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Abstract

This thesis presents an investigation into advanced squirrel-cage induction machines (IMs), with a
particular reference to the reduction of the total axial length without sacrificing the torque and efficiency
characteristics and analysis of recently found non-sinusoidal bar current phenomenon, which occurs
under some certain design and operating conditions, and affects the overall performance characteristics
of the IMs.

As a first step, the most convenient method is determined by utilizing a fractional-slot concentrated
winding (FSCW) technique, which has advantages such as non-overlapping windings, high slot filling
factor, and simple structure. After implementing this technique, it is found that due to the highly
distorted magnetomotive forces (MMFs) created by the FSCWs, significant high rotor bar copper loss
occurs. In order to reduce the MMF harmonics without increasing the size of the machine, a new
technique titled “adapted non-overlapping winding” is developed. This technique consists of the
combination of the auxiliary tooth and phase shifting techniques, resulting in a stator with concentrated
windings of two-slot coil pitches but without overlapping the end-windings. Thanks to this method a
large number of the MMF harmonics are cancelled. Thus, a low copper loss IM with significantly
reduced total axial length is obtained. Influence of design parameters; such as stator slot, rotor slot, and
pole numbers, number of turns, stack length, stator and rotor geometric parameters, etc. on the
performance characteristics of the advanced IM is investigated and a comprehensive comparison of
advanced and conventional IMs is presented.

This thesis also covers an in-depth investigation on the non-sinusoidal bar current phenomenon. It
is observed that the rotor bar current waveform, usually presumed to be sinusoidal, becomes non-
sinusoidal in some operation and design conditions, such as high speed operation close to synchronous
speed, or fairly high electrical loading operation, or in the IMs whose air-gap length is considerably
small, etc. Influences of design and operating parameters and magnetic saturation on the rotor bar
current waveform and the performance characteristics of squirrel-cage IMs are investigated. The levels
of iron saturation, depending on the design and operating parameters, in different machine parts are
examined and their influences are also investigated, whilst the dominant part causing the non-sinusoidal
rotor bar current waveform is identified. It is revealed that the magnetic saturation, particularly in the
rotor tooth, has a significant effect on the bar current waveform.
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1 General Introduction

1.1 Introduction

With the ever-increasing global economic and population growth, the worldwide demand for
personal vehicles has increased. Therefore, the demand for fossil fuel is increasing significantly in order
to satisfy the ever-increasing number of the vehicles. Consequently, due to the rising crisis in the
petroleum supplies and CO, emission contributing to the greenhouse effect considerably, battery-
powered electric vehicle (EV), hybrid electric vehicle (HEV), and fuel cell electric vehicle (FCV) are

emerging as important areas of research.

An electrical machine is one of the key components of the EVS/HEVs. Although there are a number
of different electrical machines used in the EV/HEV traction systems, permanent magnet (PM) and
induction machines (IMs) are the most popular machines in these applications. Although a PM machine
has better performance characteristics in such applications, particularly providing a high efficiency than
an IM, because of the high cost and limited resource of the NdFeB PMs, the popularity of the IM in
EV/HEV market has risen over a decade. High reliability, relatively high efficiency, simplicity, mature
manufacturing technology and control methods, and much lower maintenance requirement of the
squirrel-cage IMs have been the key features for industrial, automotive, and domestic applications for
over 130 years.

With the concern of price and resource of rare earth PMs, electrical machines without rare earth
magnets become very interesting research topics. IMs are clearly one of the best candidates, particularly
following Tesla's use of IMs for its EV propulsion. In this thesis, advanced squirrel-cage IM topologies
with improved performance will be developed and investigated for EV applications. In addition, the
non-sinusoidal bar current waveform, a very important phenomenon occurring in the IMs, is also
investigated in depth by considering the influence of magnetic saturation and design and operating

parameters.

1.2 Induction Machines for EV/HEV Applications

Nowadays, EV/HEVs have gained increasingly attention each passing day because of the increasing
concern on the global warming, reducing fuel-oil sources, energy conservation and efficiency, etc.
Another reason is that the global CO; emission restrictions for new passenger vehicles, regulated by the
international council on clean transportation, have increased each passing year in order to benefit public
health and mitigate climate changes [DIAL16]. Therefore, to be able to improve the environmental
performance and energy efficiency of transportation, the focus on automotive electrification has

seriously re-increased in the last decades. Since the electrical machines are the heart of the propulsion



system of the EVs, their improvements have received much attention, together with power electronics,

controls and energy storage devices.

The origin of the HEVs dates back to 1890s. The first known HEV has been built by F. Porsche by
using in-well (hub) motors [ONL17i]. After Porsche, other inventors built a number of EV/HEVs in the
early 20" century. However, then the internal combustion engine (ICE) technology improved
remarkably. Consequently, the EV/HEVs disappeared from the market for a long time. After
revolutionary improvements in the fields of material science, power electronics, control systems, and
battery technology, EV/HEV concepts returned strongly nearly a century later in the form of many
research prototypes and commercial products such as Toyota Prius, Honda Insight, Nissan Leaf, Tesla
all models, etc. In addition, a substantial support to research in this area has been provided by some

government initiatives, such as the US Partnership for a new generation of vehicles [MATO01].

The electrical machines designed for propulsion applications should satisfy the following basic
characteristics [ZHUOQ7], [ZHUO8]: (a) high torque, power, and efficiency; (b) high starting torque; (c)
high torque at low speeds and hill climbing; (d) high power for high-speed cruising; (e) wide speed
range; (f) wide constant torque region (approx. 3-4 times of the base speed); (g) intermitted overload
capability, typically twice the rated torque for short durations; (h) low torque ripple and acoustic noise;
(i) high reliability and robustness; (j) acceptable cost. The PM and IM can easily satisfy the following
characteristics. Consequently, in the world's leading commercial hybrid electric vehicles (HEVs) and
electric vehicles (EVs) such as Toyota/Prius, Nissan/Leaf, BMW/i3, Honda/Insight, Chevrolet/Volt,
and several other vehicles, the interior-permanent magnet (IPM) machines are used [CHAQ7]. On the
other hand, it is preferred to use the IMs in some other vehicles. IMs have been adopted in the
transmission systems of a variety of automobiles from sport/luxury to light trucks such as Tesla/Roaster,
Tesla/Model S, GM/EV 1, Fiat/Seicento Elettra, Ford/Think City, BMW/X5, DaimlerChrysler/Durango,
Chervolet/Silverado, Renault/Kangoo ZE, etc. [ZERO06], [ZHUO07], [HASO08], [DOR12], [GOS13],
[REF13], [BOL14], [YAN15], [GUA16], [EST16], [YAN17], [ONL17a], [ONL17b], [ONL17c],
[ONL17d], [ONL17e], [ONL17f], [ONL17g], [ONL17h].

Recently, although the performance of electrical machine is significantly improved with the aid of
permanent magnets (PM), the rising cost and limited resource of rare-earth PMs have renewed attention
to using magnet-free machines. Currently, China produces 97% of the world’s rare earth elements,
therefore China may make reductions in export quotas because of the increasing global demand
[XUE11], [GUN12]. Hence, considering all of these aspects together with the increasing concern of
cost-effective design, the IM, the oldest and well-known type three-phase electrical machine, have

become increasingly attractive in the use of industry and EV/HEV applications.

Consequently, since the IMs are preferred by a large number of EV/HEV manufacturers and it is
also widely used in the other industrial applications, their improvement is of great importance in

producing green and cheap energy in the world wide.



1.2.1 Structure of the IMs

The first commercial IM was invented by Nikola Tesla in 1888 [TES88], [ALG76]. The first
invention had a stator with 4-poles comprising of tooth-concentrated windings and a wound rotor
forming a squirrel-cage with short-circuited coils, which would start and run at a little below
synchronous speed.

The former IMs were designed for the line-fed applications. Since the developments of solid-state
inverters and control algorithms have reached maturity in the early 1990s, more attention started to give
to the inverter-driven IMs [DAU91]. Due to high reliability, simple and rugged construction, relatively
high efficiency, low cost, and mature manufacturing technology and control methods of IMs, they are
favourable in a large number of different application areas. IMs still represent the largest market share

despite of the wide variety of the electrical machines [ALM14].

In terms of number of phases, there are two basic types of IMs: single-phase and polyphase. In terms
of rotor structure, there are two basic types: wound-rotor and cage-rotor. In terms of stator and winding
topology, there are thre basic types: integer-slot distributed winding (ISDW), fractional-slot distributed
winding (FSDW), and fractional-slot concentrated winding (FSCW).

1.2.2 Working Principle of the IMs

In principle, an IM is an electrical machine in which the rotor receives its power not by conduction
but by induction. A winding that receives its power exclusively by induction constitutes a transformer.
Therefore, an IM is a transformer with a rotating secondary winding. Once the phase windings are
properly connected to a 3-phase AC source, a magnetic field rotating at the synchronous speed is created.
This is basically due to the Biot-Savart law which states that a magnetic field is created around the
current-carrying wire. This field passes through the air-gap and causes inducing an EMF in the short-
circuited rotor bars due to the Faraday's law of induction. In other words, since the bars in IM are short-
circuited by a pair of end-rings and cut the stator rotating magnetic field, an EMF is induced in the rotor
copper bar, and due to this EMF, a current flows through the rotor bar, in a manner similar to current
induced in a transformer's secondary winding. Consequently, the induced currents in the rotor bars
create magnetic fields in the rotor reacting against the stator field. The current induced in the rotor bars
due to the rotating field is so directed as to oppose the change in flux due to the Lenz's Law.
Consequently, to oppose the change in bar currents the rotor starts to rotate in the direction of the
rotating stator magnetic field. The rotor accelerates until the amplitude of the bar current and torque
balances the applied mechanical load. However, the rotor can never rotate at the synchronous speed
since the rotation at the synchronous speed would results in no induced EMF in the bars. This is because
the rotor bars would appear stationary with respect to the rotation field. When no EMF is induced in the
bars, there would be no current in the rotor conductors, and consequently the force creating the torque
would not be generated. Here, the relative speed between the rotating field (synchronous speed) and the

rotor is the cause of current generation in the bars. The difference between the stator’s rotating field and



rotor speed is called as the slip. As a summary, the rotor gains its power by induction only when there
is a relative difference between the rotor speed and the stator’s rotating field. That is why an IM is also

called as an asynchronous machine.

1.3 Stator and Rotor Windings Used in Induction Machines

The IMs are designed by employing a rotating-field stator winding which is symmetrical, three-
phase AC distributed or concentrated windings. At this point, there are basically two types of windings
called integer slot and fractional slot windings. If the the stator slot per pole per phase number g is an
integer number, then the winding called integer slot winding. If the g is a fractional number, then the
winding called fractional slot winding. In addition, depending on the amount of g, these windings are
grouped as distributed and concentrated windings. If ¢ > 1, it is a distributed widing, else (g < 1) itis
a concentrated winding. However, there is an exception for distributed windings. For g =1
combination, it is possible to obtain both distributed and concentrated winding depending on the coil
pitch number y,.. More details related with this exceptional winding, calling as integer slot concentrated
winding, will be given in following section. The basic characteristics, such as winding factor,
magnetomotive force (MMF) harmonics, etc. and merits and demerits of various winding configurations

will be explained in Chapter 2, in detail.

1.3.1 Integer Slot Windings

Integer slot windings are know also as integral-slot windings. For inreger slot windings, q is any
integer number and they can be configured as either distributed or concentrated depending on y,. The
winding layouts and key properties of these winding configurations with y. from 1 to 5 are presented

as follows.

A. Integer Slot Distributed Windings

Since the coils of the phases are distributed around the stator slots with the coil pitch larger than 2
slots (y. = 2), the integer slot distributed windings (ISDWSs) are overlapping windings as illustrated in
Fig. 1.1. Furthermore, the stator slot per pole per phase number g of ISDWs is an integer number. They
can be designed as double- or single-layer. The slots of the ISDWs are distributed uniformly among
poles. The ISDWs are the most widely employed winding configurations for IMs because of their

significant advantages over FSCWSs are summarized as follows.

¢ High fundamental winding factor amplitude;
¢ High fundamental MMF amplitude per one-ampere and one-turn;
e High torque per ampere-turn;

e Very low MMF harmonics and relatively low rotor bar copper loss;



o Relatively low torque ripple, vibration, and acoustic noise

On the other hand their major disadvantages are listed below.

= Very long-end windings and consequently long total axial length;

= Relatively low slot fill factor;
= Relatively high stator copper loss;

= Complex winding structure and difficulty in manufacturing.

Fig. 1.1 Various ISDW configurations: (a) 24-slot and 8-pole, double-layer (24S/8P-DL) with y, = 2
and (b) y. = 3, (c) 48S/8P, single-layer (SL) with y. = 5.
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B. Integer Slot Concentrated Windings

Even though the integer slot concentrated windings (ISCWs) belong to the concentrated winding
family since y. = 1 is ensured (see Fig. 1.2), q is an integer number. The amplitude of the fundamental
winding factor is dramatically low (i.e. 0.5). Therefore, this winding topology is not very common and
not preffered by machine designers. Athough there is no practical use of this kind of winding topology,
in order to indicate the similarity between this winding and to be proposed winding topologies, this
section has been presented. The physical properties of this winding structure are similar to FSCWs.

However, the main differences between ISCWs and FSCWSs are summarized as follows.

e They usually do not contain sub-harmonics;
e The fundamental winding factor is usually 0.5;

e  Their fundamental MMF amplitude is lower than both ISDWs and FSCWs.

Fig. 1.2 The 24-slot and 8-pole, double-layer (24S/8P-DL) with y, = 1 ISCW configurations.

1.3.2 Fractional Slot Windings

Fractional slot windings can also be configured as either distributed or concentrated depending on y,.
For this kind of windings, the g is always an inter number. The winding layouts and key properties of

these winding configurations with y,. from 1 to 3 are presented as follows.

A. Fractional Slot Distibuted Windings

Since the coils of the phases are distributed around the stator slots with the coil pitch larger than 2
slots (y. = 2), the fractional slot distributed windings (FSDWSs) are overlapping windings as illustrated
in Fig. 1.3. Furthermore, the g of ISDWs is a fractional number. They can be designed as double- or
single-layer. However, since all the single-layer winding combinations of this family have MMF sub-
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harmonics, they are not preffered by the designers. In addition, most of the double-layer combinations
of the FSDWs have also MMF sub-harmonics. Only the double-layer winding combinations
ensuring g = k + 0.5, where k is an integer number, have no sub-harmonics. The physical difference
between the integer and fractional slot windings is that the slots of the FSDWSs are not distributed

uniformly among poles. The winding layout of the FSDWs ensuring q # k + 0.5 and g = k + 0.5 with

double-layer windings, and g = k + 0.5 with single-layer windings have been illustrated in Fig. 1.3.

D

©y.=3

Fig. 1.3 Various FSDW configurations: (a) 30S/8P-DL with y. = 3, (b) 36S/8P-DL with y. = 4, and
(c) 36S/8P-SL with y, = 3.

The key properties of the FSDWSs are summarized as follows.
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The fundamental winding factor amplitude is slightly lower than that of the ISDWs for the same

pole combinations;

The fundamental MMF amplitude per one-ampere and one-turn is also slightly lower than that
of the ISDWs for the same pole combinations;

Relatively high torque per ampere-turn;

Low MMF harmonics can be achieved only for g = k + 0.5 combinations with double-layer

windings;

Low rotor bar copper loss can be achieved only for g = k + 0.5 combinations with double-

layer windings;

All single-layer combinations have MMF sub-harmonics;
Long-end windings and consequently long total axial length;
Relatively low slot fill factor and elatively high stator copper loss;

Complex winding structure and difficulty in manufacturing.

B. Fractional Slot Concentrated Windings

The FSCWs belong to the non-overlapping winding family since the coils of the phases are

concentrated on only one stator tooth (y, = 1) as illustrated in Fig. 1.4. In addition, the g of FSCWs is

always lower than one. The winding factor of the FSCWs include both super- and sub-harmonics, except

for ¢ = 0.5 family. The family of g = 0.5 includes only super-harmonics of winding factor. Some

advantages of the FSCWs are summarized as follows.

Short end-winding;

High slot fill factor, about 60% [STAOQ5]; and it is possible to increase the slot fill factor to up
to 78% by employing compressed coils with segmented stator [JACO0];

High slot thermal conductivity due to higher slot fill factor;

Easy manufacturing.

Despite of these advantages, the research on IM having FSCWs is still not popular due to the

following drawbacks.

1)
2)
3)
4)
5)

6)

Lower fundamental MMF amplitude per one-ampere and one-turn;
Low torque per ampere-turn;

Very high MMF harmonics;

High harmonic leakage inductance;

Higher torque ripple, vibration, and acoustic noise;

Higher rotor bar loss [REF08] and higher magnetizing current necessity [GUN14];
8



Fig. 1.4 125/8P-2L with y, = 1 FSCW configuration.

1.3.3 Adapted Non-Overlapping Integer Slot Concentrated Windings

In order to combine the advantages of ISDW and FSCW configurations, a new winding
configuration called adapted non-overlapping winding (ANW), which belongs to the integer slot
concentrated winding (ISCW) family, is developed in this thesis. The same winding topology has been
intended to use in high-temperature supercoductor (HTS) synchronous machine [ZHA16]. It is shown
that the MMF harmonic content of the double-layer non-overlapping windings are low. Therefore, it is
decided to adapt the winding topology proposed in [ZHA16] into an advanced IM. As seen in Fig. 1.5,
the windings comprises of coils with y, = 2. The windings are electromagnetically overlapped but there
is no physically overlapping between the phase coils. This unique configuration has been modified to
achieve shorter total axial length without sacrificing the torque and power density and efficiency. Some
key advantages and disadvantages of the ANWSs are summarized as follows. Design, analyses,
investigations, and development of squirrel-cage IMs with ANWSs have been presented in Chapters 2,
3and 4.

¢ Relatively high fundamental MMF amplitude per one-ampere and one-turn;

o Relatively high torque per ampere-turn;

o Relatively low MMF harmonics and consequently, low rotor bar copper loss;

e Very short end-winding;

o Relatively high slot fill factor and high slot thermal conductivity due to higher slot fill factor;
e Easy manufacturing;

o Relatively high torque ripple, vibration, and acoustic noise;

e Moderate fundamental winding factor amplitude (0.866).
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Fig. 1.5 24S/8P-2L with y, = 2 ANW configuration.

1.3.4 Rotor Windings Used in Induction Machines

The rotor of an IM can be either squirrel-cage or wound rotor as shown in Fig. 1.6. Each structure
has its own advantages and each one can be used in different application areas. The squirrel-cage
consists of cylindrical laminated core having semi-closed or closed slots filled with die-casted or insert
type aluminium or copper bars which are short-circuited at each end by copper or aluminium rings (see
Fig. 1.6(b)). On the other hand, the wound rotor consists of laminated cylindrical core which has a semi-
closed slot at the outer periphery and carries three-phase insulated winding similar to stator windings
as seen Fig. 1.6(a). The rotor windings are wound for the same number of poles as the stator. Usually,
the end terminals of phase windings are connected from a star point while the start terminals of each

phase windings are connected to three copper slip rings fixed on the shaft.

Bars
short-circuited
by end-rings

(a) Wound rotor windings (b) Squirrel-cage rotor windings
Fig. 1.6 IM rotor structures: (a) wound rotor and (b) squirrel-cage rotor.
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A. Wound Rotor

For wound rotor IMs, it is possible to connect a resistance group or an inverter to rotor windings in
order to change the starting or drive characteristics of the IMs whilst the stator winding is still connected
to grid. They are extensively used in double fed induction generators for wind power application. More
than 70% of the installed wind turbines employ wound rotor IMs [GOR14]. The wound rotor IMs have
some advantages and disadvantages over their squirrel-cage counterparts, such as low required inverter
capacity [BOG13], adjustable power factor in the stator side, complex rotor structure, low efficiency,
and maintenance problem. Although the structure of the IMs having wound rotor is complicated (as
seen in Fig. 1.6(a)) and they requires frequent maintenance due to the existence of the rotor windings,
slip rings, and brushes, their starting characteristics are excellent: the high starting torque with low

starting current.

B. Squirrel-Cage

A squirrel-cage IM is a singly-fed machine and its rotor structure is very simple as seen in Fig. 1.6(b).
Therefore, it does not require a commutator, slip-rings, or brushes. In fact, there are no moving contacts
between the stator and the rotor. This results in a machine that is rugged, reliable, and almost
maintenance free. That is why the squirrel-cage IM is used widely in industrial and EV/HEV
applications. The absence of brushes eliminates the electrical loss because of the brush voltage drop
and the mechanical loss due to friction between the brushes and commutator or the slip-rings. Thus, a

squirrel-cage IM has a relatively high efficiency.

Since the rotor bars are short-circuited via end-rings, it is not possible to make an external
connections to change the starting or drive characteristics. In addition, in order to reduce the parasitic
effects, such as torque ripple, acoustic noise, vibration, etc. and increase the starting performance, the

squirrel-cage rotor of grid connected IMs is usually skewed.

