 and WMA(vt2) at time t2 are zero.
The distribution function d considers a memory of 1s. The corresponding axle
torques Tfa and Tra can be given by:

Tfa = d Ttot (6.5)

Tra = (1− d) Ttot (6.6)

d =
|WMA(vt2)−WMA(vt1)|

WMA(vt1)
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Figure 6.6 illustrates the distribution function d for the rear axle torque Tra
and represents its normed values Tra/Tra,max for the ECE15 and the EUDC.
According to Fig. 6.6, the implemented hybrid power train strategy uses the
cycle dynamics for the torque distribution. Constant speeds are predominantly
provided by the rear axle. Transient cycle sections are provided by both axles
representing an electrical AWD concept.

a) ECE15. b) EUDC.

Figure 6.6: Normed rear axle torque during NEDC caused by the implemented hybrid
power train strategy.

6.6.2 European City Cycle

Fig. 6.7 illustrates the motor operation distribution of the designed IM and
PMSM used as OD torque supplier at the rear axle. The pull-out torque charac-
teristics of the machines differ from each other, therefore, a common operation
range is specified allowing valid motor operation points only.

a) Induction motor (IM). b) Synchronous motor (PMSM).

Figure 6.7: Motor operation distribution at the ECE15. The white dotted lines rep-
resent the individual operation ranges of the electric motors.

It is clearly shown, that the machines are predominantly operated within two
different regions - the overload region (T > Tn) and constant power region
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(n > nn). The city cycle accelerations are rather low and can be given around
1 m

s2 . Nevertheless, the vehicle weight of 1600kg causes the electric motors to be
operated at their maximum torque capability. This is also the case at constant
power range. The highest vehicle speeds within the ECE15 are around 50km/h.
The rated machine speed nn corresponds to a translational velocity of 30km/h.
Therefore, vehicle speeds higher than 30km/h naturally cause a higher operation
frequency within this region.

ECE15, CFC Method IM PMSM

Drive energy Edrive [ kWh
100km ] 10.4

100%
10.1

-3%

Energy recovery Erecover [ kWh
100km ] 1.12

100%
1.44

+29%

Fuel consumption Efuel [ l
100km ] 5.66

100%
5.56

-2%
Motor cycle efficiency ηmotor [%] 80.8

100%
82.5

+1.7%
Vehicle cycle efficiency ηvehicle [%] 26.2

100%
26.7

+0.4%

Table 6.4: Comparison of IM and PMSM operation characteristics at the ECE15
applying CFC method. The energy conversion is based on a diesel energy
density of 9.83 kWh

l
[STA08].

Tab. 6.4 shows a comparison between IM and PMSM at CFC. The IM works
as a basis and is considered as 100%. The corresponding vehicle efficiencies are
based on a required mechanical energy consumption of 14.57 kWh

100km at the ECE15.
Tab. 6.4 also represents the basis for a subsequent comparison with VFC results.

The PMSM takes the lead requiring a 3% lower drive energy at the ECE15. The
corresponding global fuel consumption of the vehicle is 2% lower compared to
the IM. In fact, the relative fuel consumption savings of the different topologies
are strongly depending on the shifted load ranges of the ICE. The hybrid vehicle
provided with the CFC IM faces a 6% higher recharge time of the battery which
is 436s in total. This represents an additional ICE load, which enhances the ICE
efficiency on the one hand but even increases the fuel consumption on the other
hand.

Considering all provided motor operation points, the PMSM shows a 1.7% higher
cycle efficiency compared to the IM. Tab. 6.4 shows considerable energetic ad-
vantages for the PMSM which seem to be quite attractive for this kind of cycle.
The CFC IM shows poor efficiencies, especially at part load operation (T < Tn).
This statement becomes even more obvious when comparing the energy recov-
ery potentials of the machines. The PMSM has a 29% higher energy recovery
potential than the IM. In fact, the PMSM is still capable of recovering electric
power at low part loads, see Fig. 6.8. Contrary to that, the CFC IM converts
these low power into thermal energy heating up the active machine components
only.
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a) Induction motor (CFC). b) Synchronous motor (CFC).

Figure 6.8: Generator efficiency map of IM and PMSM.

The advantages of the PMSM become much more smaller or even vanish when
VFC is used. In fact, there is hardly any difference between the motor cycle
efficiencies in case of the ECE15. Due to that, the vehicle fuel consumption is
almost equal for both machines. The cycle efficiency of the IM can be increased
by 2.5% which is more than twice the increase of the PMSM increasing from
82.5% to 83.7%. The cycle efficiency of the IM is very close to that of the
PMSM which means that VFC may help to make IMs more favorable for city
cycle applications. The energy recover potential with VFC is almost equal for
both machines. Therefore, the disadvantages at low part load conditions vanish
at the VFC IMs.

ECE15, VFC Method IM PMSM

Drive energy Edrive [ kWh
100km ] 10.1

100%
10.1

0%

Energy recovery Erecover [ kWh
100km ] 1.4

100%
1.43

+2%

Fuel consumption Efuel [ l
100km ] 5.55

100%
5.56

+0.1%
Motor cycle efficiency ηmotor [%] 83.3

100%
83.7

+0.4%
Vehicle cycle efficiency ηvehicle [%] 26.7

100%
26.7

0%

Table 6.5: Comparison of IM and PMSM operation characteristics at the ECE15
applying VFC method. The energy conversion is based on a diesel energy
density of 9.83 kWh

l
[STA08].

6.6.3 European Urban Cycle

Fig. 6.9 shows the motor operation distribution within the European Urban
Driving Cycle, EUDC. According to Sec. 6.6.2, a common operation range is
specified. The given ranges provide operation points which can be met by both
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machines. Unlike the ECE15, the operation points moved towards higher speeds.
This is not surprising as the cycle speeds are higher having 120km/h at the
maximum.

a) Induction motor (IM). b) Synchronous motor (PMSM).

Figure 6.9: Motor operation distribution at the EUDC. The white dotted lines rep-
resent the individual operation ranges of the electric motors.

The histogram given in Fig. 6.9 does not show any operation within constant
torque region. In fact, there are some operation points, although their frequency
is pretty low and can be neglected compared to that of higher speed points. The
most frequent operation points are between 4000rpm and 9000rpm. According
to the rear axle torque distribution given by Equ. (6.6), these motor speeds
correspond to the constant speed levels of the driving cycle being predominantly
provided by the electric power train at the rear axle.

EUDC, CFC Method IM PMSM

Drive energy Edrive [ kWh
100km ] 5.2

100%
4.9

-6%

Energy recovery Erecover [ kWh
100km ] 0.68

100%
0.62

-9%

Fuel consumption Efuel [ l
100km ] 5.08

100%
5.17

+1.7%
Motor cycle efficiency ηmotor [%] 82

100%
78.2

-3.8%
Vehicle cycle efficiency ηvehicle [%] 29.8

100%
29.3

-0.5%

Table 6.6: Comparison of IM and PMSM operation characteristics at the EUDC ap-
plying CFC method. The energy conversion is based on a diesel energy
density of 9.83 kWh

l
[STA08].

Tab. 6.6 summarizes the energy consumption of the hybrid power train topologies
for CFC machines. Thereby, the designed IM convinces at high speed applica-
tions with a motor cycle efficiency of 82%. Contrary to that, the disadvantages
of the PMSM become more obvious at higher speeds. Due to the higher fre-
quency at constant power region, the motor cycle efficiency of the PMSM goes



118 Chapter 6. In-Wheel Motor Application

down to 78.2%. As a consequence the fuel consumption of the vehicle with the
CFC PMSMs is 1.7% higher compared to that with the CFC IMs.

The different drive energies of the motors need to be considered by the introduced
OD strategy. The PMSMs produce higher losses within the field weakening
region resulting in an overall higher electric energy consumption. Consequently,
the usable battery energy is depleted faster causing a higher power-off frequency
of the motors. During that, the driver demand is predominantly provided by
the ICE resulting in a higher overall fuel consumption at a lower electric energy
consumption.

Having IMs mounted at the rear axle, the reverse is happening resulting in a
higher electric energy consumption and a lower vehicle fuel consumption. The
vehicle efficiency within the EUDC is based on a required overall mechanical
energy consumption of 14.9 kWh

100km . Both vehicle efficiencies can be increased by
almost 3% compared to the corresponding city cycle section. The power train
having IMs takes the lead having a vehicle cycle efficiency of 29.8%, closely
followed by the PMSMs having 29.3%.