1.3.5 Technical Issues with Induction Machines

There are a number of technical issues related with the IMs, namely, faults occurring in IMs,
unbalanced or asymmetric operating of IMs due to the some certain faults, and recently revealed non-
sinusoidal bar current waveform phenomenon. The accurate prediction of the degradation of the
performance characteristics of the IMs under faulty operating conditions and an appropriate
assumptions of the rotor bar current waveform, directly affecting the performance characteristics, are

of substantial importance.

A. IM Faults

Although the IMs are rugged and reliable, they are subjected to some undesirable stresses, causing
them some faults and eventually to failure as classified below [VAS93], [TOL95], [NAN99], [SID05],
[BONO8], [BELO08].
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e Stator faults defined by one or more of a stator phase winding open or short circuited, or

abnormal connection of the stator windings;

e Rotor faults defined by rotor winding open or short circuited for wound rotor and broken

bar and/or cracked rotor end-rings for squirrel-cage;

e Mechanical faults defined by dynamic eccentricity, bearing damage, misalignment, bent

shaft, etc.

These faults cause stresses, such as thermal, electrical, mechanical, and environmental resulting in

one or more of the symptoms as classified follows.

= Decreased average torque;

= Increased torque ripples and pulsations;

= Increased bar current waveform distortion level;

= Increased power losses and consequently reduced efficiency;

= Excessive heating;

= Unbalanced air-gap flux distribution, stator voltage, and line currents;

= Large errors between the predicted and measured performance characteristics.

Among the specified faults, the bearing, the broken bar/end-ring, the eccentricity, and particularly
the stator faults (35%-40% of IM failures) are the most prevalent faults [VAS93], [NAN99], [SID05].

The stator and rotor faults result in unbalanced operating situations.

B. Unbalanced or Asymmetric Operations of IMs

The wound rotor IMs with multi-phase winding configurations have the capability of running with
one or more of its stator or rotor phase open- or short-circuited or abnormal connection of the stator
windings. In the same manner, the squirrel-cage IMs with multi-phase winding configurations have also
the capability of running with one or more of its stator phase open- or short-circuited or abnormal
connection of the stator windings or broken rotor bar or end-ring. In this instance, the IM would have
asymmetric stator and/or rotor winding connections. Once the IM is operated with such an unbalanced
condition, the dynamic properties of the machine would change extremely [VAS75], [TOL95],
[ZHA96], [TOL98].

Asymmetric operation of the IMs results in unbalanced phase current, unbalanced air gap field
distribution, decreased average torque, decreased starting torque, increased torque ripple and pulsations,
increased power losses and consequently decreased efficiency and excessive heating [TOL95],
[ARAL0]. In addition, control and drive strategies developed for an IM having balanced winding

configuration would no longer work properly [ZHA96].
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C. Non-Sinusoidal Bar Current Phenomenon

The rotor bar current of an IM plays an important role in generating of torque and output power, and
accurate calculation of the power losses and consequently the efficiency [LAN77]. In a healthy squirrel-
cage IM, fed with a balanced symmetrical 3-phase sinusoidal source, the induced EMF waveform on
the rotor bars is generally presumed to be sinusoidal and consequently the bar currents are also
presumed to be sinusoidal [WEI11], [HOO11], [BUC72]. It is shown that under non-sinusoidal source
fed or faulty operating conditions, the bar current waveform can become non-sinusoidal [GYS00],
[BOTO4], [BRUO7], [KUN12], [SUN13], [MES14]. However, as will be shown in this thesis, the bar
current waveform of a healthy IM, fed with a balanced symmetrical 3-phase sinusoidal source, can also

be non-sinusoidal under some certain design or operating conditions given below.

o Very low slip;

Excessively high electric loading;
e Very short air-gap length;
e Excessively high rotor slot number;
o Inappropriate stator slot/rotor slot/pole number combinations;
¢ Not optimised/inappropriate stator/rotor slot geometries;
¢ Not optimised/inappropriate rotor skew angle;
e Very short coil pitches.
In Chapters 5, 6, and 7, the conditions for such non-sinusoidal rotor bar current to occur and the

reasons behind this phenomenon will be investigated by FEA, with particular reference to the influence

of the design and operating parameters given above.

1.4 Literature Review on Novel Induction Machines

In this section, a comprehensive literature review on the novel IMs is presented. Note that the
discussed novel topologies in this section are on the improvement of performance characteristics of IMs

by reducing or completely cancelling the MMF harmonics.

1.4.1 Novel Stator and Winding Topologies

In order to reduce the end-winding copper loss and also the total axial length, the FSCWs have been
implemented to an IM having an unconventional squirrel-cage structure as shown in Fig. 1.7. In order
to improve the starting characteristics of the IM, shaded pole structure has been employed in the stator.
In addition, in order to reduce the undesirable effects of the heavily distorted MMF waveform; such as
significantly high bar copper loss, a multi-cage rotor compromising of three-sets of bars and four

different end-rings with different dimensions has been utilized. While the largest end-ring short-circuits
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all the bars, the other rings short-circuit each set of bars separately. In other words, there is no electrical
contact between the small end-rings. Although the rotor structure is quite complex, stator structure is
quite simple. The rotor structure of this IM will be explained in the following section in more detail.

Fig. 1.7 Structure of the single tooth winding IM with multi-cage rotor [LIN76].

In order to reduce the higher order field harmonics, which may travel around the air-gap at different
speed compared to the fundamental one, two stator sections at two different axial positions is proposed
in [JACO04]. The structure of the proposed topology is illustrated in Fig. 1.8. Thus, the reductions and/or
dips in the torque-speed characteristic and the extra rotor losses can be achieved. However, as seen in

the figure, existence of the end-winding lengths and gaps between the IMs causes increasing in the total

axial length reparably.

360°/n+SKEW ANGLE

Fig. 1.8 Structure of the tooth winding IM with two stator sections at two different positions [JACO04].

A squirrel-cage IM’s performance with FSCWs has been investigated and the obtained performance
characteristics have been then compared with the ISDW version of the IM [REF08], [REF12], [GUN14],
[BAC15]. Potential advantages and disadvantages of using FSCWs in the IMs have also been presented.
According to the obtained results, it has been concluded that the IMs with ISDWSs show a superior
performance comparing to the FSCWSs in terms of torque production and rotor bar losses. It has also
been demonstrated that the higher the g, the better the performance in terms of torque and losses. On

the other hand, FSCW IM is proven superior to CSDW IM in terms of higher power density, higher slot
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fill factor, easier manufacture and lower manufacturing cost, and higher fault-tolerance. In addition,
influence of stator and rotor slot parameters on the electromagnetic characteristics of an IM with FSCWs
is discussed in [FUN15] and it is concluded that FSCW IM with closed slot rotor has lower air-gap flux
density harmonic components. The feasibility of adopting a fractional-slot doubly fed induction
generator in a direct—drive wind power generator has been investigated for the first time in [ALBO9b].
Fractional slot windings are used in both stator and rotor as seen in Fig. 1.9. This study shows that with
a suitable choice of the numbers of stator and rotor slots, it is possible to minimise the interaction
between stator and rotor MMF harmonics, and hence, limit the losses and torque ripples. In addition, it
is noticed that because of the very high magnetising current, the solutions with using a very low number
of poles are not feasible. However, a direct—drive IM having FSCWs becomes attractive in the very low

speed applications such as wind power.
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Fig. 1.9 FSCWs on both rotor and stator [ALB09b].
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Fig. 1.10 Multi-layer windings on stator and rotor [ALB12].

In [ALB12] and [ALB13], the feasibility of the FSCW technique in IMs and the limits and
difficulties have been highlighted. Multi-layer windings are used in the both stator and rotor as seen in
Fig. 1.10 in order to reduce the MMF space harmonics amplitudes which lead to limit to the torque

ripple. Due to the short end-winding of FSCWs, an increase in the efficiency and a reduction in the
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weight/torque ratio can be achieved. However, FSCWs are characterised by a high MMF space
harmonic content because of the low and fractional number of q. To be able to verify the simulation
results, a small size IM prototypes one having 2- and other having 4-layer windings have been built. It
is noticed that the large number of poles yield magnetization problems, and the high inductance reduces
the maximum torque. Because of that reason authors suggested that the multi-layer windings could be
attractive for low-speed high torque machines. In this study, a considerable reduction of the MMF

harmonics and hence torque ripple are achieved by using multi-layer windings.

In [EAS10], in order to cancel the harmonics on linear IM (LIM) presented in [EASO08] (see Fig.
1.11(a)), a planar modular winding structure with two concentric coils in each coil group is proposed
as shown in Fig. 1.11(b). In this study, as seen in single coil and two concentric coils in each group on
the stator and also various pole slot combinations are investigated. In order to suppress the oppositional
harmonic MMF waveform and reinforce the fundamental MMF waveform, a mechanically offsetted
double-sided arrangement of stators is used. In a similar study presented in [COX11], in order to cancel
unwanted MMF harmonics on a double-sided IM, simple and robust planar concentrated windings have
been implemented. These windings can be multi-layer and made with different coil pitches as seen in
Fig. 1.12. In this paper, a number of single-sided machines using multi-layered planar coils are
developed and their performance are then analysed. It is concluded that the use of these planar
concentrated windings in IMs gives significant advantages due to simplified production, reduced
material requirements, reduced labour and material costs, and improved reliability and efficiency when
compared to conventional double-layer type windings. In [POU15], a low-speed LIM with toroidal
winding is proposed for providing a better performance and efficiency in space-constrained applications.
The structure and winding layout of the proposed LIM are shown in Fig. 1.13. The obtained results of
the LIM with toroidal winding is then compared with distributed winding LIM (DWLIM) and it is
concluded that the proposed LIM has better performance and efficiency than DWLIM for every

operating slip.

b Two concentric coils in each group l

a Single coil in each group

Fig. 1.11 Modular winding stators [EAS10].

Fig. 1.12 Three-layer planar concentrated windings with different configurations [COX11].
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Fig. 1.13 Primary winding layout of the LIM [POU15].

A 20 kW high temperature superconducting induction-synchronous machine is designed and
prototyped by introducing high temperature superconducting technology to EV drive motor (see Fig.
1.14) [SEK12]. In the paper, the design method, properties of used materials, winding method,
fabrication, and test results of the prototype have been explained and a 112 Nm @ 1200 rpm

synchronous torque with 92.3% efficiency is obtained.

Fig. 1.14 Structure of the superconducting IM: (a) Analysis model of the HTS-ISM with 3-phase
ISDWs; (b) Racetrack-shaped double pancake coil for stator windings; (c) rotor bar [SEK12].

Fig. 1.15 Toroidally wound 1M, principal scheme (left) and prototype (right) [JEN12].

In [JEN12], the authors designed and built a prototype of a four-pole toroidally wound IM, where
the stator is constructed as a pre-wound foldable strip in order to achieve higher efficiency and cancel
the even harmonics. Principe scheme and the prototype of the proposed IM are illustrated in Fig. 1.15.
As seen in the figure, the windings are wound around the stator core back and hence are non-overlapped.
It is shown that if the machine is axially restricted in length it can have substantially shorter stator end-
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windings which leads to lower losses, and hence, higher efficiency when compared to the conventional
wound IM with the same geometry. The construction of a toroidally wound IM prototype and the
comparison of the experimental results to the estimated results for a conventionally wound IM having
the same geometry and operating specifications are presented. Some important findings of this study
can be summarised as:

e 31% shorter phase windings and 31% lower stator phase resistance;
o Significantly increased leakage inductance;

e Because of foldable strip, the final construction of stator contained distributed air-gaps on the
stator yoke. These gaps appeared as reluctance in the magnetic circuit and result in a decrease

in the magnetising current and magnetising reactance;

o Classic torque-speed characteristics is obtained.

In order to design high efficiency and low cost electrical machines for automotive applications,
several improving methods for PMSM, IM and wound-rotor synchronous machine have been presented
in [DAJ11a], [DAJ11b], [DAJ12a], [DAJ12b], [DAJ13a], [DAJ13b], [DAJ13c], [DAJ1l4a], [DAJ14b],
[DAJ15]. These improving methods include use of concentrated winding technique, flux barriers on the
stator core [JACO5], different number of turns per one coil side, series connected rotor bars [LIN76],
doubled stator slot with shifted winding sub-system [KOMOO], [ITO09], star & delta combined winding
connection [KOR18], and stator cage winding concept. Note that the most of the topologies presented
in these papers can be easily modified to the squirrel-cage IMs.

Phase-A1 Phase-A2
A a, A

& L

NUB S S C LT ELELENEELL

(a) [DAJ13a] (b) [DAJ11b], [DAJ13c]

Fig. 1.16 Winding configuration for reducing MMF harmonic content: (a) short-pitch fractional-slot

distributed windings and (b) auxiliary slots and winding sets shifted with a specific shift angle.

In order to improve the efficiency, short-pitch windings with y. = 2 has been proposed in [DAJ13a].
The winding layout of the proposed winding topology has been shown in Fig. 1.16. In order to reveal
the effectiveness of the proposed winding topology, efficiency of a squirrel-cage IM having 36-slot/10-
pole double-layer ISDWs with y. = 2 has been compared with its long-pitch counterpart having 90-
slot/10-pole double-layer ISDWs with y. = 9. Note that both IMs have the same geometric and
operating specifications. The obtained results from FEA show that the efficiency of proposed IM having
short-pitch windings is 3% higher than its long-pitch counterpart. On the other hand, if the machines

are designed for the same efficiency condition, a weight-reduction up to 16% and length-reduction up
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5% are reached. In a similar study, in order to minimise the MMF harmonics of 12-slots/10-pole
winding, additional slots (by doubling the number of stator slot) and additional set of winding (by
doubling the number of coils per phase) have been utilised. The reduction of MMF harmonics has been
achieved by shifting the additional set of winding with a proposed shift angle (see Fig. 1.16(b)).
However, it has been shown that it is not possible to reduce/cancel the winding harmonics without
sacrificing the fundamental winding factor.

In order to increase the efficiency and reduce the size of an 1M, a new winding structure with cage
windings has been proposed [DAJ14a], [PAT14b], [DAJ15] (see Fig. 1.17). The proposed winding type
is characterised with a simple construction and manufacturing, very low MMF harmonic content, short
end-winding length, high fundamental winding factor, and good fault tolerance. The structure of the
proposed winding type makes it possible to excite each stator bar separately. Thus, the IM can be driven
at various modes, such as pole-pair number changing, multi pole-pair operation, active phase number
changing, etc. In addition, the proposed winding construction offers a high thermal capability with a
simple cooling mechanism [DAJ14a], [PAT14b], [DAJ15].

End-winding
ring Phase
Stator core Wit

\

Bipolar power
electronic switch
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Fig. 1.17 Structure of the stator cage windings with multi-phase inverter drive concept [DAJ144],
[PAT14b], [DAJ15].

[ Jas [ Jar e Jas Jawo Jan Jatz Jasz Jass Jars Jate Jarr Tas

QQI IM with Bar-winding concept
)

Effect of combined star-delta winding configuration on a three-phase IM's torque, space harmonics,
losses and efficiency has been investigated in [MIS14]. The topology of the proposed winding
arrangement is shown in Fig. 1.18(a). It is shown that by using that winding combination, lower stator
and rotor copper losses, and hence higher efficiency, and higher fundamental winding factor and a lower
harmonic content can be achieved. In similar studies, the same combined star-delta connection method
is utilized for 18-slot/10-pole FSCW IM [MOR14] and [MOR15a]. In order to increase the performance
characteristics and reduce the MMF space harmonics, 3-phase star-delta combination is illustrated in
Fig. 1.18(a) and (b) has been utilized into a squirrel-cage IM. However, even if the some of the winding
MMF super- and sub-harmonics are cancelled/reduced, the rotor bar copper loss is not reduced

satisfactorily. A further study on the same combined star-delta connection method is utilized for 12-
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slot/10-pole FSCW IM with multi-cage rotor [MOR15b]. Although a good MMF spectrum is obtained,
the fundamental winding factor is reduced significantly. By using a multi-cage rotor, it is aimed to
reduce the air-gap flux density harmonics further. However, although some of the MMF harmonics are
suppressed, the proposed method with multi-cage structure is impractical. In order to reduce the CO>
emissions from automobiles a novel automotive integrated starter-generator (ISG) system is
investigated in [PAT14a]. The use of an IM between combustion engine and transmission forms a robust
and reasonable solution for implementation into the safety-critical drive train and avoids dependence
on expensive rare earth materials. The paper covers the design of generator system, IM with FSCWs,
comparison between 18/10 and 34/14 ISG application, and design of integrated starter generator. It is
given that if IM is mounted to the drive shaft of a 4-wheel drive car instead of the front of transmission
system that will lead to lower power losses. Considering the analysis results, it is realized that the IM
has a good partial load efficiency which is important for most driving scenarios. It is also concluded

that the sub-harmonics cannot be eliminated using a conventional squirrel cage rotor.
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Fig. 1.18 Circuit of the combined star-delta winding [M1S14] (left) and 18-slot/10-pole winding
layout [MOR14], [MOR15a] (right).

In order to increase the performance of IM by reducing the higher order MMF harmonic contents,
which cause increasing in rotor losses and parasitic torques etc., stator with a single tooth geometry
(FSCW) and barriers on each tooth that leads to decrease in the leakage flux by increasing the reluctance
in the propagation path of the leakage flux have been arranged as seen in Fig. 1.19 [JACO05]. By using
this technique, higher slot fill factor, simple manufacturing and assembling, improved torque
characteristics, higher efficiency, improved thermal properties have been achieved. Furthermore, it is
advised that the width of the gaps on the stator teeth should not more than 10 % of the width of the
tooth body otherwise, there will be a decrease in the performance of the IM. In order to reduce the MMF
harmonics, asymmetric stator slots with different number of turns per coil has been proposed in [KOCO09]
(see Fig. 1.20). It is shown that the proposed topology ensures high efficiency and torque. However, it

has some drawbacks such as increased weight, increased iron loss, increased magnetic saturation, etc.
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Fig. 1.21 Winding configuration of five-phase FSCW IM [ABD12].

In [ABD12], a five-phase 20-stator slot/4-pole (g = 1) modular winding squirrel-cage IM, whose
winding layout is illustrated in Fig. 1.21, designed for reducing the effect of MMF harmonics is

investigated through the simulations and experiments. Tradeoff, design considerations, and some
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performance characteristics have been presented by comparing the three different IMs, namely, three
and five-phase conventional, and five-phase modular. It has been concluded that with the 20% increase
in the stator outer diameter, 30% increase in total weight, 24.5% decrease in the power density, and
0.64% decrease in the efficiency, it is possible to design a modular five-phase IM by keeping the stack
length fixed with the conventional IMs. Considering the obtained experimental results, including lower
winding factor, lower power density, higher space harmonics, higher torque ripples, higher core loss,
lower efficiency and lower power factor, it seems that the proposed method is not suitable for five-
phase FSCW IMs.

An outer-rotor IM with three-layer FSCWSs and two-layers of stator slots has been designed and
analysed through FEA [SUN15]. By utilizing this kind of winding, it has been intended to eliminate
some sub- and higher-order space harmonics. The winding layout and the end-windings are shown in
Fig. 1.22. Some performance characteristics of the designed machine have been presented by comparing
the obtained results with an IM designed with conventional distributed winding. The obtained results

have been summarised as below:

FSCW IM has longer stack length but identical total axial length.

e Since very deep and remarkably narrow slot openings have been used, there is a very large
amount of leakage flux all around the stator tooth and slot parts which cause increasing in core

losses and decreasing in torque density.
e The achieved efficiency is 5.35% lower than that of the conventional IM.

e The same average torque with the conventional IM has been achieved in the FSCW IM with

higher torque ripple and high magnetising current.

In [SAK17], in order to reduce the torque ripple of IMs with FSCWs, a new winding topology called
full-slot distributed unequal-turn (FSUET) is proposed. Coils are wound around the teeth and the
number of turns of each coil is different, but the number of turns per phase is the same. As shown in
Fig. 1.23, the proposed winding method is utilized for tooth concentrated and toroidal IMs. It is shown
that thanks to the utilized winding method, the torque ripple can be reduced considerably. In addition,
it is suggested that the proposed winding topology is suitable for using in pole-changing machines with
additional inverters. However, the most important issues of IMs with FSCW, which are the rotor bar
copper loss and bar current density, have not been investigated. In addition, for the tooth concentrated
winding (Fig. 1.23(a)), placing all the phase windings with different end-winding length causes
unbalanced magnetic pull and parasitic effects because of the unbalanced phase resistance and

inductance of the windings.