EUDC, VFC Method IM PMSM

Drive energy Edrive [ kWh
100km ] 5.2

100%
4.9

-6%

Energy recovery Erecover [ kWh
100km ] 0.68

100%
0.62

-9%

Fuel consumption Efuel [ l
100km ] 5.05

100%
5.16

+2%
Motor cycle efficiency ηmotor [%] 82

100%
78.2

-3.8%
Vehicle cycle efficiency ηvehicle [%] 30

100%
29.4

-0.6%

Table 6.7: Comparison of IM and PMSM operation characteristics at the EUDC ap-
plying VFC method. The energy conversion is based on a diesel energy
density of 9.83 kWh

l
[STA08].

Tab. 6.7 shows the corresponding results for VFC machines. According to the
statements given in Sec. 5.2.3, the influence of VFC is lower the higher the speed
ranges of the cycle. Due to the flux reduction at constant power region, there is
little scope left to adapt the machine flux φ, hence CFC and VFC become very
close to each other. In fact, there is hardly any difference between the results
given in Tab. 6.6 and Tab. 6.7.
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6.7 Summary and Discussion

Sec. 6.6.2 and Sec. 6.6.3 analyze the cycle efficiency of a parallel hybrid power
train having either IMs or PMSMs mounted at the rear axle. Therefore, the
corresponding city (ECE15) and urban (EUDC) cycle sections of the NEDC
have been investigated focusing on the energy consumption of the power train
architecture by CFC and VFC methods.

Design Comparison

Considering the CFC machines, the PMSM shows clear advantages within the
ECE15 having an almost 30% higher energy recover potential and a 1.7% higher
motor cycle efficiency. This is not really surprising as synchronous machines are
known to have excellent efficiencies around the base speed and under part load
condition. However, the dominating characteristics of the PMSM become smaller
by the use of VFC method. The results of the VFC IM are very close to that
of the VFC PMSM in case of the ECE15. In fact, VFC methods predominantly
help to reduce the poor energy recovery potential of CFC IMs. According to the
statements given in Sec. 5.2.3, the influence of the VFC method on the motor
efficiencies is low at constant power region. These statements are confirmed by
the investigations of motor cycle efficiencies within the EUDC. The cycle causes
the motors to be mostly operated at two to three times the base speed. Hence,
the results obtained with VFC method are very close to those of CFC method.

High speed applications basically favor IMs. Therefore, the higher the speeds
the higher the resulting IM motor cycle efficiency. Contrary to that, the reverse
is happening in case of the PMSM having higher cycle efficiencies at lower cycle
speeds. The reduction of the PMSM cycle efficiency gets obvious at the EUDC
resulting in an overall cycle efficiency of approximately 78%. The IM has an
almost 4% higher motor cycle efficiency compared to the PMSM.

It is clear that the given comparison between IM and PMSM strongly depends
on the operation strategy of the axle torque distribution and the characteristic
design points of the machines. Nevertheless, Tab. 6.4 to Tab. 6.7 gives a tendency
of suitability on how to use the machines.

In conclusion, considering the predefined assumptions and application scenarios,
the VFC IM takes the lead having convincing energetic characteristics within all
operation ranges, especially at high speed applications. Therefore, it is highly
recommendable to apply energy efficient control at IMs for the use in automo-
tive traction applications. The PMSM convinces at city cycles having excellent
efficiencies at constant torque region. As far as higher speeds are concerned, the
PMSM suffers from increased losses reducing the overall motor cycle efficiency.





7
Summary and Conclusion

This doctoral thesis is divided into seven chapters which are summarized in the
following.

Chapter 1 - Introduction: Mobility is considered to be a basic need of hu-
manity. Therefore, automobiles always had, still have and will have a strong
presence and importance for human beings. Considering the history of power
train electrification, it has not been a history of continuous developments. Ob-
viously, it has been accompanied by many ups and downs. The downs have
largely been the same as today, costly batteries, small ranges, and time con-
suming recharging conditions. The ups have taken place due to environmental
concerns meaning local and or global pollution, noise reduction and the call for
sustainability of energy resources. Climate change and the finiteness of fossil
energy resources nowadays are worldwide concerns. Automotive companies are
therefore pushed to innovative solutions, mainly caused by political concerns,
aiming at a gentle handling of energy sources. Shorter product innovation cycles
cause cost and time urgencies which counteract product quality and consumer
expectations.

At present, virtual design and dimensioning tools are of big interest as the early
development process impacts subsequent production and modification costs. Vir-
tual design tools allow a basic dimensioning of system components in conceptual
design studies. Product optimization can already be done during early develop-
ment stages which significantly reduces product varieties and subsequent prod-
uct modification costs. Which machine topology to use for a specific automotive
traction application and how to design and control them are essential questions.
The present work deals with these issues and presents a time-efficient design
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methodology (DM) for induction motors (IM) and permanent magnet synchron-
ous motors (PMSM).

Chapter 2 - Hybrid Electric Power Train Topologies: Hybrid electric
vehicles, HEVs, combine two energy sources and/or energy converter which can
mainly be divided into series, parallel and power-split vehicle structures. The
configurations differ by their individual propulsion energy flow which can either
be serial, parallel or a mixed combination of both. The degree of suitability
of a specific HEV heavily depends on the application scenario. Thus, series
HEV are frequently used in commercial vehicles and buses, whereas parallel and
power-split hybrids are predominately used in passenger cars. The subdivision
of hybrids into micro, mild or full hybrids is well known. Nevertheless, it does
not give any information concerning a technical or environmental evaluation of
a vehicle. The hybridization ratio (HR) is defined as the relation between the
continuous power outputs of the propulsion sources varying from almost zero (for
conventional vehicles) up to infinity (for pure electric vehicles). The hybridiza-
tion ratio (HR) allows an empirical estimation of fuel savings for given costs
and can be used for a first estimation concerning the electric system component
sizes.

Chapter 3 - AC Machine Topology Issues: The current work exclusively
concentrates on two machine topologies - IMs and PMSMs having surface mount-
ed magnets. At present, the given machines show the most promising character-
istics concerning operation, assembling and costs for automotive traction drives.
The individual suitability of a specific machine topology strongly depends on
their operation ranges and therefore on the choice of the characteristic design
values. Chap. 3 investigates IMs and PMSMs concerning their design, their
operational characteristics and their fail-safe behavior. It gives background in-
formation on theses issues and examines the corresponding choice of design pa-
rameters. Chap. 3 is aimed to ease the design considerations given in Chap. 4

Chapter 4 - AC Motor Design: Chap. 4 gives a detailed description of the
introduced DM for a time-saving and reliable computation and evaluation of
IMs and PMSMs with surface mounted magnets. The DM serves as an analytic
design tool in conceptual design studies. Due to the time-saving approach, de-
sign parameters can easily be changed. Hence, the DM represents an evaluation
basis illustrating the effects of the choice of characteristic design parameters on
machine dimensions and efficiencies. The presented DM is exemplified by the siz-
ing of a three-phase air-cooled IM and PMSM with an inner rotor configuration.
The design concentrates on a high electromagnetic utilization providing a ther-
mal acceptable continuous operation with a nominal power output of 5.25kW at
a base speed of 3000rpm. The presented DMs for IMs and PMSMs are aimed
to handle a minimum of necessary input specifications. The subsections of the
chapter present the computation of the magnetic circuit and the iterative com-
putation of the active component sizes. The sizing examples of IM and PMSM
are compared to each other at the end of the chapter.



123

Chapter 5 - AC Motor Operation: Automotive applications normally re-
quire motors to be operated within wide speed ranges facing different loads.
Thus, Chap. 5 presents the resulting efficiencies of the IM and PMSM design
specifications introduced in Chap. 4. It gives an overview of their individual
advantageous operation ranges and compares their operational characteristics
at different control methods. Chap. 5 is supposed to serve as an additional
evaluation basis on how to specify design specifications for a certain automotive
traction application. Continuous and short-term operation of IM and PMSM are
investigated evaluating the design specifications of IM and PMSM concerning
the thermal utilization of active machine components. A corresponding compar-
ison of the operational characteristics of IM and PMSM is given at the end of
the chapter.