A new single tooth winding layout for a single-phase IM with segmented stator has been designed
and prototyped in [ABD15b]. The proposed winding layout is based on dual two-phase windings shifted

in space by 45° electrical degrees to completely cancel out both the third and fifth order harmonics. In
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addition, different number of turns per slots have also been used for the same purpose of cancelling the
harmonics as seen in Fig. 1.24. In the study, it has been shown that the efficiency of the machine is
remarkably low. Since no performance comparison with a conventional IM has been conducted, it is

not possible to mention about the advantages/disadvantages of using the proposed method.

(a) FSUET concentrated winding (b) FSUET toroidal winding

Fig. 1.23 Configurations of motors with FSUET windings [SAK17].
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Fig. 1.24 Single-phase 1M with segmented stator and single tooth windings (left), and its winding
layout indicating the different number of turns per slot (right) [ABD15b].
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1.4.2 Novel Rotor and Cage Topologies

This part includes the novel cage and rotor core designs. A large variety of papers have been focused
on minimisation or elimination of rotor losses and parasitic effects due to the large air-gap flux density

harmonics.

It has been claimed that by utilizing multi-cages in a single rotor, it is possible to reduce the harmonic
currents [MOR34] (see Fig. 1.25). The key idea is to create a number of electrically independent circuits
which enables to maintain the fundamental bar current with reduced harmonic content. Thus, the
efficiency and torque of the IM can be improved and a lower starting current may be obtained. However,
this concept causes increasing the manufacturing cost and effort remarkably. In a similar patent, in order
to improve the performance of a three-phase IM in terms of efficiency, torque and power density, and

harmonic contents, a new stator and rotor construction has been proposed [LIN76].

(a) Rotor bar structure and one side end-ring connections for multi-cage structure
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(b) Rotor bar connection diagram

Fig. 1.26 Schematic representations of the rotor cage pattern and bar connections [LIN76].

Stator windings consist of 3-sets of FSCWs and closed loop shading coils are inserted on the each stator
pole piece. By using this stator topology, stator copper losses are reduced because of the short-end
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windings and EMF harmonics are reduced by using shading coils. The rotor consists of three-layer
windings namely A, B, C and their rings namely R1, R2, and R3 as seen in Fig. 1.26(a). In addition, as
shown in Fig. 1.26(b), other side of the multi-cages are short-circuited. Thanks to this rotor
configuration, torque density increased significantly and torque ripples and cogging torques are reduced.
It is concluded that by using this rotor and stator winding topology it is possible to increase the
efficiency up to 33% more. In [ROS62], it is proposed that utilizing closed slot rotor structure with
double-cage (see Fig. 1.27) enables to obtain a low starting current and low bar current harmonics which
can improve the efficiency and thermal characteristics of the rotor bars.

Fig. 1.27 Claimed rotor structure with die-cast winding for a squirrel-cage IM [ROS62].

60: main rotor structure;
62: a ferromagnetic layer;

64: a conductive layer;

66: air-gap.

Fig. 1.28 Stator and rotor structure with ferromagnetic and conductive layers [BLAO3].
In [BLAO3], in order to improve the speed, torque and efficiency characteristics of an IM with FSCW,
a simple rotor structure with ferromagnetic and conductive layer is proposed. The structure of the
proposed IM is illustrated in Fig. 1.28. The main function of the proposed layers on the rotor is to
diminish the Lorentz, Maxwell and hysteresis effect forces. Thus, the operational speed can be widened
and both of the torque and efficiency can be improved by reducing the parasitic effects. In order to
damp or eliminate disturbance on the rotor bars of an IM or line-start PM machine with FSCWs, the
use of squirrel-cage windings with electrically isolated loops is proposed by [VOLO07]. The structure of
the proposed rotor is illustrated in Fig. 1.29. The method not only reduces the rotor losses but also
reduce oscillating torques thanks to the additional null (not filled with conductor loops) slots provided
in the rotor. In order to improve the thermal and electromagnetic performance characteristics of an

conventional 1M, a new rotor design with alloy on the top of the slot and cast-aluminium at the bottom
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of the slot is proposed (see Fig. 1.30) [LI10]. It has been concluded that while the starting torque is
increased, the starting current decreased, and the thermal characteristics, such as homogenous heat
distribution, no influence from the change of the ambient temperature, etc. are obtained thanks to the
proposed method.

To improve the spatial distribution of air-gap magnetic field from a harmonic point of view a new
rotor configuration for doubly-fed IM is introduced [GOR13]. The schematic representation of nested
loops and the prototyped cage-rotor are illustrated in Fig. 1.31. Some loops have been inserted between
consecutive bars in order to decrease the value of rotor leakage reactance. A multi-circuit winding has
been created by connecting these loops to the end-ring from one side. If a machine has lower leakage
reactance on its rotor, motor’s space harmonic levels will be lower. By using this technique, a 12.8%
of improvement in the MMF harmonic distortion, a 11.67% reduced rotor leakage inductance,
considerably reduced iron loss, significant reduction in rotor current amplitude and equal current
amplitude in rotor bars have been obtained. The most prominent disadvantages of this rotor topology is
the increased resistance of the rotor winding. However, it is shown that the reduction of rotor inductance
has a more significant influence on the machine efficiency. Furthermore, it is also revealed that the

lower the number of rotor bars, the higher the rotor leakage reactance and vice versa.

Stator 3; tooth wound coil

6; rotor 7; three squirrel-
cage windings: 8, 9, 10,
which are electrically
isolated from one another;
no contact is made with
three slot conductors 11;
PMs 12 are located on the
external circumference of

the rotor; synchronous or

asynchronous machine 13.

Fig. 1.29 Proposed line-start FSCW IM with novel rotor cage [VOLO07].
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Fig. 1.30 IM cross-sectional view and structure of the rotor slot and bars [L110].
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Fig. 1.31 Nested loop rotor: (left) three different arrangements of the nested loop rotor and (right)
nested loop rotor prototype [GOR13].
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Fig. 1.32 IM rotor with series connected rotor bars and two winding systems [DAJ13a].

Short bar Slit sha[_Je to reduce
harmonic losses

Iron Bridge
g \l_l | | Rotation direction
- —
Bar

(a) [NEE95] (b) [KONO9] (c) [KUN17]

Fig. 1.33 Unconventional rotor slot shapes.

In [DAJ13a], in order to reduce the influence of MMF harmonics induced in the rotor bars and hence

decrease the rotor losses and parasitic effects, a new cage structure consisting of electrically isolated
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two-cages with serially connected bars (see Fig. 1.32) is proposed. It is shown that, thanks to the new
rotor topology combined with FSCW technique with a proper slot/pole combination, it is possible to
improve the torque and efficiency performances. In order to reduce the harmonic bar losses of the rotor
to a minimum, a closed rotor structure with a u-shaped bridge is proposed (see Fig. 1.33(a)) [NEE93],
[NEE95], [BOL10]. In addition, a rotor structure with short bars, as illustrated in Fig. 1.33(b), is
proposed for a railway vehicle traction in [KONO9] in order to improve the efficiency by reducing the
harmonic losses of the rotor bars. In [KUN17], in order to reduce the time and space harmonics
simultaneously, a new rotor structure with un-even tooth tips and narrower slot openings has been
proposed (see Fig. 1.33(c)). The main idea behind these studies is to make the bar move away from the

air-gap. Thus, the high-order air-gap flux density harmonics are diminished.

1.4.3 Double Stator and Rotor Topologies

This part covers the IMs designed with double stator and/or double rotors. In order to simplify the
control, particularly eliminate the requirement of a controller, improve the performance characteristics
by diminishing the field harmonics, and achieve a better utilization of the available space, or eliminate
the differential used in the EV applications, a double stator and/or rotor topologies have been widely

investigated by the researchers.

In order to simplify and increase the effectiveness of the control, a 3-phase one squirrel-cage IM
with two independent identical sets of windings is designed as seen in Fig. 1.34. Designed machine is
built and the results are also verified by the experimental test [SMI66]. Actually, in the study, the
machine is not directly designed as a two stator one rotor configuration. Two similar IMs were set up
side by side with their shafts mechanically connected via a chain and sprocket drive. It is explained that
an inexpensive, simple and effective voltage control can be achieved by physically rotating one set of
stator windings with respect to other or electrically rotating them by reconnect the phase orders (by
using tapped 3-phase stator windings). By doing this relative phase and magnitude may be controlled
without requiring any complex controllers. It is concluded that a negligible reduction in the efficiency

and slight reduction in the power factor occur when compared to identical a pair of conventional IM.
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Fig. 1.34 Schematic of twin stator squirrel-cage rotor IM [SMI66].
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In [JANO5], a detailed comparison of Linear IM (LIM) topologies, including the longitudinal-flux
LIM and the transverse-flux LIM has been investigated in order to achieve the best design selection for
very high performance systems. The general topology of the machine is a double-sided, short-moving-
secondary and long-fixed-primary windings as seen in Fig. 1.35.

primary windings
primary laminations flexible coupling

primary
leakage flux

Longitudinal-Flux secondary segment main fux paths

Transverse-Fhux

() Longitudinal-flux LIM (b) Transverse-flux LIM
Fig. 1.35 Basic constructions of different LIMs [JAN95].
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Fig. 1.36 Principle scheme of double winding IM [BUO3].

A long pole pitch is required for longitudinal-flux machine because of the large leakage inductance
due to the long-primary topology. In this machine, in order to decrease the end effects, the pole number
of the machine should be increased. Longitudinal-flux machine is favourable for short pole pitch, wide
geometries, whilst transverse-flux machine is favourable for long pole pitch, narrow geometries. One
of the important advantages of the transverse-flux machine is that the self-containment of the flux
eliminates all magnetic end effects in the both primary and secondary windings. In [BU03], a new
energy recovery double winding cage-rotor IM is introduced. In the study, a double winding IM and its
speed control methods have been proposed. As illustrated in Fig. 1.36, the machine consists of one cage
rotor and two stator windings: one of them acts as a motor and the other acts as a generator. The rotor
speed can be adjusted by controlling the voltage supplied to the secondary (generator winding). Some
key findings can be summarised as: easy phase control that does not require a controller and the used
power electronic circuit is much simpler and lower than the converter/inverter circuit which lead to

reduce cost and harmonic injection to the supply system.

In order to drive the two wheels without the differential, a novel EV drive system has been
introduced [PLA93]. In this study, an IM having a novel double rotor with cast squirrel-cage winding
and single stator having two identical polyphase winding is proposed for using in an EV drive system
without needing a differential. Some important advantages of the designed machine are as follows: both

rotors produce equal armature reaction, independent shafts provide identical torques, magnetising
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inductance, power factor and efficiency are maximised while leakage reactance, stator resistance, size
and cost are minimised. Some disadvantages of the designed machine are: selection of stator yoke
thickness is a design problem, generation of the torque depends on the saturation in the stator core and
rotor slip parameters.

D =By + Dyp
D= Dy 1+ Dyy2

Fig. 1.37 Double rotor, single stator IM: (left) structure and (right) independent shaft driving system
[CAR95].

In [CAR95], a novel axial-flux IM, which has a similar configuration (a single stator and two
squirrel-cage rotors mounted on independents shafts driving two wheels of an EV) with that in [PLA93]
as seen in Fig. 1.37, has been presented. Some of the key findings of the study can be summarised as:
axial flux IM provides a very high torque density required in EV systems, small stator yoke dimension
leads a reduction in core cost and core loss causing a high efficiency, wheels can be driven directly
without the need of differential and gear box.

Another axial-flux IM has been designed in [PRO97]. In this study, design, comparison and control
of axial flux IM and axial flux PM machine for EV applications have been presented. Designed
machines consist of double rotor and single stator configuration as presented in [PLA93] and [CAR95].
The motor acts as a mechanical differential because double rotor can rotate at different speeds.
According to the simulation results, it is concluded: double rotor axial-flux machines can allow saving
copper and iron core, and hence, higher power density and efficiency can be achieved compared with

those in the two-wheel individual motors.

A single stator with concentrated windings and a two squirrel-cages mounted on the same rotor in-
wheel IM which has a dual air-gap, axial and radial flux configuration has been designed and also
prototyped for an electric propulsion system [BEN98]. Rotor and stator configurations of the designed
machine are given in Fig. 1.38. As seen in the figure, the rotor has both radial and axial cages. In this
study, all calculations, magnetic and electric equivalent circuits of the designed machine have been
derived by using FEA. A 1 kW axial and radial flux IM built and the obtained test results are then
compared with a single air-gap axial IM whose rated values are identical. It is concluded that axial and
radial cage rotor topology has substantial advantages over the conventional radial flux machine in terms

of efficiency, volume, starting current and hence torque, and also fitness into the wheel. According to
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the obtained experimental test results, axial and radial cage IM provides 5.43% higher efficiency while

its weight is 19.10% heavier than that of single cage IM.

In an attempt to prevent the harmful leakage magnetic field produced by the double-side LIM with
high current, which produces a strong electromagnetic coupling effect, a shielding structure, has been
introduced in [ZHA14]. An equivalent circuit of double-sided LIM with shielding structure has been
presented. The obtained analytical results showed that the coupling effect and shielding plate cause a
decrease in both magnetising inductance and rotor resistance which reduces the produced force
magnitude. A novel slotless double-sided long-stator LIM has been designed on the purpose of using in
the electromagnetic launch applications [JIN14]. Total loss and temperature rise are decreased by
enlarging the conductive area of the stator windings. In addition, in order to increase the effective cross-
sectional area of the stator winding, 3-phase stator windings are arranged alternately along the
longitudinal direction of the core. Considering the simulation results it is concluded that in the saturation
state, the slip frequency is greater than that in linear state and if the slip frequencies are the same, the
stator current increases with increasing the electromagnetic force. On the contrary, if the slip frequency

is small in the saturation state, the motor power decreases.
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Fig. 1.38 Schematic view of the rotor and stator [BEN98].

In order to bring the advantages such as high torque density, wide torque-speed range, synchronous
motor-like characteristics, robust rotor configuration and low cost of IM to a traction system of an
EV/HEV, a doubly-fed, double stator-rotor configuration has been proposed [CHE14]. The designed
machine can be counterpart to two wound-rotor IMs, one with inner rotor and one with outer rotor,
which are aligned to the same axis as seen in Fig. 1.39. Some important key findings of the study can

be summarised as follows:
e Simple structure, easy speed control and wide torque-speed operation range have been achieved.
e Itis possible to connect the rotor windings in the same or reverse phase sequence.
e The proposed IM can operate in both motor and generator operation conditions at wide speed

ranges that means the power flow can be bi-directional in both conditions.

A novel electromechanical converter-electrical variable transmission (EVT) consisting of two

concentric IMs and two inverters suitable for HEVs is proposed in [CUI06]. In [CHE14], a double stator
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and rotor concept has been introduced. Two separate cage rotors are mounted to each other through a
non-magnetic support. Then, this rotor is sandwiched between two stators (see Fig. 1.39). The outer
machine is a conventional squirrel-cage IM whilst the inner machine has its squirrel-cage winding on
its outer part. The inner rotor of the IM is connected to the internal combustion engine's shaft and the
outer rotor is connected to the final gear. It is concluded that the EVT can achieve the function of
continuously variable transmission, starter and generator operation which optimises the operation of

internal combustion engine and improves vehicle performance.
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Fig. 1.39 The cross section of the doubler-rotor double-stator IM [CHE14].

1.4.4  Other Novel IM Topologies
Some other novel IM topologies are presented in this part as follows.

The use of the damper windings on the IM's stator has been brought forward in order to reduce the
sideband flux waves and attenuate the unbalanced magnetic pull (UMP) [DOR13]. In this study, a
method for reducing the UMP using additional stator windings with different pole numbers is addressed.

Some of the key findings are summarised as below:

e Damper windings slow up torque response in an inverter controlled machine.

e The damping windings are effective under some circumstances such as light loading and
dynamic eccentricity and for certain speed ranges for full load when there is static rotor

eccentricity.

o Damper windings are not very effective in cage IMs, but it is effective for wound-rotor

induction machines.

To be able to minimise the rotor resistance and optimise the leakage inductance which improves
the power factor, and hence, the system efficiency and the peak torque, bar windings are used instead
of stranded windings in the IM rotor as shown in Fig. 1.40 [JUR14]. It is shown that bar windings have
major advantages in applications, requiring lower speed and high current demand. Some key findings
summarising the several advantages of rotor bar windings over the stranded windings can be given as
follows: (a) higher slot fill; (b) shorter end-turn which will enable longer active stack length of the

machine improving the torque/ampere capability; (c) improved cooling performance due the larger
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surface area in the end-turn which can be actively cooled, and better copper to steel path; (d) improved
high wvoltage protection; (e) fully automated manufacturing process; (g) better torque ripple
characteristics are obtained by 1 stator slot skew. The disadvantage of using bar windings is that it
causes an increase in the rotor resistance with current and frequency due to eddy, skin and proximity
effects.

Structure of straded Structure of bar
winding slot winding slot

LILICIE]

Fig. 1.40 Stranded and bar winding stator slot shape [JUR14].

In [DEM14], in order to reduce the stator core losses of a conventional 1M, assignation of an
amorphous material for the stator is proposed. It is shown that the use of the amorphous material leads
to significant reduction in stator core losses compared to a conventional design with 0.5mm electric
steel laminations. However, the main disadvantage of using amorphous material is that more complex

technology of punching or cutting the material is required.

1.5 PhD Research Scope and Contributions

1.5.1 Scope of Research
The research presented in this thesis is mainly concerned with the following two topics:
o Development of advanced IMs for EV/HEV applications.
e Investigation of non-sinusoidal bar current in IMs.

To be able to overcome one of the major problems in the HEV applications, which is the reduction
of the size of the traction machine without sacrificing the torque density, output power, and efficiency
for mounting the traction machine into very limited place, an advanced topology with non-overlapping
winding technique, whose basic schematic is shown in Fig. 1.41, has been developed and then globally
optimised in order to meet the desired drive specifications. Furthermore, the second topic is to
investigate the non-sinusoidal bar current phenomenon in IMs by considering the influence of design
and operating parameters, such as slip, electric loading, magnetic saturation, air-gap length, rotor slot
number, stator slot and pole number combinations, rotor slot geometry parameters, rotor skewing, and

coil pitches.
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Fig. 1.41 Schematic of the proposed improvement methods for IMs.

The research scope and the contributions of this thesis are briefly illustrated in Fig. 1.42.

N\ Ve ™\
[ Novel Squirrel-Cage IMs Non-Sinusoidal Bar Current
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2 \_ J
Ch.2 MMF harmonics in IMs ¢
o 4 N\
l Influence of magnetic
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reduction method, v
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winding configuration, and Influence of design N
influence of design . parameters ) Ch.6
parameters —
/ v
( N\ —
h 4 Influence of operating > ch. 7
Comprehensive L parameters )

performance comparison of
Ch. 4 conventional and novel IMs
and performance of novel
IM with different rotor
topologies

J

Fig. 1.42 Demonstration of research scope and contributions.

The contents of subsequent chapters are summarised as follows:

The research on the development of advanced IMs is presented in Chapters 2-4 and mainly divided

into the following steps:
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Step 1:

Step 2:

Step 3:

Step 4:

Step 5:

Step 6:

Chapter 2. Investigation of different conventional winding topologies to reveal the

relationship between the end-winding length and the performance characteristics.

Chapter 2. Determination of suitable winding configurations for IMs for EV/HEV
applications.

Chapter 3. Development of a new winding topology with very short end-windings but high
quality MMF waveform.

Chapter 3. Investigation of the key design parameters on electromagnetic performance and
comparison of performance characteristics of IMs having adapted windings designed by
different specifications including the rotor, slot, and pole number combinations, stack
length, number of turns, geometrical parameters, etc. in order to determine the best candidate

meeting the desired drive specifications.

Chapter 4. Comprehensive performance comparison between conventional and advanced
IMs.

Chapter 4. Performance of advanced IM with different rotor topologies.

The research on the investigation of non-sinusoidal bar current in IMs is presented in Chapters 5-7

and mainly divided into the following steps:

Step 1:

Step 2:

Step 3:

Step 4:

Step 5:

Chapter 2

Chapter 5. Investigation of rotor bar current and verification of non-sinusoidal bar current

waveforms under various operating conditions.

Chapter 5. Investigation of the reasons behind the non-sinusoidal bar current waveform. The
levels of iron saturation in different parts, including stator and rotor back iron, tooth body
and tooth tips etc., are examined and their influences are then investigated, while the

dominant part which causes the non-sinusoidal rotor bar current waveform is identified.

Chapter 6. Investigation of the influence of design parameters on the non-sinusoidal bar

current waveform.

Chapter 7. Investigation of the influence of operating parameters on the non-sinusoidal bar

current waveform.

Chapter 7. Verification of non-sinusoidal bar current waveforms by numerical locked-rotor

analyses.

In this chapter, the influence of different winding configurations on the electromagnetic performance

of squirrel-cage IM is investigated. These different winding topologies, namely integer-slot distributed

winding (ISDW) with short- and long-slot pitches, integer-slot concentrated winding (ISCW), and

fractional-slot concentrated winding (FSCW), are studied considering the number of winding layers
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and slot/pole number combinations. In order to reveal the benefits and drawbacks of each winding
topology, squirrel-cage IMs designed with one of these winding topologies are compared in terms of
winding factor, winding factor harmonics, total axial length, average torque, torque ripple, machine
losses, efficiency, etc. It has been revealed that because of very high MMF harmonics induced in the
bar current, the bar copper loss of the IM designed with FSCW topology is significant. Therefore, it has
been revealed that although the compactness is a vital issue for the electrical machines designed for
Hybrid Electrical Vehicle (HEV) applications, it is not appropriate to use FSCW IMs because of the
insufficient performance and unwanted high torque ripple and parasitic effect issues. In addition, it is
also revealed that the parasitic effects of double-layer winding configuration is much lower than the

single-layer winding configuration

Chapter 3

This chapter investigates the design and analysis of an advanced squirrel-cage IM with non-
overlapping windings. The aim of this study is to improve a new winding and a stator topology for IMs
which lead to reduce the total axial length without sacrificing the torque, power, and efficiency. In order
to reduce the MMF harmonics, phase shifting method is employed for 2x9S/6P integer-slot distributed
non-overlapping winding with 2 slot-pitch IM. By adopting this method, ~43% of the MMF harmonics
have been reduced. The results show that according to conventional counterpart of the IM designed
with developed windings, it is possible to shorten the total axial length by ~25% without sacrificing the
torque, output power and efficiency. Moreover, the influences of some major design parameters, such
as stator slot/pole number combinations, rotor slot number, stack length, number of turns, slot geometric
parameters, etc., on the electromagnetic and flux-weakening performance characteristics of the

advanced IM have also been investigated in this chapter.

Chapter 4

This chapter presents a comprehensive comparison on the performance characteristics of the
advanced IMs designed with various stator slot/rotor slot/pole numbers, stack lengths, and number of
turns. The various advanced IMs having different pole numbers with different stack lengths and number
of turns, have been quantitatively compared with their conventional counterpart. Among the various
advanced IMs, the best candidates for the EV/HEV applications are determined. Moreover, influence
of various rotor types, such as insert-bar, open-slot cast-rotor, closed-slot cast-rotor with straight bridge,
and closed-slot cast-rotor with u-shaped bridge on the electromagnetic and flux-weakening
characteristics of the advanced IM have also investigated and then the obtained results have been

compared.

Chapter 5

This chapter investigates the influence of magnetic saturation on the rotor bar current waveform and

performance characteristics of a conventional IM. The levels of iron saturation in different parts are
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examined and their influences on the electromagnetic performance characteristics and bar current
waveform are investigated, whilst the dominant part which causes the non-sinusoidal rotor bar current
waveform is identified. It has been revealed that the magnetic saturation, particularly in the rotor tooth,

has a significant effect on the bar current waveform.

Chapter 6

In this chapter, the influences of a large number of design parameters on the electromagnetic
performance characteristics of conventional IMs are examined in detail with particular reference to the
bar current waveform. It has been revealed that each considered parameter has a significant effect on
the bar current waveform and the key performance characteristics, such as torque, torque ripple, power
losses, efficiency, etc. The conditions when the non-sinusoidal rotor bar current waveform occurs and

the reasons behind this phenomenon are investigated by FEA.

Chapter 7

In this chapter, the influences of operating parameters on the electromagnetic performance
characteristics and rotor bar current waveform of squirrel-cage IMs are investigated in detail. It is
observed that after exceeding the certain slip rate and electric loading level, the rotor bar current
waveform becomes non-sinusoidal even if the stator windings are fed with a symmetrical and balanced
sinusoidal source. The conditions for such non-sinusoidal rotor bar current to occur and the reasons
behind this phenomenon are investigated with particular reference to the numerical verification of the

obtained non-sinusoidal bar current waveforms by locked-rotor analyses.

Chapter 8

This chapter contains the general conclusions of the thesis and potential future works in the development
of IMs and non-sinusoidal bar current phenomenon areas.

1.5.2 Contributions of Research

The contributions of this thesis are summarised as follows:

e Development of an advanced squirrel-cage IM for EV/HEV applications by developing a non-
overlapping winding technique in order to reduce the total axial length of a squirrel-cage 1M

without sacrificing the torque and power densities, and efficiency.

¢ Investigation of influence of the key design parameters, on electromagnetic and flux-weakening

performance characteristics of advanced 1M with reference to the conventional IM.

¢ Investigation of influence and identification of dominant parts, amongst the design parameters
and operation parameters, of magnetic saturation on the non-sinusoidal bar current waveform

and performance in IMs.
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2 Analysis of Induction Machines with Different Coil Pitches

In this chapter, the influence of stator coil pitches on the electromagnetic performance of squirrel-
cage IM is investigated. Three different winding topologies, obtained by changing the coil pitches,
namely integer-slot distributed winding (ISDW), integer-slot concentrated winding (ISCW), and
fractional-slot concentrated winding (FSCW), are studied considering the number of winding layers
and slot/pole number (S/P) combinations. In order to reveal their merits and demerits, their performance
are compared in terms of winding factor, total axial length, average torque, torque ripple, losses,
efficiency, etc. It will be revealed that due to the very high MMF harmonics induced in the bar current,
the bar copper loss of the IM with FSCW is significant. Therefore, although the FSCW topology
provides very short end windings leading to more compact structures, which is desirable for the
electrical machines for EV applications, it will be demonstrated that because of the parasitic effects,
such as high torque ripple, high iron and bar copper losses, and low efficiency, it is not reasonable to
use FSCWs in IMs. In addition, it will be revealed that the parasitic effects of the double-layer winding
configurations are much lower than those of the single-layer winding configurations. Moreover, it is
also revealed that for the combinations g < 2, the higher the coil pitch, the lower the parasitic effects
and the higher the efficiency. As for the g > 3 combinations, although the MMF harmonics are reduced
remarkably, the efficiency cannot be increased because of the significantly increasing stator copper loss
due to the increased end-winding copper loss.

2.1 Introduction

The conventional integer-slot distributed windings (ISDWSs) with long-slot pitch (y, > 3) are
excessively used in industrial and traction applications [DRI86], [LIA95], [BIA97a], [BIA97Db],
[WANO5], [AGA13], [GUA15a]. These types of windings are generally characterized by high-quality
MMF waveform. However, they cause a significant increase in end windings, resulting in long total
axial length of the machine and high stator copper loss and hence low efficiency. In order to improve
the efficiency and reduce the end winding lengths, the conventional ISDWs with short-slot pitch (1 <
y. < 3) are proposed in [LAT18], [TOL91a], [TOL91b], [CHE98], [WAN14d], [PAT14c], [KAB16],
[CHEL7]. The length of end windings in such machines is still quite long due to overlapping windings.
Therefore, in order to reduce the end winding length, FSCWSs with one slot-pitch (y, = 1) [LIN76],
[JACO04], [REF08], [GUN14] could be utilized. The advantages and disadvantages of the integer and
fractional slot windings are listed in Table 2.1. As clearly seen in the table, both winding topologies
have their own advantages as highlighted in the yellow shaded boxes. Due to lower harmonic content,
lower torque ripple, lower losses, and consequently higher efficiency, ISDWSs are most extensively
adopted for the electrical machines especially in EVs. On the other hand, the FSCWs have some

advantages, such as high filling factor by using compressed coils with segmented stator (e.g. up to 78%
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in [JAC99], [REF10)), relatively higher efficiency due to higher filling factor and shorter end windings,

and simple manufacturing.

Table 2.1 Comparison of ISDW and FSCW

Characteristic Related design consideration ISDW FSCW

Magnitude of .

fundamental MME Number of stator slot/phase/pole (q) High Low
Slot-pitch number (y,)

MMF harmonic content Low High

Rotor copper loss MMF harmonics Low High

Leakage inductance Geometry of the slots and winding arrangement | Low High
Space requirement More Less
Total axial length for same stack length Long Short

End winding
Stator end winding copper loss High Low
Assembling Difficult Easy
Efficiency

Stator slot fill factor Current density Low High
Thermal conductivity

Despite of these advantages, FSCWs for IMs exhibit some serious drawbacks; such as low pull-out
(maximum) torque capability due to high leakage inductance, substantially high rotor bar copper loss,
high torque ripple, high vibration, and acoustic noise. Therefore, the research on the IMs with FSCW
is not as popular as that for PM machines with FSCW [CRO02], [ISHO05], [SAL05], [REFO05bh],
[MUNO8], [WANOS8], [TAN11], [CHE13]. However, in order to reduce or even cancel these unwanted
characteristics, the research on IMs with FSCW has been gaining increasing attention in recent years
[JAC04], [JACO5], [REFO08], [BES09b], [EAS10], [COX11], [ALB12], [MOR14], [SUN15], [SAK17].
In order to reduce the effect of sub- and super-harmonics of the MMF on the performance of IMs, some

proposed methodologies, presented in Chapter 1, are summarized as follows:

e Unconventional cage structures comprising of electrically isolated multi-cages with serial or
parallel connected bars [MOR36], [LIN76], [GOR13], [DAJ13a];

e Unconventional rotor structures with closed slot [ROS62], [NEE93], [NEE95], short bars
[KONO9], and un-even toot tips with very narrow slot openings [KUN17];

e Stator comprising of at least two stator sections with circumferential angle shift [JAC04];
e Stator with radial flux barriers on each tooth [JACO5];

e Planer modular winding structure with two concentric coils in each coil groups [EAS10] and

three-layer planar concentrated windings with different slot pitches and coil groups [COX11];

40



e Multi-layer windings on both stator and rotor supplied from double-fed source [ALBO9b],
[ALB12];

e Three-phase winding configuration comprising of combined star-delta configurations
[MIS14], [MOR14], [MOR15a];

e Stator cage windings with multi-phase inverter drive concept [DAJ14a], [PAT14b], [DAJ15];
e Unconventional stator structure comprising of asymmetric stator slots [KOC09];

e Unconventional stator and winding structures comprising of multi-layer slots and multi-layer
windings [SUN15], and multi-layer toroidal windings [JEN12], [SAK17].

In addition, in [CHAO06], [REF11], [GUN14], and [BACL15], the performance of FSCW IM and
ISDW IM are compared and the previously mentioned drawbacks, such as low pull-out torque
capability, high rotor losses, and high torque ripple, are confirmed. However, in these studies, a few
different winding configurations and very limited performance characteristics have been analysed and
compared.

In this chapter, the electromagnetic performance of IMs with different slot pitches, in terms of total
axial length, air-gap field and induced voltage harmonic distortions, stator and rotor current densities,
torque, torque ripple, output power, slip, power losses, efficiency, etc., will be compared with due
account for the influence of winding layer and S/P combination, with particular focus on the influence
of MMF harmonics on the rotor bar copper loss.

2.2 Winding Harmonic Index

It is well-known that the performance of any electrical machine is heavily related to the S/P
combinations. Therefore, it is critical to determine the most appropriate S/P combinations for the
electrical machines used in EVs. For the traction electrical machines, there are many design
considerations such as flux weakening performance, torque capability and quality, acoustic noise and
vibration. As mentioned earlier, the MMF harmonics have significant impact on the IM performance.

Therefore, a harmonic index [ALB12] is used to quantify the MMF harmonic content, as shown in (2.1).

hsni = —F—— 2.1)

where ky,p, kyp, h, and hy, are the winding factor amplitude of the h™ order harmonic, the amplitude

of the working (fundamental) harmonic, harmonic order, and the working harmonic which equalts to

pole pair number (hp = p), respectively. Althoug (2.1) does not give any information about the

direction of rotation of the MMF working harmonic, it gives useful information about the total harmonic

content of any winding topology and consequently prediction of the rotor bar copper loss. Since there
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is a direct correlation between the winding factor and MMF harmonics, the rotor bar copper loss rate
can be predicted by using (2.1). Because the MMF harmonics content is induced in the air-gap flux
density and then induced in the rotor bar induced voltage and consequently in the rotor bar current.
These harmonics cause a considerable increase in the rotor bar copper loss. Since the effort given for
the winding harmonic index calculation is quite short and the effectiveness of the rotor copper loss
prediction is quite good, it is very usefull to use (2.1). Hence, as shown in Table 2.2 and Table 2.3,
considering hgy,; for any S/P combination, the bar copper loss amound can be predicted easily. It can be
deduced that the lower the hgy,;, the lower the bar copper loss. The harmonic indices of different winding
topologies can be calculated as listed in Table 2.2 and Table 2.3 for IMs having winding slot pitch y, =
1 and 2, respectively. It should be noted that only these combinations resulting in symmetrical 3-phase
balanced windings are considered. Furthermore, only the feasible windings ensuring g = 0.5 families
having relatively low harmonic contents (hg,; < 10) with y, = 1 and 2 combinations have been
considered. From Table 2.2 and Table 2.3, it is possible to identify a suitable combination that
minimizes the MMF harmonics. As the pole number increases, the minimum harmonic index decreases.

The choice of S/P combination should consider the following factors:

I.  Low harmonic index hgy;;
Il.  High winding factor k,,; in order to improve the torque density;

I1l.  High Least Common Multiple LCM of stator slot number and pole number in order to reduce
the torque ripple [REFO05a];

IV.  High and even Great Common Divisor GCD of stator slot number and pole number in order to
reduce the unbalanced magnetic force (UMF) and improve the radial symmetry [REF05a],
[MAGO7];

V. 1 1
-<q<-=-(ky; >09) =—p Generally present higher performance than the other

2 3
combinations of FSCWs [CRO02];

1
q =7 (ky1 =0866) = No sub-harmonics, as ISDWs [REF08], [CRO02].

In addition, the torque-speed characteristics should also be considered in the determination of S/P
combination. As will be shown in Chapter 4, at high speed operation, the higher the pole number, the

lower the torque and hence the power, but also the higher the switching frequency of the inverter.

It is worth noting that the combinations with GCD (S, P) = 1 should usually be avoided since they
exhibit asymmetric radial force distribution, i.e. UMF and potentially high acoustic noise and vibration
[ISL10]. However, if the UMF is not of concern, it is possible to use GCD (S, P) = 1 combinations. In
addition, as seen in the tables, among the considered S/P combinations, g = 0.5withy, = 1landq =
1 with y. = 2 families have the minimum hg;,; due to the absence of sub-harmonics. On the other hand,

there are a number of different S/P combinations, e.g. g < 0.5, having FSCWs with cancelled or very
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low sub-harmonics as presented in [EAS10]. These configurations exhibit good compromise between

the low space-harmonic index and the high fundamental winding factor. The variation of fundamental

winding factor with respect to stator S/P for FSCW and ISCW, and fractional-slot distributed winding

(FSDW) and ISDW are illustrated in Fig. 2.1 (a) and (b), respectively. As clearly seen in the figures,

for each pole number there is an optimum stator slot number which provides the maximum fundamental

winding factor. On the other hand, there is an optimum stator S/P combination delivering the minimum

harmonic index as seen in Fig. 2.2.

Table 2.2 Harmonic Index hgp,; for various S/P combinations
for IMs with FSCW withy, = 1

S q ko1 Rgni LCM(S, P) GCD(S, P)
P=4

6 05 0.866 3.373 12 2
P=6

9 05 0.866 3.0822 18 3

18 1 05 3.0245 18 6
P=8

9 0.375 0.945 7535 72 1

12 05 0.866 2.91 24 4

15 0.625 0.711 5.781 120
P=10

9 03 0.945 9.42 90 1

12 0.4 0.933 6.084 60 2

15 05 0.866 2.781 30 5

18 0.6 0.735 4.981 90 2
P=12

18 05 0.866 2.62 36 6
P=14

12 0.2857 0.933 8.517 84 2

15 0.357 0.9514 8.453 210 1

18 0.4285 0.902 5.863 126 2

21 05 0.866 2.557 42 7

24 0571 0.76 5.061 168 2

27 0.643 0.695 5.84 378 1
P=16

15 03125 0.951 9.662 240 1

18 0.375 0.945 6.488 144 2

21 04375 0.889 6.821 336 1

24 05 0.866 2.41 48 8

27 05625 0.766 6.024 432 1

30 0.625 0.711 4.933 240 2
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Table 2.3 Harmonic Index hgy,; for various S/P combinations

for IMs with FSDW and ISDW with y, = 2

S q ky1 Rgni LCM(S,P)  GCD(S,P)
P=2
6 1 0.866 2.032 6 2
9 15 0.617 3.086 18 1
12 2 0.483 2.808 12 2
P=4
6 05 0.866 3.373 12 2
9 0.75 0.9452 4.225 36 1
12 1 0.866 1.917 12 4
15 1.25 0.711 3.3702 60 1
P=6
9 05 0.866 1.8662 18 3
18 1 0.866 1.772 18 6
P=8
12 05 0.866 2.91 24 4
15 0.625 0.951 55 120 1
18 0.75 0.945 3.663 72 2
21 0.875 0.89 3.85 168 1
24 1 0.866 1.7056 24 8
27 1.125 0.766 3.443 216 1
P=10
12 0.4 0.483 11.22 60 2
15 0.5 0.866 2.781 30 5
18 0.6 0.945 4.84 90 2
21 0.7 0.953 5.094 210 1
24 0.8 0.925 3.7 120 2
27 0.9 0.877 3.766 270 1
30 1 0.866 1.622 30 10
33 1.1 0.778 3.441 330 1
36 1.2 0.732 3.048 180 2
P=12
18 05 0.866 2.62 36 6
27 0.75 0.945 3.336 108 3
36 1 0.866 151 36 12
45 1.25 0.711 2.7 180 3
P=14
27 0.643 0.954 5531 378 1
30 0.714 0.951 4.3 210 2
33 0.7857 0.928 4.322 462 1
36 0.857 0.898 3.456 252 2
39 0.928 0.863 3.63 546 1
42 1 0.866 151 42 14
45 1.072 0.792 3.438 630 1
P=16
30 0.625 0.951 4.75 240 2
33 0.687 0.954 5.204 528 1
36 0.75 0.945 3.16 144 4
39 0.8125 0.917 4.164 624 1
42 0.875 0.889 3.314 336 2
45 0.9375 0.8585 3.6111 720 1
48 1 0.866 1.4338 48 16
51 1.0625 0.7962 3.3915 816 1
54 1.125 0.7664 2.9915 432 2
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At the points indicated with red markers in the figures, the minimum harmonic indices are obtained
with the fundamental windings factor of 0.866. Therefore, it can be concluded that for any pole number
there is an optimum stator slot number which provides the minimum harmonic index and consequently
minimum rotor losses with a moderate fundamental winding factor. The key properties of the short-
pitch (y, = 2) ISDW configurations are compared to the FSDW, ISCW, and FSCW configurations, as

summarised below:
e The higher and even GCD and consequently lower UMF;

o The lower harmonic contents and consequently rotor losses;

e The longer end winding (both radial and axial) lengths and consequently the longer total axial
length and the higher the stator copper loss.

Fundamental Winding Factor
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Fig. 2.1 Variation of fundamental winding factor with respect to slot and pole number.
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Harmonic Index
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Fig. 2.2 Variation of harmonic index with respect to S/P combinations.
2.3 Design of Different Winding Configurations

In this section, several S/P combinations and different winding configurations, which are determined
by considering the fundamental winding factor, harmonic index, and GCD calculated in the previous
section, have been analysed and compared. The corresponding winding layouts, winding factor
harmonics, harmonic indices, and MMF harmonics are calculated for each combination. The winding
factor k,,;, consists of pitch k,,, and distribution k4, factors, where there is no skewing on the stator
slots. The winding factor harmonics for FSCW and ISDW are calculated separately by using the
expressions given from (2.2) to (2.6) [BIAQ6], [FOR13], [YOK16].

kywn = kpn " kan (2.2)

kpnssow = sin (A ) = sin <hf : &> (2:3)
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kph Fscw = sin (h %) (2.4)

. _ sin (h —” ) 25)
dh_ISDW = P‘_Sm in (h %) '

B sin (h o nm) 26

kdh_FSCW - S - sin (hS . }7)-[ m) ( ' )

where h is the harmonic order, y. is the slot-pitch (coil-pitch) in terms of slot number, y,, is the pole-
pitch in terms of slot number, S, P, and m are the stator slot, pole and phase numbers, respectively.
Once the winding layout is defined, the MMF created by the stator currents can be calculated. The
parameter definitions of an MMF wave crated by a single coil are decribed in Fig. 2.3. The MMF of
order h for a coil fed with sinusoidal current, depending on the angular position 6 (the space angle at a
point of interest in the air-gap), the phase angle y between the current vector and the rotor axis as shown
in Fig. 2.3, the number of turns per phase N;, the phase current I, the angular frequency w, and the
time t, is expressed by (2.7) [MAGO3].
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Fig. 2.3 A single coil inserted in slots of the stator (left) and a common representation of the air-gap

MMEF a single coil with N, turns carriying the instantaneous current i (rigth).
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hpm

4Ngl h 1 7)
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hpm 2 y,) 2
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The equation given in (2.7) implies that the MMF can mathematically be separed into two waves,
rotating in opposite directions. Due to the need of symmetry, the waveform pattern must be repeated at
least once over the whole periphery of the machine, which means that the minimum harmonic order
is 2/p. Since the MMF pattern is not identical for each pole for FSDWs, an electrical displacement
factor is used given by (2.8), where x is the physical phase displacement in number of slots. For any
S/P combination, equations from (2.7) to (2.11) have been used for the calculation of the 3-phase MMF
of order h for a machine with symmetrical phase windings. In (2.9), y.c, N;, MMF*, MMF~, and y,
are the coil span of the ¢" coil, number of coils, forward and backward rotating MMF waves, and the
phase angle of the ¢ coil between the current vector and the rotor axis respectively. Note that the
forward and backward MMF harmonics expressed in (2.10) and (2.11) can be used to predict any stator
MMF harmonic of 3-phase winding configuration. In addition, it can be predicted that since 3-phase
windings are uniformly displaced in space with respect to each other by 120° electrical degrees all
triplen MMF harmonics are eliminated in S/GCD(S, p) slots.