Chapter 6 - In Wheel Motor Application: In order to investigate IM and
PMSM efficiencies in driving cycles, a parallel hybrid power train is set up in
the simulation software veDYNAr. The software provides a full-vehicle model
which has been enhanced by electric propulsion and supply components. The op-
eration of the individual motors is considered by their steady-state performance
maps introduced in Chap. 5 The electric motors are supposed to substitute a
mechanical all-wheel drive (AWD) concept at the rear axle of a passenger car.
The corresponding design values have been evaluated by an analysis of conven-
tional AWD concepts. The evaluation of the electric motor cycle efficiencies and
the corresponding fuel consumption of the vehicle is given for the New Euro-
pean Driving Cycle (NEDC) consisting of a city cycle section (ECE15) and an
urban cycle section (EUDC). The chapter gives an overview of electric motor
suitabilities for city and urban driving cycles by energy efficient control methods.

Chapter 7 - Conclusions: This thesis introduces a novel time-efficient DM
for IMs and PMSMs with surface mounted magnets having a special focus on
concept studies in an early development phases. The DM aims at a short com-
putation time of the motor parameters which allows a fast evaluation of the
machines concerning dimensions and operational characteristics. The DMs are
exemplified by an air-cooled IM and an air-cooled PMSM having equal outer
stator and rotor diameters. However, the presented DMs are valid for each kind
of cooling conditions. The verification of the DM results and the design and
operational comparison of IM and PMSM is given in Chap. 4 and Chap. 5. The
corresponding comparison of the machines in an in-wheel motor application is
presented in Chap. 6.

Indeed, it is a tough competition between the two machine topologies, as there
are significant design advantages for the PMSM on the one hand and convincing
operational advantages of the IM on the other hand. In conclusion, evaluating
the research results under the given conditions and application scenario, the IM
has slight advantages compared with the PMSM. The corresponding statements
are given in Chap. 4 and Chap. 5.

The given sizing example of the IM has been assembled by THIEN eDrives
GmbH. The theoretical research results of this work are currently investigated
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further. The adaption of the motor control units - the converters - for an energy
efficient control of the IMs is currently part of the research fields at the Electric
Drives and Machines Institute in partnership with the Institute of Automotive
Engineering in Graz, Austria.

a) Stator stack of the IM. b) Rotor stack of the IM.

Figure 7.1: Iron stacks of the assembled IM.
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Appendix A

A.1 Evaluation of Induction Motors and Perma-
nent Magnet Synchronous Motors

The subsequent tables show a compendium and evaluation of the individual
design and operational characteristics of the machines discussed in Chap. 3.
The evaluation criteria and the given values in the subsequent tables result from
a research work carried out by [WK09] in 2008.

Tab. A.1 represents an analysis of existing machines found in literature. The
individual grading reflects the individual sequence according to the analyzed
data. The IM is taken as basis and is denoted by 100%. Values which have
not been accessible, mostly operational characteristics, have been added with
attributes. The percentage values represent a reference as the real optimization
criteria of the motor types were not known.

Tab. A.2 gives a short comment on the evaluation criteria trying to point out
the essence of the operational characteristics of the investigated machines.
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IM PMSM
Grading & Evaluation Grading & Evaluation

Active volume 2 100% 1 75%-95%
Active mass 2 100% 1 75%-90%
Stator loss - 100% - -
Rotor loss - 100% - -
Total loss 2 100% 1 70%-75%
Spinning loss 1 not existing 2 existing
Torque ripple 1 low 1 low / medium1

Noise emission 1 low 1 low / medium1

Overload ca-
pability

1 very good 1 very good

Wide speed
capability

1 very good 2 medium1

Rotor position
detection

1 not necessary 2 necessary

Fail safe be-
havior

1 very good 2 bad

Costs 1 low 1 low
Assembly 1 established 1 established

Average grad-
ing

1.25 1.33

1 Depending on control mechanism (BLAC vs. BLDC).

Table A.1: Overview of different design and operational characteristics of IMs, and
PMSMs [WK09].
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IM PMSM
Criteria Evaluation & Comment Evaluation & Comment

Active vol-
ume, active
mass, torque
density

o Torque densities
vary according to
design criteria and
cooling limitations
(weight vs. ef-
ficiency); higher
torque densities are
related to higher
motor losses

++
Torque densities
vary according to
design criteria and
cooling limitations
(weight vs. effi-
ciency); high pole
numbers cause low
yoke heights but
high motor losses