Note that the magnitudes of the MMF harmonics of any S/P combinations are normalized against
that of the 3 order working hamonics since only the pole number of 6 combinations have been
considered in this section. In addition, the resultant MMF harmonics are cauclated using (2.10) and
(2.11) for any S/P combination, and in the plotted MMF spectrums, the forward and backward rotating

harmonics are denoted by ‘F’ and ‘B’, respectively.

X 1

== - 2,
n, 67 3 (2.8)
[oe] Nc
_ 4N T Yec + -
MMFE;(0)3pn(n) = sin( h= -2 ) (MMF* + MMF") 2.9)
3 & hpm 2y
h=2C€=
P
1 21
MMF?* = I, cos[wt — h(0 —y,)] - {E + cos [? (h—1)+2m-h- ny]} (2.10)
1 21
MMF~ = I  cos[wt + h(0 —y,)] - {E + cos [? (h+1)+2m-h- ny]} (2.11)

2.3.1 9S/6P-DL (y. = 1) Fractional-Slot Concentrated Winding (FSCW)

A 9-slot/6-pole double-layer with one slot-pitch (y. = 1) 9S/6P-DL FSCW configuration having
3 symmetrically distributed coils per phase has been examined in this section. Winding layout of this
combination is illustrated in Fig. 2.4. The coils of the FSCWs are concentrated around the stator teeth

and g is 0.5 for this winding configuration.
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Fig. 2.4 Winding layout of 9S/6P-DL (y, = 1) FSCW IM.
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(a) Harmonic winding factors and calculated hgp;
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Fig. 2.5 Winding analyses of 9S/6P-DL (y. = 1) FSCW configuration: (a) harmonic winding factors

and (b) normalized MMF harmonic spectrum.

The calculated harmonic winding factors, harmonic index, MMF harmonics, and MMF total
harmonic distortion (THD) are shown in Fig. 2.5. Since the pole number is 6, the fundamental winding
harmonic is 3 and the amplitude is 0.866. As clearly seen from the figures, harmonic index and THD
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of the 9S/6P-DL combination are quite high. Therefore, it can be predicted that the rotor losses will be

excessively high for the IM with this S/P combination and winding configuration.

2.3.2 18S/6P-DL (y. = 1) Integer-Slot Concentrated Winding (ISCW)

In this section, an 18S/6P-DL (y, = 1) ISCW configuration is investigated. This combination has
6 symmetrically distributed coils per phase as seen in Fig. 2.6. For this winding configuration, the
fundamental winding factor is 0.5 and the real amplitude of the working MMF harmonic is 2.8643 At
for 1-turn and 1-ampere and the magnitudes of the MMF harmonics are normalized against that of the
3" order working harmonic. The calculated winding factor and normalized MMF harmonics are shown
in Fig. 2.7. Since the winding factor of this combination is quite low, to be able to generate the same
amount of torque as the other combinations, more number of turns are required. Therefore, it can be
predicted that the stator copper loss of this combination will be higher than that of the other

combinations.

Fig. 2.6 Winding layout of 18S/6P-DL (y. = 1) ISCW IM.
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Fig. 2.7 Winding analyses of 18S/6P-DL (y. = 1) ISCW configuration: (a) harmonic winding factors
and (b) normalized MMF harmonic spectrum.

2.3.3 18S/6P-SL (y, = 3) Integer-Slot Distributed Winding (ISDW)

An 18S/6P-SL (y, = 3) ISDW configuration is examined in this part. Winding layout, harmonic
winding factors, and MMF harmonic spectrum of this combination are shown in Fig. 2.8 and Fig. 2.9,
respectively. As seen in Fig. 2.8, this winding consists of 3 symmetrically distributed coils per phase.
Since the distributed windings with y. = 3 are used, it can be predicted that the both of the radial and
axial lengths of the end windings will be longer, resulting in an increase in the end winding resistance

and consequently copper loss.

Fig. 2.8 Winding layout of 18S/6P-SL (y. = 3) ISDW IM.
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Fig. 2.9 Winding analyses of 18S/6P-SL (y, = 3) ISDW configuration: (a) harmonic winding factors

and (b) normalized MMF harmonic spectrum.

2.3.4 18S/6P-DL (y. = 2) ISDW

In this part, an 18S/6P-DL (y. = 2) ISDW configuration, whose winding layout is shown in Fig.
2.10, is investigated. This winding structure consists of 6 symmetrically distributed coils per phase.
Winding factor harmonics, winding harmonic index, normalized MMF harmonics, and MMF THD of
this combination are illustrated in Fig. 2.11. The fundamental winding factor is 0.866 and it can be seen
that the 6™, 9", and multiplies of these harmonics do not exist. Therefore, the harmonic index and the
MMF THD are quite low and the amplitude of the fundamental MMF is quite high when compared to
previous combinations. It can be predicted that the rotor bar copper loss of the IM designed with this

S/P combination and winding configuration will be lower than the earlier combinations.
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Fig. 2.10 Winding layout of 18S/6P-DL (y, = 2) ISDW IM.
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Fig. 2.11 Winding analyses of 18S/6P-DL (y, = 2) ISDW configuration: (a) harmonic winding

factors and (b) normalized MMF harmonic spectrum.
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235 36S/6P-SL and DL (y, = 5) ISDW

A 36S/6P-SL (y. = 5) ISDW configuration is investigated in this section. This combination
consists of 6 symmetrically distributed coils per phase as seen in Fig. 2.12. Since the slot pitch is 5, the
axial and radial lengths of the end windings are longer than those of the previous combinations. The
winding factor and the MMF harmonics are shown in Fig. 2.13. As seen in the figure, the fundamental
winding factor is very high (0.966). This indicates that the less number of turns will be adequate to
generate the same average torque as the other combinations. In addition, since the fundamental MMF
amplitude is quite high, the THD of the MMF is comparatively lower than the earlier combinations.
Therefore, the high amount of stator copper loss will occur due to the long end-windings. However,

remarkably low rotor losses will be achieved because of the lower harmonic content of the MMF.

Fig. 2.12 Winding layout of 36S/6P-SL (y, = 5) ISDW IM.
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Fig. 2.13 Winding analyses of 36S/6P-SL (y. = 5) ISDW configuration: (a) harmonic winding factors

and (b) normalized MMF harmonic spectrum.

Fig. 2.14 Winding layout of 36S/6P-DL (y, = 5) ISDW IM.

The 36S/6P-DL (y. = 5) ISDW combination, which is the double-layer form of the 36S/6P-SL
combination, is considered in this part. Winding configuration consists of symmetrically distributed 12
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coils per phase as seen in Fig. 2.14. In comparison with the other investigated winding configurations,
the complexity of this winding type is relatively high in terms of analysing and manufacturing. However,
as seen in the winding and MMF harmonic distortion figures shown in Fig. 2.15, this winding
configuration produces the most high quality MMF waveform. In addition, the fundamental winding
factor is fairly high (0.933) and the real amplitude of the working MMF harmonic per 1-turn and 1-
ampere is 5.345 At. Considering the lowest winding harmonic index and MMF THD of the 36S/6P-DL
combination, it can be predicted that this combination will have the lowest rotor losses and the highest
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Fig. 2.15 Winding analyses of 36S/6P-DL (y, = 5) ISDW configuration: (a) harmonic winding

factors and (b) normalized MMF harmonic spectrum.

2.3.6 54S/6P-DL (y, = 9) ISDW

In this part, a 54S/6P-DL (y, = 9) ISDW configuration, whose winding layout is shown in Fig.
2.16, is investigated. Note that, Fig. 2.16 is only for the illustration purpose. Only the winding layout
of the 54S/6P-DL combination is shown. The real dimensions have been illustrated in Fig. 2.21(g) and
the geometric specifications have been given in Appendix C.1. This winding structure consists of 9
symmetrically distributed coils per phase. Winding factor harmonics, winding harmonic index,

normalized MMF harmonics, and MMF THD of this combination are illustrated in Fig. 2.17. The
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fundamental winding factor is 0.96 and the real fundamental MMF amplitude is ~5.5 At. It can be seen
that multiplies of the 6 harmonic do not exist. Moreover, the 54S/6P combination has the least
distortion among the other combinations. Therefore, it can be predicted that the rotor bar copper loss of
the IM designed with 54S/6P-DL combination with y, = 9 configuration will be the lowest.

Fig. 2.16 Winding layout of 54S/6P-DL (y,. = 9) ISDW IM.
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Fig. 2.17 Winding analyses of 54S/6P-DL (y, = 9) ISDW configuration: (a) harmonic winding
factors and (b) normalized MMF harmonic spectrum.

2.4 General Performance Comparison of 6-pole IMs with Different Winding
Configurations

Seven different squirrel-cage IMs are designed by assigning the winding layouts given in the
previous section and adopting the specifications listed in Appendix C.1. A 2-D FEA software is
employed to simulate the designed IMs. During the analyses, the same geometrical and operational
parameters have been assigned for all the IMs. The stator current, synchronous speed, and rated
frequency are 500 Arms, 2 krpm, and 100 Hz, respectively. The rotor speed delivering the maximum
torque has been parametrically determined for each machine. Each IM has been optimized by multi-
objective global optimization by Genetic Algorithm (GA). The average torque, efficiency, and output
power are then used as optimization objectives during the optimization, which ensures that the torque
capability is maximized and copper losses are minimized. Note that in this thesis, the average torque
defined as the time average torque at pullout slip. Optimization parameters are split ratio and stator and
rotor slot geometric parameters indicated in Appendix C.1. During the optimization process the stator
current density of all IMs is set to 23.4 A/mm? for a fair comparison. Note that the allowable current
density is determined by available cooling equipment provided by Valeo Power-train [GUA15b]. In
addition, typical continuous allowable current densities for IMs having liquid cooling in ducts have
been specified as 23 to 31A/mm? [LIP17]. Consequently, determined current density is chosen as to be
within the allowable limits. More details about the optimization procedure will be presented in
Appendix E. The obtained global optimum geometric parameters are summarized in Appendix C.1.
Rotor slot numbers have been determined parametrically by conducting several parametric analyses.
The estimation method of the rotor slot numbers including the considerations such as average torque,
rotor bar current density, UMF, etc. and the general basic rules such as avoiding the multiplies of phase
and pole numbers, odd slot numbers, etc. will be explained in detail in Chapter 4 and Chapter 6. The

specifications of the core material can be found in Appendix B.
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Comparison of the fundamental winding factors of the considered combinations is shown in Fig.
2.18. It is obvious that the 18S/6P-DL (y, = 1) combination has the minimum winding factor whilst
the 18S/6P-SL (y. = 3) combination has the maximum winding factor. The calculated winding
harmonic index hgp; and the MMF THD rate are illustrated in Fig. 2.19. As clearly seen in the figure,
at the same pole number, the higher the stator slot number, the lower the level of distortion. Therefore,
it can be predicted that the lower the distortion, the lower the torque ripple, vibration, acoustic noise,

and rotor losses.
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Fig. 2.18 Fundamental winding factors of the considered slot/pole and winding-layer combinations.
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Fig. 2.19 Comparison of winding harmonic index (hgy;) and THD of winding MMFs of various

winding structures.
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Fig. 2.20 Comparison of the nomalized MMF amplitudes of different winding topologies having
different S/P combinations.
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(d) 18S/6P/20R-DL (y, = 2) (f) 36S/6P/38R-DL (y. = 5)

(9) 54S/6P/44R-DL (y, = 9)

Fig. 2.21 Cross-sections of the IMs with various S/R/P combinations and winding layouts.

As seen from Fig. 2.19, adopting double-layer windings instead of single-layer windings leads to a
decrease in the MMF THD rate. In addition, the magnitudes of the MMF harmonics are normalized
against that of the S/P combination delivering the highest MMF amplitude of the 3" order working
harmonic, which is 5.7287 At of 18S/6P-SL (y, = 3) and the obtained result is illustrated Fig. 2.20. As
expected, excetly the same amounts with that of the fundamental winding factors have been obtained.
Cross-sections of the optimized 6P IMs with different S/R combinations and winding configurations
are illustrated in Fig. 2.21. In this study, a formula, R = S + 2q, is used to calculate the optimal rotor
slot number for any stator slot/pole/phase number as seen in the figures. This empirical formula has
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been proposed by adopting a large number of parametric analyses for a large number of S/P
combinations. More details about the determination of the optimal rotor slot number can be found in
Chanper 3 and 4. The geometric, electric, and electromagnetic performance of the considered IMs are
presented in the following sections.

2.4.1 Axial Length and Phase Resistance

The average coil length of the low-voltage electrical machines with ISDWs and FSCWs having
single-layer (SL) and double-layer (DL) windings composed of pre-fabricated round enamelled wires
can be calculated by the following approximations from (2.12) to (2.15) in mm [MAGO03].

2121,y

lavispw st = 215 + % (2.12)
6.41r;,

lav_ispw oL = 2l + (2.13)
5.44nr,

lav Fsew st = 215 + S = (2.14)
3.72mr,

lav rscw pL = 215 + S = (2.15)

where [ is the stack length of the machine, y, is the coil pitch number, 7, is the average winding radius,
calculating as the distance from the centre of the machine to the middle of the slot, and S is the stator

slot number. The stator phase resistance is calculated by using the following equations.

S = 2.16
Reoit = PeulNe Loy (2.17)
SW " kf
Rphase = ReoitNe if a=1
1 -
Rphase = Rcoila if a= N, (2.18)
N, )
Rphase = Rcoil? if a1 and a+# N,

where A, is the cross-sectional area of one coil-side, N; is the number of turns per coil, S,, is the
diameter of one wire, k; is the fill factor a is the number of parallel branch, R,;; and Rypqse are the
resistance of one coil and phase resistance, respectively, p.,, is the resistivity (58 - 106)~1 in 2m, [,
is the average length of one coil, which is calculated according to winding type by using the
approximations given from (2.12) to (2.14). The calculated total axil lengths (Is¢ack + lena-winaing)
and phase resistance have been compared in Fig. 2.22 and Fig. 2.23. As expected, the total axial lengths
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of the FSCW IMs are shorter. Moreover, the total axial length of the IMs designed with single-layer
ISDWs are longer than those of their double-layer counterparts. It is interesting that the total axial
lengths of the short slot-pitch IMs (18S/6P) are longer than those of the long slot-pitch IMs because of
the more number of turns requirement of short slot-pitch configuration; compensating the low
fundamental winding factor. In addition, the higher the number of stator slots, the higher the number of
coils per phase and consequently the lower number of turns per slot and eventually the smaller winding
diameter. Therefore, even if the radial length of the long-pitch winding is longer than that of the short
slot-pitch winding, its axial length is shorter (see Fig. 2.21(d) and (f)). As seen in Fig. 2.23, since the
current densities are kept at the same level (~23.4 A/mm?) for each IM, the calculated phase resistances
are similar except for the IM with 54S/6P. However, since the average coil radial length of the IM with
54S/6P-DL (y. = 9) is the longest one among the other combinations (i.e. ~1.8 times longer than y, =
5 combinations), its phase resistance is the highest. It is also noticeable that since the ISDW IMs within
g = 2 family require less number of turns than those of g < 2 because of their high fundamental

winding factor, their phase resistance are less than those of the other combinations.
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Fig. 2.22 Comparison of total axial lengths of designed IMs.
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2.4.2 Induced Voltage

The waveform and harmonic spectra of the ‘Phase A’ induced voltage of the IMs are illustrated in
Fig. 2.24. It appears from Fig. 2.24 that the 18S/6P-DL (y. = 1) combination has the most distorted
induced voltage waveform whilst the 18S/6P-DL (y,. = 2) combination has the least distorted waveform.
It is interesting to note that, altough the MMF harmonic distortion level of the 18S/6P-DL (y. = 2)
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combination is much higher than that of the y. = 5 combinations, its induced voltage THD appears
lower. The reason for that is because the amplitude of the fundamental harmonic of the 18S/6P-DL
(v. = 2) is higher than that of the y. = 5 combinations, its THD level appears much lower. As given
in Appendix C.1, since the torque has been compensated by more number of turns for the S/P
combinations having lower fundamental winding factor, their induced voltage amplitudes has increased
due to the same stator current excitation. As clearly seen in Fig. 2.24(b), on the contrary of the FSCW
IMs, only long-pitch ISDW combinations do not contain high order harmonics.

2.4.3 Air-Gap Flux Density

Comparison of the air-gap flux density waveforms is shown in Fig. 2.25. Note that the air-gap flux
densit waveforms given in this thesis are calculated by using the radial component of the resultant air-
gap flux density. It is obvious that the higher the stator slot number, the lower the distortion in the air-
gap flux density waveform. As clearly seen in the figures, the FSCW and ISDW combinations with
short-pitch windings are highly distorted. In addition, the long-pitch ISDW combinations have higher
air-gap flux density amplitudes than those of the other combinations.
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Fig. 2.24 Phase ‘A’ induced voltage: (a) waveform and (b) harmonic spectra.
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Fig. 2.25 Comparison of air-gap flux density waveforms.
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Fig. 2.26 Comparison of air-gap flux density harmonics and THDs.
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2.4.4 Rotor Bar Current Density

The rotor bar current waveforms and their harmonic spectra are given in Chapter 6, Fig.6.79 and
Fig.6.80. As seen in the figures, all the combinations have non-sinusoidal bar current waveform and
among the various S/P combinations, the 9S/6P-DL has the most distorted bar current whilst the 36S/6P-
DL has the least distorted one. The harmonics induced in the bar current cause an increase in the bar
current density and rotor temperature. As seen in Fig. 2.27, the 9S combination, which has the most
distorted bar current waveform, has the highest rotor bar current density. In addition, the 36S
combinations have the least current density. Note that in this thesis, the rms value of the current has
been used for the calculation of the bar current density. Therefore, it can be predicted that IMs designed
with the FSCWs require more cooling equipment because of the very high bar current density. Moreover,
the ISDW IMs with short-pitch windings require more cooling equipment than those with long-pitch
windings.

30

27.25
25 A

20 A
17.06

15 74
15 A I 14.054 13.66 13.54
HE N
9S/6P-DL 188/6P DL 18S/6P-SL. 185/6P-DL 365/6P-SL 365/6P-DL 54S/6P-DL
(ye=1)  (ye=1)  (yc=3)  (yc=2)  (ye=5)  (yc=5)  (yc=9)

Bar Current Density (A/mm?)

Fig. 2.27 Comparison of rotor bar current densities.

245 Flux Distributions

Flux line and flux density distributions of the IMs are illustrated in Fig. 2.28. It can be observed that
as the stator slot number is increased, the saturation level decreases in the stator whilst it increases in
the rotor. This is because of the fact that the MMF harmonics increase the saturation level of the stator

parts due to the increase in the level of the leakage flux [REFO08].

2.4.6 Torque, Torque Ripple, and Output Power

The comparison of the averaged torque and torque ripple percentage is shown in Fig. 2.29. As
expected, the average toque of the IM with 18S6P-DL (y. = 1) is the lowest among the other
combinations because of its quite low fundamental winding factor. It has been revealed that the torque
generating capabilities of the concentrated winding combinations are poorer than those of the
distributed winding combinations. The reason behind this fact can be explained considering the torque
equation given in (2.19) [ALB12].

[e) 21

uoN I l.D cos(hf — wt

- %Z(Nslskwh + 1) f %sin(h@ — wt)do (2.19)
gn h=1
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In (2.19), u, is the relative permeability of air, N, is the number of turns per phase, I is the stator
current, L is the stack length, D is the average diameter of the air-gap, g is the air-gap length, I is the
rotor bar current, w is the angular frequency and @ is the angular rotor position. As detailed in Chapter
5, the increase in the saturation level of the rotor tooth body parts causes an increase in the 3™ harmonic
of the bar current; where the sinusoidal waveform turns into a trapezoidal-like (flat-topped) waveform.
From (2.19), it can be concluded that the lower winding factor and consequently smaller average air-

gap diameter cause the FSCW IMs to generate lower torque than those of the ISDW IMs.