Total loss, effi-
ciency

+ Copper and iron
losses in stator and
rotor; iron losses in
rotor are small

++
Copper and iron
losses in stator; iron
losses in rotor are
very small

Spinning loss
++

No separate excita-
tion of the rotor; no
decouple mechanism
necessary

– Permanent excita-
tion of the rotor
due to magnets; de-
couple mechanism
recommendable

Overload ca-
pability

++
Very robust; high
rotor temperatures
acceptable

+ Excessive machine
warming can lead
to irreversible rotor
demagnetization

Wide speed
capability

++
Efficiency increase
at field weaken-
ing range due to
decrease of field
building current

+ Efficiency decrease
at field weakening
range due to in-
crease of field weak-
ening current

Fail safe be-
havior

++
Safe state at no-load
and short circuit

– Short circuit: alter-
nating torques; no-
load: brake torques

Costs
++

Low cost assembling + Low cost assem-
bling, sharp price
increase for lan-
thanide magnets

++ very good, + good, o sufficient, – bad

Table A.2: Overview of different design and operational characteristics of IMs and
PMSMs [WK09].
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Appendix B

B.1 Switched Reluctance Motors

Switched reluctance motors (SRM) are generally known because of their simple
and robust design. They convince by their relatively high speed ranges, their
simple control and a hazard-free operation. The production costs of SRMs are
expected to be lower compared to other motor technologies having less material
and less energy consumption at their manufacturing processes. These advantages
seem to be convincing for automotive traction applications.

B.1.1 Sizing

SRMs have a simple structure as the rotor consists of an iron core with distinctive
poles whereas the stator has a multi-phased excitation winding with concentrated
coils [RIE06].

According to Equ. (3.10), inductance differences can significantly contribute re-
luctance torque Tr without using any flux linkage ψd. Switched reluctance ma-
chines practice this principle as they use the magnetic unbalance of salient rotors
for their torque output T . Considering a salient rotor pole configuration, the
poles align themselves into a position such that the magnetic field lines are par-
allel orientated. When the stator pole is aligned to the rotor pole, the phase
inductance is on a maximum since the magnetic resistance is minimal. Hence,
an unaligned position of stator and rotor pole results in a minimal inductance.
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a) The ψ-I-characteristic of a single SRM
phase [SCH09].

b) Ideal inductance and phase current
characteristic of a SRM [YF09].

Figure B.1: Flux linkage, phase inductance and phase current as a function of the
rotor tooth position of a single SRM phase.

Basically, the higher the inductance ratio between aligned and unaligned posi-
tion, the higher the torque and power capability. Normally, the rotor pole arc
is slightly wider than that of the stator pole. Therefore, SRMs have relatively
few feasible stator/rotor pole number combinations ( 6

4 , 8
6 , and integer multiples

thereof being the most common) [ZH07].

The electromagnetic torque output T produced by the SRM is mainly based on
the relative change of the magnetic co-energy W ∗ with the rotor position ϕm.
Differently expressed, the torque output T can be given by the variation of the
phase inductance L depending on the rotor position ϕm. It can be expressed by

T =
∂W ∗

∂ϕm
=

1

2
I2 ∂L

∂ϕm
, (B.1)

W ∗ = ψi−W, (B.2)

where W and i denotes the magnetic energy and the phase current respec-
tively [BAAL97]. The torque output is a quadratic function of the phase current
I, and therefore independent of the current direction. In fact, this means that
positive and negative torque outputs can be achieved with the same phase cur-
rent polarity which represents a significant advantage of the SRM technology.

Basically, there are three parameters to control the torque output of the SRM,
phase current I, turn-on θon and turn-off angle θoff . The direction of the torque
T is strongly related to the slope of the induction Ci which is a function of the
rotor position ϕm [YF09]. Equ. B.1 shows that a positive gradient of the induc-
tance likewise results in a positive torque output, whereas a negative gradient
produces a negative one.