(g) 54S/6P/44R-DL (y, = 9)

Fig. 2.28 Flux line and flux density distributions.
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In other words, even though the same outer diameter, stack length, and operational specifications are
adopted for FSCW and ISDW IMs, because of the more slot space requirement of the FSCW IM, the
split ratio and consequently average air-gap diameter should be reduced substantially. Therefore, even
if the number of turns of FSCW IM is increased, since the average diameter of the air-gap is reduced,
torque cannot be increased remarkably. In order to increase the average torque of the FSCW IMs, the
excitation current should be increased by keeping the wire diameter constant, i.e. the current density
should be increased. That is why the FSCW IMs require more magnetizing current than those of the
ISDW IMs. Therefore, the torque capability of ISDW IMs are much more satisfactory compared to the
FSCW IMs. From Fig. 2.29, it can be seen that as the stator slot number is increased, the torque ripple
rate reduces significantly. In addition, the double-layer configurations ensure the lower torque ripple
than those of the single-layer counterparts.
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Fig. 2.29 Comparison of average torque and torque ripple percentages.

The comparison of the speed delivering the maximum torque (speed at pull-out torque) and output
power is shown in Fig. 2.30. Note that the synchronous speed is 2000rpm and corresponding
synchronous frequency is 100Hz. For the same pole number, the lower the stator slot number, the lower
the speed and consequently the higher the slip. Therefore, the output powers of the ISDW IMs are
considerably higher than those of FSCW IMs. As for the ISDW combinations, it can be concluded that
the long-pitch winding combinations have better torque capabilities with lower torque ripple and higher
power rates than those of short-pitch winding combinations.
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Fig. 2.30 Comparison of rotor speed giving the maximum torque and output power.
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2.4.7 Power Losses and Efficiency

The copper and core losses are calculated and then compared in Fig. 2.31. The stator slot copper
loss Pg,, in and the end winding copper l0ss Psc,, onq are calculated separately in order to obtain the
total stator copper 10ss Pg.,,. Prcy, indicates the rotor bar copper loss. It is well-known that the copper
losses are the dominant loss components for IMs. As seen in Fig. 2.31, the levels of the total core
losses P, are ignorable.
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Fig. 2.31 Comparison of machine losses.

As predicted earlier, the bar copper loss B, of 9S/6P-DL FSCW IM is significantly large because of
the highly distorted MMF. On the other hand, since the fundamental bar current amplitude of the
18S/6P-DL (y, = 1) ISCW IM is lower than those of y, = 2, y. = 3, and y. = 9 counterparts (see Fig.
6.79), its bar copper loss is lower. Note that the rotor bar resistances of all IMs are almost the same.
The comparison of total loss and efficiency is shown in Fig. 2.32. As seen in the figure, the higher the
stator slot number, the higher the efficiency. As predicted previously, the IMs with long slot-pitch

ISDWs have the lowest loss and the highest efficiency thanks to their high quality MMF capability.
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Fig. 2.32 Comparison of total loss and efficiency.

2.5 Experimental Validation

The numerically calculated electric loading and the flux-weakening characteristics of a 12kW
conventional ISDW IM with 54S/44R/6P-DL (y, = 9) are validated with measurements. The test
results of the built IM is taken from [GUA15b] in order to validate the numerical calculations. The

specifications of the tested 1M are given in Appendix C.
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Fig. 2.33 Test rig components.

(a) (b) (c) Q)

Fig. 2.34 Test rig connection schematic.

The winding temperatures are assigned as 120°C during the calculations and the winding
temperatures are not beyond 120°C during the process of testing. Note that the cable resistance between

the IM and inverter is measured as 3mQ per phase which is considerably larger for a short connection
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cable. In this section, in order to make an accurate comparison between FEA predicted and measured
results, the cable is seen as part of the stator windings. The maximum inverter ratings are 707A phase
current and 48V DC link voltage. The rotor speed is fixed at ~1krpm during the electric loading test and
its peak value for flux-weakening operating is ~6krpm maximum. During the experiment, these limits
have not been exceeded. Different current amplitudes are injected with different current angles which
provide the maximum torque for each injected current amplitudes. Under these operating conditions,
average torque, output power, power factor, and efficiency characteristics have been numerically
calculated by FEA and validated by measurements. The test rig components and test rig connection
schematic are shown in Fig. 2.33 and Fig. 2.34, respectively. As seen in the figure, the prototype
machine is driven by the inverter and loaded by the dynamometer via belt transmission. The applied
voltage and current, input power, power factor, current angle, etc. have been measured by the power
analyser. In addition, torque and speed are measured by the torque and speed sensors placed between
the belt transmission and dynamometer. The comparison between FEA predicted and measured torque-
and power-current characteristics are illustrated in Fig. 2.35. Moreover, the variation of power factor
and efficiency with respect to inverter current are illustrated in Fig. 2.36. As seen in the figures, although
the power factor does not change considerably, the efficacy changes remarkably due to the increasing
stator and rotor copper losses. As clearly seen in the figures, very good agreements between the

predicted and measured results have been achieved.
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Fig. 2.35 Compariosn of FEA predicted and measured (a) torque-current and (b) power-current

characteristics for 21V inverter rating at ~1krpm.
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current for 21V inverter rating at ~1krpm.
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Fig. 2.37 Comparison of FEA predicted and merasured flux-weakenig characteristics for various

phase current operations.

FEA calculated flux-weakening characteristics of the designed ISDW IM with 54S/44R/6P is validated
by the measurements through built ISDW IM. The flux-weakening characteristics have been calculated
by using a method that combining the calculated flux-linkage and power losses matrices for various I,
and I, amplitudes by FEA and the current angle and speed loops by MATLAB®. The corresponding
calculations are given in Appendix A. Comparison of the FEA predicted and measured torque- and
power-speed characteristics for various phase current operastions is illustrated in Fig. 2.37. As seen in

the figures, good agreements between the FEA predicted and measured results have been achieved.
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Fig. 2.39 Compariosn of FEA predicted and measured efficiecny-speed characteristics for various

phase current operations.

Compariosn of the FEA predicted and measured power factor and efficiecny versus speed characteristcs
have been shonw in Fig. 2.38 and Fig. 2.39, respectively. It is obvious that there is difference between
the previously predicted efficiecny and the newly predicted efficiecny after the consideration of the
cable resistance between the IM and inverter. As seen from Fig. 2.32 and Fig. 2.39(a), because of the
large resistance of the cable between the IM and inverter, there is a ~5% reduction in the efficiecny at
2krpm operation. It is found that the higher the current level, the relatively higher the efficiecny. On the
other hand, the higher the current level, the lower the power factor. As seen, the FEA predicted and the

measured results are agreed well.

2.6 Conclusion

In this chapter, the influence of stator coil pitch on the electromagnetic performance of squirrel-cage
IMs is investigated in depth. The winding configurations, obtained by varying the coil pitch, are mainly
divided into three different groups, namely, FSCW, ISCW, and ISDW. In addition, the number of
winding layers has also been considered. Note that in order to avoid sub-harmonics, fractional slot
distributed winding (FSDW) configurations have not been considered. To be able to reveal the
advantages and disadvantages of different winding configurations, the performance of IMs designed
with FSCW, ISCW, and ISDW are compared in terms of the serial number of tunrs per phase N,
working (fundamental) winding factor k,,,,, winding factor harmonic index hy;, total axial length [,
bar current harmonic distortion THD,,,,, bar current density /., the time average torque at pullout
slip Tyyg, torque ripple percentage AT, slip s, output power Py, stator copper loss P, rotor bar
copper loss Py, and efficiency n as given in Table 2.4. The low torque ripple, low power losses, high
average torque, and high efficiency, which are essential characteristics for EVs, are chosen as
comparison criteria. Therefore, since the 36S/6P-DL (y. = 5) IM is the best candidate meeting these
criteria, it has been chosen as the base for comparison. Considering the performance parameters given
in Table 2.4, it can be concluded that the 9S/6P-DL IM designed with FSCW configuration has the

worst performance characteristics among the other IMs. As seen, for the FSCW and ISCW
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combinations with y,. = 1, even if the number of turns per phase have been increased substantially, their
torque amounts could not have been compensated. As known well, the lower working winding factor
can be companseted by more number of turns. Correspondingly, more space for stator slots is required.
Therefore, because of the more slot space requirement of the concentrated windings, the split ratio and
consequently the average air-gap diameter are reduced remarkably. Since there is a direct correlation
between the torque and rotor outer diameter (corresponding to air-gap diameter), the more number of
turns could not lead an increase in the torque although it causes a considerable decrease in the efficiency.
In addition, because of the inadequate fundamental winding factor and significantly high harmonic
index of 18S/6P-DL (y. = 1) ISCW IM, the obtained average torque is ~30% lower and the bar copper
loss is ~37% higher than that of the 36S/6P-DL (y. =5) IM. In addition, although the overall
performance of the IM with y. = 9 is very similar to that of y. = 5 combinations, since its stator copper
loss is much higher than that of the y, = 5 combinations, its efficiency is quite low. As seen in the table,
the total axial lengths of the FSCW and ISDW configurations are quite short when compared to other
configurations. This is very favourable for the HEV applications since the space left for the electrical
machine is quite limited. However, unfortunately they cannot be used in the EV/HEV applications
because of their significantly high torque ripple and insufficient output power. In addition, the
performance characteristics of the IMs with short slot-pitch ISDWs are not as bad as FSCW and ISCWs,
yet not as good as the long-pitch ISDWs. It has also been revealed that the parasitic effects of the double-
layer winding configuration are lower than those of the single-layer winding configuration. In
conclusion, a new winding topology with short end windings and low MMF harmonics will be

developed for the EV/HEV applications in Chapter 3.

Table 2.4 Performance Comparison as Percentage (Base: 36S/6P-DL (y. = 5)).

9S/6P -DL 18S/6P -DL 18S/6P -SL 18S/6P - DL 36S/6P -SL 54S/6P - DL
=1 ¥c=1) e =3) ¥ =2) (¥c=5) e =9)

Ng; +35.72 +47.06 +10.00 +25.00 0 0
kvwp -7.181 -46.409 +7.181 -7.181 +3.537 +2.9
hgni +89.767 +86.215 +47.667 +9.124 +13.853 -26.11
ly -15.297 -25.505 +20.46 +2.92 +6.721 +9.91
THD;par +553.722 +108.88 +114.13 +120.9 +29.125 -6.46
Jbar +99.488 +15.227 +29.575 +24.89 +2.884 -0.878
Tavg -19.39 -29.852 +1.876 -3.28 +3.096 -35
AT +640.66 +428.06 +174.41 +134.41 +69.9 +2.9
s +36.842 +15.79 +15.79 +15.79 0 0
Pyut -20.871 -30.404 +1.074 -4.04 +3.096 -3.46
Pscy +14.762 +15.414 +25.108 +20.345 -0.232 +77.93
Prcu +448.5 +36.888 +112.0 +102.547 +9.934 -0.711
n -22.506 -10.526 -7.002 -7.222 +0.127 -9.34
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3 Development of Advanced Induction Machines with Coil Pitch of Two Slot
Pitches

This chapter investigates the design and analysis of an advanced squirrel-cage IM with non-
overlapping windings. The aim of this study is to develop a new winding and a stator topology for IMs,
which lead to a decrease of total axial length without sacrificing the torque, power, and efficiency. In
order to reduce the MMF harmonics, the conventional phase shifting method has been utilized for the
FSCW IM with 9S/6P. Since the obtained results of the IM with 9S/6P are not satisfactory, auxiliary
stator teeth are introduced and phase shifting method is re-employed for 2x9S/6P integer-slot distributed
non-overlapping winding with 2 slot-pitch IM. By adopting this method, ~43% of the MMF harmonics
have been reduced. As a natural consequence of the auxiliary tooth, the half of the stator teeth are left
unfilled. However, in order to improve the electromagnetic performance by reducing the saturation level
of the stator yoke parts, these unfilled slots have been filled by core material. The performance
characteristics of the improved IM with 18S/6P having adapted non-overlapping windings (ANW) are
compared with those of the 9S/6P FSCWIM, and the 18S/6P and 36S/6P ISDW IMs. The key
electromagnetic performance characteristics such as induced voltage, air-gap flux density, rotor bar
current, flux density distributions, torque, torque ripple, losses, output power, and efficiency, etc. are
investigated by 2-D FEA. The results show that according to conventional counterpart of the IM
designed with ANW, it is possible to shorten the total axial length by ~25% without sacrificing the

torque, output power and efficiency by adopting the proposed ANW configuration.

In this chapter, the influences of some major design parameters, such as stator slot/pole number
combinations, rotor slot number, stack length, number of turns, slot geometric parameters, etc., on the
electromagnetic and flux-weakening performance characteristics of the advanced non-overlapping
winding induction machine (AIM) will also be investigated. It will be shown that the major design
parameters, particularly stator slot/pole number combination, stack length, and number of turns have a

significant effect on both electromagnetic and flux-weakening performance characteristics.

3.1 Introduction

In conventional electrical machines, the windings are designed to achieve the maximum fundamental
winding factor in order to maximize the torque density. However, as verified in Chapter 2, the short-
pitch windings suffer from the high contents of MMF harmonics, resulting in high bar copper loss,
torque ripple, acoustic noise, and vibration [TOL91a], [TOL91b], [TOL94], [FREOQ7], [BIAO8],
[WAN14b]. To be able to reduce the undesirable effects of the MMF harmonics in AC machines, a
number of different methods such as multi-layer windings [GERO05], [ITO09], [EAS10], [CIS10],
[EASO08], [COX11], [RED11], [JEN12], [RED12], [RED14], [ALB12], [ALB13], [CHE14b], [SUN15],
[SAK17], stator yoke and/or tooth flux barriers [JACO05], [HEI15], [DAJ12a], [DAJ12b], dual stator
constructions or dual-layer windings [JAC04], [EASO08], [EAS10], [COX11], notches in the stator tooth
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tips [GUOO07], [YUBO7], hybrid star-delta connections [MIS14], [LI14], [YON15], [ABD15], flux
repeller (conductive solid bar that reduces the leakage flux) in the rotor/stator slot openings [GIE14],
different number of turns per coil side [DAJ11a], [DAJ11b], [DAJ12b], [MOR14], [DAJ14], and the
recently investigated 2 slot-pitch fractional winding topologies [DAJ13a], [WAN14a], [WAN14b],
[WAN14c], [WAN14d] have been developed. In addition, the influence of slot number and pole number
combination and winding configuration on the MMF quality of PM brushless motors has been
investigated [ISHO6], [WANOG].

In Chapter 2, it has been demonstrated that by using multi-layer windings, torque ripple and bar
copper losses can be suppressed by sacrificing the average torque slightly. In addition, it is shown that
the multi-layer windings cause a reduction in the amplitude of the MMF sub-harmonics whilst they
have no influence on the super-harmonics [ALB12]. In addition, the same phenomenon has been
verified by using flux barriers and different number of turns per coil sides [DAJ11a], [DAJ12a]. It is
shown that only the sub-harmonics could have been suppressed by flux barriers and different number
of turns per coil sides. In order to suppress some sub-harmonics induced in the rotor EMF, rotor tooth
notches that leads to reduce the harmonic content of the air-gap flux density have been used in the tooth
tips [GUOO7], [YUBO7]. However, the obtained results from these studies are not very satisfactory.
Hybrid Wye-Delta phase connection technique has also been investigated as another alternative method
to reduce some MMF harmonics by introducing three extra phases. By employing this technique, it is
possible to reduce only some low-order harmonics [ABD15]. Nevertheless, the obtained results from
the IM having 6-phase Wye-Delta connection are not satisfactory when compared to the results obtained
from the conventional 3-phase counterpart with Wye connection.

In order to mitigate or cancel some MMF harmonics in the rotor, a double-fed IM with FSCWs is
introduced [ALBO9Db], [ALB12]. In order to overcome the limited performance of squirrel-cage IM with
FSCWs, the rotor is equipped with FSCW configuration and supplied by a converter. In order to further
mitigate the MMF harmonics and increase the performance of the FSCW IM with wound-rotor, multi-
layer windings have been introduced [ALB13]. In order to improve the performance of the FSCW IMs,
some other different methods, such as single and multi-phase winding FSCWs [JUNO07], [KHA12],
[KHA15a], outer-rotor topology with modular stator windings [VIR12] and outer rotor IM with multi-
layer FSCW wound around two and three layers of stator slots [SUN15], multi-layer toroidal windings
[JEN12], [SAK17], stator cage windings [DAJ13], [DAJ14], combination of different number of turns
per one coil side and combined star-delta connection [MOR14], and two sets of FSCWSs with a dual
slot-layer stator structure [DAJ16] have been used in the last decade. However, although the MMF
harmonics are relatively mitigated by using various methods explained above, the obtained results are
not satisfactory because of the newly arisen drawbacks, such as low torque per flux due to the relatively
low winding factor and an increase in the total axial length and consequently in the copper loss due to
the requirement of the extra number of turns. In addition, in order to increase the performance

characteristics, such as slot fill factor, fault tolerant, simplicity, etc., FSCWSs have been utilized for
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linear IMs, and some feasible MMF reduction methods such as multi-layer modular/planar windings,
dual stator structure, etc. have been investigated in [COXO08], [EAS08], [EAS10], [COX11], [KHA15Db].

A new winding technique, called stator cage winding, has been introduced in [DAJ14]. Instead of
the conventional stranded windings, a solid cage winding, whose one-end side has been short-circuited
and the other end-side is directly connected to a multi-phase inverter, has been utilized. The winding
structure is characterized with high quality MMF distribution and very short end-winding length. It has
been also shown that in order to reduce the MMF sub-and super-harmonics simultaneously, the number
of stator slots is doubled but the number of poles is maintained the same in the PM motor with FSCWs
[DAJ13a], [DAJ13b]. However, the fundamental harmonic winding factor and consequently the torque
density are reduced when compared to PM motor with ISDWSs. Therefore, the methods of harmonic
cancellation in PM machines with FSCWs are further investigated by modifying the coil pitch of two,
three, or four slot pitches which might reduce the sub- and super-harmonics simultaneously [KOMOQ0],
[DOR11], [ZHE11], [DAJ11b], [RED11], [DOG11], [WANL13], [CHE13].

In the previous chapter, it has been revealed that, the higher the slot pitch, the higher the winding
factor, and the lower the MMF harmonics. Therefore, for the IMs with g = 1 combinations are
advantageous in terms of lower torque ripple, copper loss, and consequently higher efficiency. It should
be noted that increasing the coil pitch number will cause an increase in the length of end-windings, the
total axial length and consequently the stator copper loss. As it is known, the space left for an electrical
machine in the traction system of an EV/HEV is very limited. Therefore, compactness is a very
important issue in the design of electrical machines for EV/HEV applications. Consequently, a new
methodology needs to be developed in order to increase the slot-pitch number without increasing the

end-winding length of the stator windings.

In this chapter, a new winding and stator topology for more compact IMs is introduced. In order to
reduce the MMF harmonics, causing significantly high rotor bar copper loss and torque ripple,
combination of the phase shifted multi-layer winding method and auxiliary stator tooth method have
been developed. Moreover, in order to further improve the performance characteristics of the IMs by
reducing the saturation and leakage flux amplitudes, the stator slots have been re-shaped by utilizing
the unfilled slots. The steps of the performance improvement process have been explained in detail and
the obtained performance characteristics have been compared with those of the IMs designed with
FSCWs and ISDWs with short- and long-pitch windings. Moreover, the influence of some major design
parameters on the flux-weakening and performance characteristics of the AIM have been investigated

in detail.

3.2  MMF Harmonic Cancellation

In Chapter 2, some useful MMF cancellation or reduction methods implemented only in the IMs

have been described. On the other hand, a large number of MMF cancellation or reduction methods
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implemented in AC machines including PM machines and IMs have been reviewed in this chapter. In
this section, an adapted MMF cancellation method comprising of the combination of the conventional

phase shifting and auxiliary stator tooth methods will be introduced.

3.2.1 Conventional Phase Shifting Method

As validated in the previous chapter, the FSCWs are characterized by a high MMF harmonic content
due to the unity slot pitch number and fractional number of slot per pole per phase q. As explained
previously, in order to reduce these MMF harmonic contents, multi-layer winding method has been
used extensively. In order to reveal the influence of the multi-layer windings on the performance
characteristics, previously designed 9S/6P-DL (1sp) FSCW IM will be studied in this section. The
winding layout of the studied combination and shifting method is illustrated in Fig. 3.1. Note that, the
figure shows the initial case in which the shift angle is zero.