SRMs are normally designed to operate with high saturation, since the increase
of the magnetic co-energy W ∗ corresponds to the mechanical energy output.
The machine behavior and the relationship between the control parameters is
highly nonlinear which results in a complex relation between the phase current
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I and the torque output T . In fact, the characteristic of the phase current is
strongly related to the circuit time which is again depending on the rotor position
ϕm. An accurate control therefore has to precalculate the entire operational
characteristics, which is given by flux linkage ψ and phase current I. These
parameters cannot be adjusted independently from each other, hence, the ψ − i
characteristic conveys the finger print of each SRM. For this reason, iron losses
have to be taken into account for an accurate torque calculation.

The maximum change of the co-energy ∆Wmech can be achieved if the phase
current is switched on at q-position (unaligned) and switched off at d-position
(aligned). Considering Fig. B.1, it is beneficial to switch on the phase current
at position A (unaligned) almost representing a linear relationship to the flux
linkage. The phase current should be kept constant for operating the SRM at
higher saturation. Position B represents an aligned position and denotes the
position where the phase current should be switched off. The inductance range
determines the maximum torque capability. Thus, the difference between the
aligned inductance Ld and the unaligned inductance Lq should be as high as
possible. The equation reads

∂L

∂ϕm
≈ QR

Ciπ
(Ld − Lq), (B.3)

where QR denotes the number of rotor poles, and Ci is a constant for the linear
slope of the inductance. Because Lq is much smaller than Ld (Lq � Ld), the
phase current increase is very fast, however, its decrease is very slow. In fact,
the current flows only during half of the period, it is off during the second one,
see Fig. B.1 [SCH07].

The number of rotor polesQR has a significant influence on the overload capacity.
Basically, the higher the pole number, the lower the overload capability since
the inductance difference decreases [ZH07]. High overload capabilities generally
require SRMs to be operated with lower saturation as the inductance slope is
higher. Therefore, stator and rotor iron cores have to be thicker in order to lower
the flux densities. The peak torque capability is depending on:

� the rate of rise of the current after a phase winding has been commutated,

� the degree of saturation of the magnetic circuit,

� the allowable maximum current of the converter and

� the maximum allowable temperature rise.

The main losses of a SRMs are copper and iron losses. The stator has both of
them since one tooth is spanned by one coil, representing a concentrated wind-
ing topology. The rotor does not have any magnets or coils, however, there are
iron losses which have to be handled for a precise operation. The coil endings
of the stator can be designed very shortly, besides, the copper fill factor is gen-
erally higher than those of other machines. This results in lower copper losses
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which cause a higher efficiency and a higher torque density for a given phase
current [SCH07]. The iron losses are proportional to the magnetic excitation
and the supply frequency fn. Since flux waveforms are non-sinusoidal and flux
harmonic spectra differ in various parts of the magnetic circuit, iron losses are
not uniformly distributed in the core. Due to the high saturation level, the iron
losses and the magnetic excitation are high. High MMFs require high magneti-
zation currents which considerably lower the power factor cos(ϕ). The excitation
of a SRM is a sequence of current pulses applied to each phase. A speed- control
is done by regulating these currents according to a specific torque demand.

At constant torque region the available DC-link voltage of the energy source
exceeds the back-EMF of the SRM, hence, the phase currents are controlled by
PWM. When the machine is motoring, the peak current is solely determined
by the turn-on angle, while when generating, both, turn-on and turn-off an-
gle influence the peak current [ZH07]. As the back-EMF increases with higher
speeds, the voltage may be insufficient for PWM. Consequently, entering con-
stant power region means advancing the commutation angles for controlling the
torque output. Generally, the higher the speed, the higher the commutation an-
gle advance. At very high rotational speeds, the commutation advance is limited
due to the influence of the back-EMF and winding inductance since the phase
current waveform becomes continuous.

The number of rotor poles even influences the constant power range. Therefore,
the higher the rotor pole number, the lower the constant power range. In sum-
mary, not only the overload capability is reduced at higher pole numbers, but
also the constant power range is limited due to restricted commutation advances.

B.1.2 Operation, Control and Acoustic Noise

An optimal performance of a SRM can be achieved by a correct balance between
the contributions of each phase to the total flux φ and the current I. An optimal
turn-on angle θopt at a PWM control mode is therefore determined in a way that
the phase current reaches its reference value Iref at an unaligned position when
rotor and stator pole are just starting to overlap. If the turn-on angle θon delays
from the optimal value, the current increases on its reference value when entering
a rising inductance slope region. In fact, this may have serious impacts on the
torque output as the control value Iref will not be reached at high motor speeds
due to a large back-EMF [GRE00]. Contrarily, if the turn-on angle is advanced
beyond the optimal value, the conducting period is expanded to an unaligned
position. Current feeding at unaligned positions does not contribute any torque,
since the flux linkage ψ is low and the inductance slope Ci is still flat. Copper
losses increase which cause a higher idle power and a lower the power factor
cos(ϕ). Shifting the turn-on angle towards the optimal angle will certainly lower
the copper losses, nonetheless, the peak flux linkage may increase which will
increase the iron losses. Considering the above mentioned statements, it can
be concluded that there exists an optimal turn-on angle that represents a best
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a) Advanced turn-on angles. b) Optimal turn-on angles.

Figure B.2: Comparison of different turn-on angles as a function of the rotor posi-
tion [KM05].

balance between copper and iron losses and therefore raises the efficiency for
the provided torque output. The turn-off angle θoff is specified in a way that
the flux-linkages of two neighboring phases are equal to half of flux-linkage peak
value on their intersection angle [KM05].

Fig. B.2 shows the effects of optimal control by properly adjusted turn-on an-
gles at constant torque region. Not only the efficiency is increased because of
minimum copper and iron losses, but also the torque ripple is lower. In [KM05],
the deviation to the average torque was given by approximately 50% at optimal
control. However, an advanced turn-on instant lead to an inevitably rise of the
torque ripple. Torque pulsations, vibration and acoustic noise emission can be
seen as the most hindering characteristics for the use of SRMs. Basically, vi-
brations are caused by mechanical deformations which arise by magnetic forces
between the stator and rotor. The vibrations become much more serious when
the radial deformation frequency of the stator is nearly equal to the natural
frequency [ZWZ+09]. One way to smooth the torque output and to lower the
pulsations are adjusted phase current waveforms combined with well balanced
turn-on and turn-off angles. Hence, the estimation of the instantaneous torque,
an accurate determination of the rotor position and the knowledge of the flux
linkage represent key enabling factors for an effective control of SRMs. Gen-
erally speaking, the higher the speed and the higher the load, the higher the
acoustic noise. The vibrations can be lowered by making the stator yoke big-
ger since the mechanical stiffness increases. Thereby, the overload capability
can be improved, as the stator yoke becomes less saturated. Voltage-controlled
SRMs usually generate lower acoustic noise then current controlled ones, since
the random switching of the current controller results in a wide-band harmonic
spectra. Moreover, reducing the supply voltage at light loads may even reduce
the acoustic noise [ZH07]. Furthermore, there exist two alternative methods
counteracting the emission of acoustic noise. The use of conduction overlap be-
tween two phases reduces torque pulsation since the currents of two neighboring
phases are not switched on and off at the same time. The creation of an overlap,
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once properly tuned, contributes to higher torque productivity and increases the
torque density. Bipolar multi-phase excitation enables a short flux path between
two neighboring phases. This lowers iron losses, torque pulsations and therefore
vibrations [EKF05].

B.1.3 Fault Tolerance

In many cases, it is possible to consider each phase of a SRM operating in
isolation. SRMs are characterized by multi-phase windings of which each is
spanned over one tooth, representing a concentrated winding topology. The
winding modularity of SRMs assures that coils have minimal influence on each
other. A winding fault is therefore just the loss of one phase which means the
other phases may continue to operate unaffectedly due to minimal electrical,
magnetic and thermal interactions. Basically, the higher the number of phases,
the higher the fault tolerance of the motor drives and the lower the effects during
a faulted machine state. Each phase uses separate half bridges representing an
electrical decouple mechanism. Besides, the mutual magnetic coupling between
the phases is low.

Because the SRM is single-excited, there is a reduced likelihood of a phase-
phase fault because the end windings do not overlap. However, two neighboring
phases occupy the same slot, which might arise temperature problems due to
limited thermal isolation between the phases [MJHC96]. In case of a phase
fault, meaning a missing current contribution for the torque output, there will
arise a dead zone along the inner stator length. Hence, the machine’s inertia
will be responsible for passing this zone. The commutation control signals of the
damaged phase are blocked from now on in order to grant a continuous operation
of the SRM.
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