Shifting

Bottom Layer Direction
(Ref. Frame)
2. Set
Top Layer

"

-) +28

(Shifted Frame)

Fig. 3.1 Winding layout of the 9S/6P-4L combination: (+) is the base polarity and (-) is the opposite
polarity.

kwh_final = kwh_initial ’ |COS (h %M (3.1)

As seen in the figure, each slot has 4-layer winding with the same 2 winding sets. The 1% set
(bottom layer) has been chosen as reference (fixed) frame whilst the 2" set of winding has
chosen as shifted frame. Since there are 9 slots in the stator the shifting angle « is %2 =
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120°e per slot. Initially, the polarity of all windings are positive (+), which is anticlockwise,
and they are not changed during the shifting progress. After 1080°e of shift angle is completed,
the polarity of the 2" set of winding has been changed from positive (+) to negative (-), which
is clockwise, and variations of torque, torque ripple and rotor bar current density characteristics
are observed. The new winding factor k,, finq depending on the initial winding
factor k,,p_initiar» the harmonic order h, the shift angle « in electrical degree, and the pole
number P can be calculated by (3.1). The variation in the low- and high-order winding factor
harmonics with respect to « is illustrated in Fig. 3.2. Since the winding factor harmonics of the
9S/6P combination have only sequential harmonics, whose amplitudes are 0.866 (see Fig.
3.8(a)), many of the harmonics vary with the same pattern, i.e. the first group 3", 15", 215 and
the second group 6™, 12", and 24™ harmonics have exactly the same pattern. The same
circumstance is valid for the higher-order harmonics. On the other hand, even if the 2" winding
set becomes (-), exactly the same waveform shown in Fig. 3.2 is obtained because of the

symmetry of the winding configuration.
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Fig. 3.2 Variation of harmonics with respect to shift angle a: (a) low-order and (b) high-order.
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Fig. 3.3 Variation of torque, torque ripple and rotor bar copper loss with respect to shift angle: (a)
whilst the both of the winding sets are in (+) polarization and (b) while the 1.setis in (+) and 2.set is

in (-) polarization.

The obtained results for both of the cases (+, + and +, -), are shown in Fig. 3.3. As seen in Fig. 3.3(a),
the rotor bar copper loss, torque, and torque ripple have the similar waveform. Considering Fig. 3.2, it
can be concluded that the working fundamental winding harmonic has been shifted from the 3" to the
6™ harmonic order. This is because the torque is maximised at 360°e of the shift angle. Once the polarity
of the 2" set of winding is changed from (+) to (-), the obtained performance characteristics are shown
in Fig. 3.3(b). Since, to change the winding polarization results with the existing dead-slots, the zero-
torque has been achieved at 0°e, 360°e, 720°e, and 1080°e of the shift angle. As in the previous case,
the obtained curves have the similar trajectory. In addition, changing the polarizations causes a slight
reduction in the average torque, torque ripple, and rotor bar copper loss as seen in Fig. 3.3. As clearly
seen in the figures, torque ripple and the bar copper loss vary with the torque. This is a clear indicator
that the winding factor harmonics cannot be cancelled or mitigated sufficiently. Therefore, it can be
concluded that it is not possible to reduce the MMF harmonic contents by shifting the phases by 120°e
for the 9S/6P combination.
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3.2.2  Phase Shifting with Auxiliary Tooth Method

An innovative method for reducing the MMF harmonic content is presented in this section. The
9S/6P-4L combination, presented in the previous section, has been utilized here by forming auxiliary
identical teeth. Therefore, the stator slot number has become 2x9S. Thus, an extra shifting angle has
been provided that may cause reducing the winding harmonic content.

1. Set

Bottom Layer Shifting

Direction

2. Set
Top Layer
(Ref. Frame)

Fig. 3.4 Winding layout of the 2x9S/6P-4L combination.

As a consequence of doubling the slot number of the stator, the shifting angle a became %g = 60°

electrical per slot. The winding layout and shifting scheme are illustrated in Fig. 3.4. Since the coils are
not physically overlap each other, even if the slot pitch is two, each coil can be imagined as a single
lap-coil as being in the FSCW topology. Therefore, by using this idea it is possible to design lap-coil
windings with any slot pitch number without reducing the fundamental winding factor. However, this

method cannot be used for each S/P combinations.

There are some specific rules for suitable combinations as expressed in (3.2) and (3.3). In order to
utilize the lap-coils with multiple overlays, two-layer per slot windings, (3.3) should be satisfied. In
(3.3), k isan integer and k,,,, indicates the fundamental winding factor of any combination with p pole-
pair number. For this kind of windings, the number of overlays n; is consistently equal to number of
slot-pitches y, and the fundamental harmonic of the winding factor needs to be different from unity. On
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the other hand, (3.4) is valid for the combinations whose fundamental winding factor equals to unity.

The same shifting method, as explained in the previous section, has been utilized for 2x9S/6P
combination with the halved shift angle.

—-3rd -@-6th -%-12th o0 15th =—a 2Ist o 24thl
-1

0.8

oL

0.6

0.4

Winding Factor

0.2

0 120 240 360 480 600 720 840 960 1080
Stator Slot Electrical Shift Angle (deg)

(a) Low-order harmonics

N} A o //&\\ > A\

1
L-@--SOth .@-33th -%-30th 0 42th —a- 48th —o 51sti
0.8 N " /1N, 1

PRI I LRI A AN B

Winding Factor

- 3 ] 0 I D
024 ¢ \ / | u \ ] & S 4 0 i

0 120 240 360 480 600 720 840 960 1080
Stator Slot Electrical Shift Angle (deg)
(b) High-order harmonics
Fig. 3.5 Variation of harmonics with respect to shift angle a whilst the winding set polarizations are

(+, +): (a) low-order and (b) high-order.

ne=y (kyp#1) (3.2
m =3k and kwp *1 (33)
ng=y—1if ky,=1 (3.4)

When the winding set polarizations are (+, +), variation of the winding factor harmonics with respect
to shift angle is shown in Fig. 3.5. As clearly seen in the figure, introducing auxiliary identical teeth
causes further reduction in the winding factor harmonics when compared to 9S/6P combination.
Depending on the shifting angle some of the low- and high-order harmonics have been reduced and

some of them have been completely cancelled, i.e. 6™, 30™, 42", 63", and so on harmonics are cancelled
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at the 180°e (see Fig.

3.8(b)). However, the fundamental winding factor has been reduced at this shift

angle. When the winding set polarizations are (+, -), the variation of the winding factor harmonics with

respect to shift angle is illustrated in Fig. 3.6. As seen in the figure, by adopting negative polarity of the

2" set of winding, 6™ and all the multiply of 6™ harmonics are completely cancelled at 180°e (see Fig.

3.8(b)). It can also be seen that the fundamental winding factor has been maximized at 180°e.
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Fig. 3.6 Variation of harmonics with respect to shift angle a whilst the winding set polarizations are

(+, -): (a) low-order and (b) high-order.

Therefore, the optimum shifting angle is 180°e for 2x9S/6P combination. After shifting 180°e (3 slot

pitches) of the 2" winding set and having the correct assignation of the winding polarizations, the final

winding layout of the 2x9S/6P combination is shown in Fig. 3.7. As seen in the figure, half of each slot

is empty. However, in order to improve the performance of the advanced IM, these empty slots will be

utilized in the next section and the influence of using the slots will also be explained. On the other hand,

the case that the full slot is utilized but the end winding overlapped will also be investigated in Section

3.6. Initial and final

illustrated in Fig. 3.8.

winding factor harmonics and the calculated harmonic interaction indexes are

It is clearly seen that the winding harmonics are significantly reduced especially

in case of 180°e shifting while the winding sets are polarized as (+, -). Therefore, it can be predicted

that the rotor bar copper loss will be considerably low when compared to that of the 9S/6P combination.
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In addition, since the magnitude of the fundamental winding factor has not changed, there will be no

reduction in the average torque.

Fig. 3.7 Final winding layout of the 2x9S/6P combination.

The influence of the phase shifting in case of 2x9S/6P combination on the torque, torque ripple, and
rotor bar copper loss are illustrated in Fig. 3.9 for both winding set polarizations. In the case of (+, +)
polarization, although some of the winding harmonics are cancelled, the reduction of the rotor bar
copper loss is not satisfactory as seen in Fig. 3.9(a). However, the rotor bar copper loss of the 2x9S/6P
combination is substantially lower than that of the 9S/6P combination. It is obvious that almost more
than half of the rotor bar copper loss have been cancelled by employing the proposed method (see Fig.
3.3(a) and Fig. 3.9(a)). On the other hand, if the polarization of the 2™ set of winding is reversed as (+,
-), the reduction in the amount of rotor bar copper loss is significant as seen in Fig. 3.9(b). Once the
shifting angle is 180°e, 540°¢, or 900°¢, the minimum rotor bar copper loss and torque ripple percentage,
and the maximum average torque have been achieved. Therefore, it has confirmed that considering the
winding set polarizations is of great importance. It is possible to predict the increase in the amount of
rotor bar copper loss by observing the winding factor harmonics. Considering the 9S/6P-4L, 2x9S/6P-
2L (+, +), and 2x9S/6P-2L (+, -), the dominant harmonics causing an increase in the bar copper loss are
revealed as listed in Table 3.1. The findings in the table is obtained from the shifting angles delivering

the maximum torque. In Table 3.1, the normalized values according to 9S/6P-4L configuration have
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been given. It is obvious that if the 61 or/and 12" harmonics are cancelled, the reduction in the amount
of bar copper loss is significant. It has been revealed that the 6" and 12" harmonics (as in 2x9S/6P (+,
-)) are the dominant harmonics producing rotor bar copper loss. If the 6! harmonic is cancelled, the
rotor bar copper loss decreases by ~ 2.5 times, and if the 6™ and 12 harmonics are cancelled together,

the rotor bar copper loss decreases ~6 times.
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Fig. 3.8 Comparison of winding factors after phase shifting operation: (a) initial and (b) final.

Therefore, it can be predicted that the reduction or cancellation of low order harmonics has a
significant impact on the rotor bar copper loss. In addition, as clearly seen in the table, the reduction of
these harmonics also causes a reduction in the torque ripple. On the other hand, the average torque level
decreases when the slot number is doubled. The reason behind this phenomenon can be explained for
2x9S/6P (+, +) and 2x9S/6P (+, -), separately. For the 2x9S/6P (+, -), since only half of the slots are
filled, the saturation level causing a decrease in the average torque has increased. On the other hand,
for the 2x9S/6P (+, +), in addition to the increase in the saturation level, the fundamental winding factor
decreases due to the phase shifting. Therefore, average torque reduction rate of 2x9S/6P (+, +)
configuration is 12.34% higher than that of the 2x9S/6P (+, -) configuration.
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Table 3.1 Comparison of performance characteristics

Winding Harmonic

Configuration reduction/cancellation

Average torque Torque Ripple Bar Copper Loss

9S/6P baseline 1 1 1
rd _
2%9S/6P 3" — reduced
6™ — cancelled 0.778 0.68 0.403
(+4)
15" — reduced
2x9S/6P 6t — cancelled 0.874 0.493 0.166
(+.-) 12t — cancelled

3.2.3 Stator Slot Utilization

After the phase shifting process, half of each stator slot has been left unfilled in order to not to
overlap the phase windings as seen in Fig. 3.10. These unnecessary slot gaps cause an increase in the
saturation level of the iron cores (see Fig. 3.11). By utilizing these gaps with core material, the
performance of the IM can be improved. The improvement steps are illustrated in Fig. 3.10.
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Fig. 3.10 Utilization progress of stator slots of the AIM.
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Fig. 3.11 Flux line and density distributions of the AlMs.

As explained previously, the main disadvantage of the proposed method is that only half of the slots
can be filled. However, by utilizing the unfilled gaps between the slots, the saturation level can be
decreased. As seen in Fig. 3.10(a) there are two unfilled gaps namely, one is at the yoke side and the
other one is at the slot opening side. These two gaps can be utilized without overlapping the phase
windings. In this way, more than half of the empty slots can be filled and hence the performance can be
improved. On the other hand, these half unfilled slots are useful in terms of thermal issues. The unfilled
slots if ventilated will help to reduce the temperature inside the stator slots. Thus, overloading capability
of the IM can be increased considerably; or less cooling requirement might be needed comparing to its
full-filled slot counterpart. The most significant advantage of this method is that it leads to reduce the
total axial length of the machine without sacrificing the fundamental winding factor and hence the
torque and power density. As seen in Fig. 3.10, in order to reduce the yoke saturation, the gaps between
two adjacent slots close to the yoke have been bridged as a first step. As a second step, in order to reduce
the saturation level of the stator tooth parts, the gaps between two adjacent slots at the air-gap side have
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been reduced by enlarging the tooth width. The reduction of this gap causes some of the flux to be short
circuited. Therefore, in order to avoid these short-circuited stator fluxes, the stator slots have been
shaped with a special form as a third step. More details about the stator slot shaping can be found in
Appendix F. Flux line and flux density distribution corresponding to each step is illustrated in Fig. 3.11.
As clearly seen in the figures, reduction of saturation levels can be easily observed. From A—B: yoke
saturation reduction, from B—C: stator tooth saturation reduction, and from C—D: further reduction of

tooth saturation by avoiding the short-circuited flux has been achieved.

3.3 Comparison of Electromagnetic Performance Characteristics

3.3.1 Before Stator Slot Utilization

In order to realize the characteristics of the proposed method, design and performance characteristics
of the 9S/6P-4L FSCW IM and 2x9S/6P-2L advanced non-overlapping (ANW) IM have been compared.
The shift angles, delivering the maximum torque and minimum harmonic content, are determined as
0°e/(+, +) and 180°e/(+, -) for 9S/6P-4L FSCWIM and AIM, respectively. Cross-sectional views of the
IMs are illustrated in Fig. 3.12.

(a) 9S/6P-4L (1sp) (b) 2x9S/6P-2L (2sp)

Fig. 3.12 2-D views of IMs: (a) FSCWIM and (b) primitive AIM.

As seen, all slots of the FSCWIM are filled whilst the half of the each slots of primitive AIM are unfilled.
The specifications of the compared IMs are given in Table 3.2. Both IMs are operated at 500Arms
excitation and the obtained steady state results are then compared. The speed delivering the maximum
torque has been parametrically determined as 1870rpm and 1905rpm for FSCWIM and AlM,

respectively.
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Table 3.2 Specifications of the FSCWIM and AIM

Parameter 9S/6P-4L (1sp) 2x9S/6P-2L (2sp)
Number of turns per phase 14 9
Stator outer radius (mm) 144 144
Split ratio 0.67 0.69
Air-gap length (mm) 0.35 0.35
Rotor outer radius (mm) 95.78 98.66
Stator tooth width/ height (mm) 15.577/11.7 8.73/10.3
(Srﬁar:%r/Rotor slot opening width 8/5.5 414
Rotor tooth width/ height (mm) 11.128/11.9 8.266/14
Stack length (mm) 70 70
Slot numbers S/R 9/14 18/20

A. Axial Length and Phase Resistance

The total axial length and the phase resistances are calculated by using the equations between (2.9)
and (2.13) expressed in Chapter 2 and the obtained results are illustrated in Fig. 3.13. As seen, since the
number of turns per phase of AIM is 36% lower than that of the FSCWIM, it is 14% shorter. On the
other hand, since the slot area of the AIM is smaller than that of the FSCWIM, its wire diameter is

smaller, and therefore, it has higher phase resistance and higher stator current density.
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Fig. 3.13 Comparison of total axial length and phase resistance.

B. Induced Voltage

The induced voltage waveforms and harmonic spectra of the FSCWIM and AIM under 500Arms
stator current excitation are shown in Fig. 3.14. As seen in the figure, since more number of turns is
required for the FSCWIM in order to compensate the torque, the induced voltage amplitude is higher
than that of the AIM. As clearly seen in Fig. 3.14(b), the level of high order harmonics of the FSCWIM
are considerably higher than that of the AIM. Although the FSCWIM has more distortion because of
the heavily distorted MMF waveform, its induced voltage THD is lower than that of the AIM. This is

because the amplitude of induce voltage of the FSCWIM being quite higher than that of the AlIM.
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Fig. 3.14 Phase ‘A’ induced voltage: (a) waveform and (b) harmonic spectra.
C. Air-gap Flux Density

The variation of the radial component of the air-gap flux density with respect to rotor position is
shown in Fig. 3.15(a). It is clear that the air-gap flux density of the FSCWIM is much more distorted
than that of the AIM. This is because that each coil of the FSCWIM is concentrated on one stator tooth.
On the other hand, as for the AIM, although the windings are not overlapped, one coil is not
concentrated on the one stator slot as seen in Fig. 3.12(b). Since the coil pitch is two slot pitches, one
phase winding is positioned on two adjacent stator teeth. Thus, more sinusoidal distribution of the
windings has been designed. The harmonic spectra of the air-gap flux density waveforms are illustrated
in Fig. 3.15(b). By employing the proposed method, ~ 40% of the air-gap flux density THD has been
reduced. In addition, although the FSCWIM has 36% more number of turns than that of the AIM, its

fundamental air-gap flux density amplitude is 20% lower.
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Fig. 3.15 Air-gap flux density: (a) waveform and (b) harmonic spectra.

D. Rotor Bar Current

Bar current waveforms and their harmonic spectra are illustrated in Fig. 3.16. As seen, the bar current

waveforms have rich harmonics. These harmonics are originated from the combination of stator and
rotor slot harmonics, forward and backward MMF harmonics, and also magnetic saturation harmonics.
In general, the low-order harmonics are originated from the forward and backward MMF and magnetic
saturation harmonics while the high-order harmonics are originated from slot harmonics due to the
S/P/R combinations. More explanations about the bar current waveforms and their harmonics can be
found in Chapter 5. The significant level of distortion of the FSCWIM can be clearly seen from the
figure. These bar current harmonics cause increasing level of rotor bar copper loss and temperature of
the rotor bars, remarkably. By employing the proposed method, the distortion level has been decreased

significantly. The amplitudes of the harmonics, particularly the high-order harmonics of the FSCWIM
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are quite high. The bar current THD of AIM is ~261% lower than that of FSCWIM. Therefore, it can
be predicted that the rotor bar copper loss of the AIM will be significantly lower than that of the
FSCWIM. On the other hand, the waveforms of the bar currents seem like trapezoidal or flat-topped.
The reason behind this phenomenon will be explained in Chapter 5 and 6.
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Fig. 3.16 Rotor bar current: (a) waveform and (b) harmonic spectra.
E. Flux Distributions

Flux line and flux density distributions of the considered IMs are illustrated in Fig. 3.17. As clearly
seen, the saturation level of the FSCWIM is higher than that of the AIM. Stator tooth parts of both IMs
are saturated highly. As known, the MMF harmonics cause partly local and variable saturations. The
higher the MMF harmonics, the higher the saturation level of the machine cores. It can also be predicted
that these local and variable saturations cause a decrease in the average torque and an increase in the
torque ripple and core loss levels.

F. Torque and Torque Ripple
The variation of the torque is shown in Fig. 3.18. Due to the unfilled slots of the AIM, ~11% lower

torque has been obtained than that of the FSCWIM. Considering that the studied AIM is the primitive
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version (neither developed nor optimized), it can be deduced that the obtained torque level is acceptable.
It can be also realized that using the proposed method, ~ 52% lower torque ripple has been obtained. In
order to improve the performance of the AlIM, the unfilled slots will be utilized and the obtained
geometry of the stator will be globally optimized in the following section.
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Fig. 3.17 Flux line and density distributions of the considered IMs.
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Fig. 3.18 Torque variations with respect to time.

G. Machine Losses and Efficiency

Calculated power losses including the stator copper slot Pscu_in, stator end-winding copper loss
Pscu_end, total stator copper loss Pscu, rotor bar copper loss Prcu, and total core loss Pc are shown in
Fig. 3.19(a). As clearly seen in Fig. 3.19(a), although the total stator copper losses are quite similar, the
rotor bar copper loss of the FSCWIM is ~517% higher than that of the AIM. Moreover, the total core
loss of the FSCWIM is ~300% higher than that of the AIM. The total loss and efficiency comparison
of the considered IMs is shown in Fig. 3.19(b). Thanks to the proposed method, the total power loss
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level reduces from ~5kW to ~2.5 kW. Therefore, the output power and overall efficiency of the AIM
are ~21% and ~15.7% higher than that of the FSCWIM, respectively.
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Fig. 3.19 Loss and efficiency comparison: (a) power losses and (b) total loss and efficiency.

In conclusion, it is verified that the proposed method works successfully. To combine the doubled
stator slot topology with the phase shifting method leads to achieve more homogeny distributed winding
layout with significantly reduced MMF harmonic content. Thanks to the proposed method, more
compact and more efficient IM can be designed. It is obvious that by improving and optimizing the

primitive design, further performance improvement might be achieved.

3.3.2 After Stator Slot Utilization

The influence of each performance improvement process step (see Fig. 3.20) on the performance
characteristics have been investigated in this section. Numerically calculated key performance
characteristics have been compared as shown in Fig. 3.21. For a fair comparison, the same geometric
(144mm outer diameter and 70mm stack length) and operational parameters (500Arms excitation
current and 2krpm synchronous speed) have been assigned during the improvement process. It is clear
from Fig. 3.21 that the average torque is increased considerably from the initial design (A) to the final
improved design (D). In addition, although the average torque is increased by ~19%, the torque ripple
level is changed. The power losses including the stator copper loss Pscu, rotor bar copper loss Prcu, and
total iron core loss Pc have been compared in Fig. 3.21(b). As clearly seen in the figure, by utilizing the
unfilled stator slots, the stator copper loss decreases by 15% and the total core loss also is decreased by
~28%. On the other hand, even if the average torque is increased, the amount of rotor bar copper loss
is not increased. Comparison of the total power loss Ptot, output power Pout, and efficiency n are shown
in Fig. 3.21(c). By utilizing the unfilled stator slots, from A to D; whilst the output power of the IM

increases by ~19%, the total loss decreases by 8.8%, and consequently the efficiency increases by 7.3%.

As a conclusion, thanks to developed method allowing better slot utilization, the average torque,
power, and efficiency characteristics of the AIM have been improved significantly. As seen in Fig.
3.20(D), there is still some unfilled slots left consistently. In essence, these gaps help to reduce the level
of the short-circuited flux and also to improve the thermal characteristics of the AIM by introducing

extra air-cooler canals into the stator.
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(c) Output power Pout, power losses Ptot, and efficiency n

Fig. 3.21 Comparison of some performance characteristic of the AlMs.
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3.4 Influence of Design Parameters on Performance of Advanced Non-Overlapping

Winding Induction Machine

In this section, the influences of the major design parameters on the electromagnetic and flux-weakening
performance characteristics of AIM are investigated by FEA. The considered design parameters and

their ranges are summarised as follows.

e Stator slot/pole number combinations: 18S/6P, 24S/8P, 30S/10P, and 36S/12P;
e Rotor slot numbers: from 14 to 62;

e Stack length: from 70mm to 110mm;

o Number of turns per phase: from 7 to 13;

e Geometric parameters: split ratio, slot and slot opening widths and heights.

Among these parameters, pole number, number of turns, and stack length have a major impact on the
flux-weakening performance. As will be shown in the following sections and Chapter 4, IMs having
higher pole numbers or shorter stack lengths requires more number of serial turns per phase in order to
maintain the torque at constant torque region. Correspondinly, the higher the number of serial turns per
phase, the higher the phase inductance. Considering the d- and g-axis equivalent circuit of an IM, the
d- and g-axis voltage equiations can be deriven as expressed in (3.5) and (3.6), respectively, where i;,
stator current, i;,- rotor current, p is the pole-pair number, L, equivalent stator winding inductance and

L., is the mutual inductance between stator windings and rotor bars or magnetizing inductance.

Vas = ilgs(Rs + pLg) + igr (L) (3.5
Vgs = igs(Rs + pLs) + igr(pLin) (3.6)
T A
Constant
Torque

Constant Power

High Speed
(Deep Flux-Weakening)

v

Voltage Limit

Fig. 3.22 Flux-weakening characteristics of an IM showing inverter voltage and current limits.

As can be seen from (3.5) and (3.6), the increase in the phase inductance causes an increase in the

terminal voltage. As illustrated in Fig. 3.22, the length of the corner speed of an IM depends on the

voltage limit. Considering that the inverter voltage is limited, the increase in the terminal voltage of the
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IM mean is that the voltage requirement of the IM is increased. In other words, since the maximum
terminal voltage of the inverter cannot be exceeded, the corner speed of the IM will be moved from
high speed to low speed region. As a consequence, poorer flux-weakening performance can be predicted
for the IMs with higher pole number or shorter stack lengths which require more serial turns per phase.

Note that all machines are designed by using 144mm of outer diameter. In addition the maximum
current and voltage limits of the inverter employed in this section are 500Arms and 48V, respectively.

3.4.1 Stator Slot and Pole Number

In Chapter 2, it has been shown that the minimum harmonic index can be achieved in case of g =
0.5 for y, = 1 and g = 1 for y. = 2 winding topologies. For various S/P combinations satisfying these
conditions, the higher the stator slot humber, the lower harmonic index. In other words, in the case
of y. = 2, the harmonic index of the 72S/24P combination is 25.2% lower than that of the 18S/6P
combination. Considering this finding, it can be predicted that the rotor bar copper loss of the 72S/24P
combination will be lower than that of the 18S/6P combination under the same geometric and operating
specifications. On the other hand, it should be considered that the higher the pole number, the higher
the synchronous frequency requirement and consequently the increased core losses at high speed
operations. Therefore, an optimum balance between the rotor bar copper loss and total core losses is
required. On the other hand, since there is no PM in the design of IMs, the most dominant machine loss
is the copper loss. Another important issue needs to be considered carefully before determining the S/P
is the flux-weakening characteristics. Generally, the lower the pole number, the better the flux-
weakening capability. In other words, higher torque at the constant power region can be obtained by
designing IMs with lower number of stator slot and pole combinations. The AIMs with various S/P
combinations and all having the optimal rotor slot numbers, estimated by R = S + 2q, are designed.

The obtained torque- and power-speed characteristics are illustrated in Fig. 3.23.
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(a) Torque-speed characteristic comparison for 80mm AIMs
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Fig. 3.23 Torque- and power-speed characteristics comparison for 80mm AIMs designed with

different S/R/P combinations.

The details related with the calculation of the flux-weakening characteristics can be found in Appendix
A. Clearly, the 6P AIM has the highest torque at constant power region whilst the 12P has the lowest
torgue. In the same manner, the 6P AIM has the highest power at constant power region whilst the 12P
AIM has the lowest. Furtheremore, as seen in Fig. 3.23 there is a big reduction in torque and power
when P increases from 10 to 12. This is because of that the different serial number of turns per phase
and consequently the different phase inductances of the IMs. As known, the higher the number of turns,
the higher the phase inductance, and consequently the higher the voltage requirement. Since the inverted
voltage is fixed at a contant amount, it causes a reduction in the power in the machines requiring more
voltage. The serial number of turns per phase are 7, 8, 9, and 13 for IMs with 6P, 8P, 10P, and 12P,
respectively. These number of tunrs have been parametrically determined in order to maintain the torque
between 52Nm and 56Nm at the constant torque region. Because of the more stator slot number of the
12P IM, more stator tooth and yoke saturation have been occurred. That is why the 12P IM requires
more number of turn than other combinations. Therefore, because of the large serial number of turns
per phase difference between 10P and 12P IMs, there has been a big reduction in torque and power.
More details about the influence of number of turns on the flux-weakening characterisitics can be found
in Section 3.4.4. In addition, the efficiency maps of the AIMs are compared as shown in Fig. 3.24. Since
the AlIMs with 6P, 8P, and 10P have a similar power level in the constant power region, their efficiency

maps are similar.
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Fig. 3.24 Comparison of the efficiency maps of the AIMs with different S/P combinations.

3.4.2 Rotor Slot Number

In the rotor design stage of a squirrel-cage IM, the determination of the number of rotor slots and
their geometries are some of the most important aspects determining the noise, vibration, torque density
and torque ripple characteristics. In order to determine the accurate rotor slot number for IMs, some
empirical rules will be presented in Chapter 6. In addition to these rules, based on the analysis results
of the AIMs with y. = 2 presented in this section, the following rules have been derived to determine
the optimal rotor slot number:

a) In order to avoid the torque ripples, acoustic noise and unbalanced magnetic pull (UMP), the
rotor slot number (R) should not be:

e Multiples of phase number (m) - R # a-m;
e Multiples of pole number (P) - R # a - P;

e Multiples of stator slot number (S) > R #a - S,
e Odd numbers.

b) In order to avoid the high rotor bar copper loss and bar current density, R should be as low as

possible;

c) The rotor slot numbers close to the stator slot numbers are good candidates;
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d) The optimum slot number, in terms of torque, torque ripple, bar copper loss, and current density

can be determined asR = S + 2q.

Several parametric analyses for the 18S/6P, 24S/8P, 30S/10P, and 36S12P AlMs have been
performed in order to investigate the influence of the rotor slot number on the performance
characteristics and determine the best rotor slot number. Note that, odd rotor slot numbers have not been
taken into account during the analyses. In order to conduct a fair comparison, all the parameters are
kept constant and the ratio of rotor slot width b,.;, to rotor tooth width ¢,.;, has been also kept constant
for all S/P combinations (see Fig. 3.25). For each combination, the influences of rotor slot number on
the electromagnetic performance characteristics; such as torque, torque ripple, rotor bar copper loss,

rotor bar current density, and slip are investigated.

—— —_—

Fig. 3.25 Rotor geometry.

The variation of the torque, torque ripple, rotor bar copper loss, and bar current density with respect
to rotor slot number for 18S/6P AIM is illustrated in Fig. 3.26. As expected, the torque ripple level is
extremely high for multiples of phase, pole and stator slot numbers. On the other hand, the average
torque does not show significant deviations (see Fig. 3.26(a)). Furthermore, it is clear that from Fig.
3.26(b), the rotor bar copper loss and bar current density increase significantly as the rotor slot number
increases. The best rotor slot number can be determined by considering the maximum torque and
minimum torque ripple, bar copper loss, and current density in the rotor bars. Consequently, the best
rotor slot number for the 18S/6P AIM determined is 20. In the same manner, the variation of average
torque, torque ripple, bar copper loss, and bar current density with respect to rotor slot number is
calculated for 24S/8P, 30S/10P, and 36S/12P, respectively, as illustrated from Fig. 3.27 to Fig. 3.29.
Considering these figures, 26, 32, and 38 rotor slot numbers have been determined as the best candidate

for the 24S/8P, 30S/10P, and 36S/12P AIMs, respectively.

It has also been revealed that increasing the rotor slot number causes an increase in the maximum
torque slip. Therefore, it can be predicted that the higher the rotor slot number, the lower the power
factor and consequently the lower the efficiency. As seen from Fig. 3.26(b) to Fig. 3.29(b), the higher

the rotor slot number, the higher the rotor bar copper loss.
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Fig. 3.26 Influence of rotor slot number on the performance characteristics of the 18S/6P AIM: (a)
Torque and torque ripple, (b) Bar copper loss and bar current density.
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Fig. 3.27 Influence of rotor slot number on the performance characteristics of the 24S/8P AIM: (a)
average torque and torque ripple, and (b) bar copper loss and bar current density.
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Fig. 3.28 Influence of rotor slot number on the performance characteristics of the 30S/10P AIM: (a)
average torque and torque ripple, and (b) bar copper loss and bar current density.
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Fig. 3.29 Influence of rotor slot number on the performance characteristics of the 36S/12P AIM: (a)

average torque and torque ripple, and (b) bar copper loss and bar current density.
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Fig. 3.30 Variation of slip delivering the peak torque with respect to rotor slot number for different
stator slot/pole number combinations.

Considering the figures from Fig. 3.26 to Fig. 3.30, some key findings can be summarized as follows:

a) The winding harmonics, inducing in the air-gap and hence the rotor bars, cause an increase in

the bar copper loss and bar current density;

b) Since the winding harmonic indices of higher pole combinations are lower, bar copper loss and
bar current density of these combinations are lower than those of the other combinations with

lower pole number.

¢) The torque ripple level of the AlMs having high pole number are lower than that of the AlMs

having low pole number.

3.4.3 Stack Length

The design of the stack length is very critical issue, especially for the HEV applications, since the

space for electrical machine is quite limited. The stack length of an IM can be determined by considering
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the number of turns, stator winding current density, and required flux-weakening characteristic.
Influence of the number of turns on the stack length can be investigated under the constant and variable
number of turn per phase cases. The determination of the stack length for different design aspects, such
as different stator current density and number of turns, has been investigated together with the flux-

weakening characteristics in the following section.

a) Constant Number of Turns per Phase Case

In order to determine the best combination of stack length and number of turns, a scenario for
adjusting the stack length by retaining the number of turns constant is developed by considering the
36S/38R/12P AIM design with 8-turns, 9-turns, and 13-turns per phase. The obtained parametric
analysis results are illustrated from Fig. 3.31 to Fig. 3.33 for different number of turns. As clearly seen
in the figure, increasing stack length always helps to increase the electromagnetic performance under
the constant number of turn condition. The higher the stack length, the higher the torque, the higher the
efficiency, and the lower the stator current density. It is also clearly seen from the figures that the longer
the stack length, the lower the number of turns requirement for generating the same torque. The
efficiency is calculated for only the torque levels between 54 Nm and 56 Nm. Furthermore, since a large
slot area is required for the lower current density, the saturation levels of the stator tooth parts are quite
high. In other words, the lower the stator current density, the higher the saturation level and
consequently the lower the torque density. Therefore, as seen in the figures, the designs having the
higher current densities generate higher torque than designs having lower current densities. Some

important findings have been revealed for the IMs having lower number of turns, as given as follows:
e Longer stack length required for maintaining the torque;
e Lower current density and higher efficiency;

e Higher power at high speed operations (constant power regions).
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Fig. 3.31 Electromagnetic performance variations with respect to stack length for 8-turns per phase

and different stator current density levels: (a) torque and (b) efficiency.

104



9 turns 62 9 turns
61.5 - 25, ¢35
- 6l
=) [ ]
= < 605 - 327 J21
P &
z S 60 o€ J29
5 : 'S 329
S o e 131 -m-J29| E 595 - ¢ 31
52 % o w »
| e 327 -+--325 %99 331
50 -+ — T T T T T 58.5 T T T T T T
9% 98 100 102 104 106 108 110 96 98 100 102 104 106 108 110
Stack length (mm) Stack length (mm)
(a) (b)

Fig. 3.32 Electromagnetic performance variations with respect to stack length for 9-turns per phase

and different stator current density levels: (a) torque and (b) efficiency.
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Fig. 3.33 Electromagnetic performance variations with respect to stack length for 13-turns per phase
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and different stator current density levels: (a) torque and (b) efficiency.

b) Variable Number of Turns per Phase Case

The variation of the number of turns per phase (Ng) and slip, delivering the peak torque is
investigated for the 36S/38R/12P AIM. As illustrated in Fig. 3.34, since the stack length is increased,
the required number of turns for maintaining the torque is reduced as expected. Furthermore, as the

stack length is increased, the slip range is reduced. Therefore, it can be predicted that the power factor

and hence efficiency are increased as the stack length is increased.
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Fig. 3.34 Variation of the number of turns per phase and slip with respect to stack length.
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Fig. 3.36 Stator (J5) and rotor (J) current density variations with stack length.
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Fig. 3.37 Copper loss and efficiency variations with stack length.

The variations of the torque, torque ripple, and output power as a function of stack length and number
of turns are illustrated in Fig. 3.35. As expected, increasing the stack length does not always lead to
increase in the torque and power in case of different length and number of turns per phase design. Note
that, all the calculations are considered under the different current densities (see Fig. 3.36). As seen in
Fig. 3.35, it has been revealed that there is an optimum number of turns for a specific stack length that

leads machine to deliver the maximum torque and power. Under the current conditions, the reduction
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of stator current density is possible in case of the constant stator slot area. Therefore, since the number
of turns per phase is decreased with increasing stack length, the total winding resistance is decreased.
As aresult, as seen in Fig. 3.37, since the stator copper loss Pscu is reduced with increasing stack length,
the efficiency is increased. In order to determine the optimal number of turns considering the stack
length, the torque- and power-speed characteristics of the 36S/38R/12P AIM should be investigated for
the different number of turns and stack length parameters. The same criteria are valid for the other S/P

combinations.

¢) Demanded Torque- and Power-Speed Characteristics

Generally, the stack length and number of turns of a traction motor for EV/HEV applications are
determined by considering the maximum flux-weakening capability. For instance, the torque- speed
and power-speed characteristics of the 36S/38R/12P AIM are illustrated in Fig. 3.38. As clearly seen in

the figure, at the constant torque region, all the combinations deliver similar amount of torque.
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Fig. 3.38 Torque- and power-speed characteristics of the 36S/38R/12P AIM for various stack lengths

and number of turns.

On the other hand, at the constant power region, the IM with 110mm has the highest torque whilst
the 70mm machine has the minimum. As well known, for an IM with a specific pole number, the lower
the number of turns per phase, the better the flux-weakening performance. In the same manner, in order
to determine the stack length and number of turns per phase for other S/P combinations, the torque- and
power-speed characteristics need to be calculated. Considering Fig. 3.38, it can be concluded that at the
flux-weakening region, the IMs having longer stack length generate higher torque due to the low
number of turns required. The reason behind this phenomenon has been explained in detail in Section
3.4. As seen in Fig. 3.38, for each stack length a specific number of turns is determined. On the other
hand, it is possible to investigate the behaviour of the IM with a specific stack length and different
number of turns at constant current density. This method is used for the determination of the number of
turns of an IM with a specific stack length used for EV/HEV applications. The influences of the number
of turns on the torque- and power-speed characteristics of the AIMs with different S/P combinations

are investigated in the next section.

d) Power Losses and Efficiency Maps

In order to investigate the influence of the stack length on the flux-weakening performance of the
AIM, the previously designed 18S/20R/6P combination has been employed. The flux-weakening
performance of the proposed AIM with 70mm, 90mm, and 105mm have been calculated and then
compared by considering the copper loss and efficiency maps as follows. Note that the 105mm stack

length is the maximum stack length not exceeding the total axial length restriction of 120mm.
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Fig. 3.39 Comparison of the torque- and power-speed characteristics.

The flux-weakening performance of the considered AIMs with different stack lengths have been
calculated under the 500Arms and 27Vrms of inverter ratings. The number of turns per phase of 70mm,

90mm, and 105mm are 12, 9, and 8, respectively. The obtained torque- and power-speed characteristics
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and power loss and efficiency maps are presented as follows. Torque- and power-speed characteristics
of the AIM with 70mm, 90mm, and 105mm have been illustrated in Fig. 3.39. As seen, the flux-
weakening characteristics are improved significantly with increasing stack length. It is obvious that the
longer the axial length and correspondingly the lower the number of turns per phase, the higher the
power at the high-speed operation region. Increasing the stack length from 70mm to 105mm leads to a
41.55% increase in the peak power at the constant power region. Furthermore, the peak power at the
deep-flux weakening region (i.e. 20krpm) has been increased by 407.76% once the stack length is

increased from 70mm to 105mm.
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Fig. 3.40 Stator copper loss maps of AIMs having different stack length: (a) 70mm and (b) 105mm.
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The calculated stator copper loss maps for the minimum (70mm) and maximum (105mm) stack
length are illustrated in Fig. 3.40. Note that the stator copper loss maps have been calculated by
considering the windings in the stator slots and end-windings. It is obvious from the figure that since
the number of turns per phase is reduced, the maximum stator copper loss decreases by 14.35% when
the stack length is increased from 70mm to 105mm. The rotor bar copper loss maps are illustrated in
Fig. 3.41. As seen, since the high-order bar current harmonics are reduced with increasing stack length,
the maximum rotor bar copper loss of the AIM with 105mm of stack length became 23.5% lower than
that of the NWIM with 70mm of stack length. The comparison of the efficiency maps is shown in Fig.
3.42. As seen, the overall efficiency is increased significantly by increasing stack length. As seen in
Fig. 3.42(a), the peak efficiency of the AIM with 70mm of stack length is 91% between ~5 and ~8krpm.
Moreover, the efficiencies above 75% are spread over a large area of the operation region. On the other
hand, the maximum efficiency of the AIM having 105mm of stack length is 94% between ~6 and
~8krpm. In addition, the efficiencies above 80% are spread over a large area of the operation region
(see Fig. 3.42(b)).

3.4.4 Number of Turns

The number of turns per phase might be determined by considering the stack length, flux-weakening
characteristics, and the maximum stator current density allowed. The torque- and power-speed curves
of the AlIMs with various S/P combinations, number of turns per phase and stack length are calculated
by maintaining the stator current density at 31A/mm?2. In the calculations, previously given current and
voltage limits have not been exceeded. In this section, the AIMs having 70mm and 90mm stack lengths
have been considered and all the obtained curves have been compared to the torque/power-speed curves
specified by Valeo Powertrains Company. Torque/power-speed characteristics of the 70mm and 90mm
AlIMs with different S/P combinations and number of turns per phase are illustrated in Fig. 3.43 and
Fig. 3.44, respectively. As seen, the designs having low number of turns have higher torque at high-
speeds. It can be observed from the figures that the longer the stack length, the better the flux-weakening
performance. Considering the 70mm AlIMs, the best candidate meeting the specified torque- and power-
speed characteristics is 18S/20R/6P with 12-turns per phase (see Fig. 3.43). In addition, considering the
90mm AlIMs, the best choice meeting the specified torque- and power-speed characteristics is
18S/20R/6P with 9-turns per phase (see Fig. 3.44). Furthermore, comparing the fitness degree between
the AIMs with70mm and 90mm and specified curves, the 90mm design’s characteristics fit better than

those of the 70mm counterpart.
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Fig. 3.43 Torque- and power-speed characteristics of the 70mm AlMs with different slot/pole number

combinations and number of turns per phase.
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Fig. 3.44 Torque- and power-speed characteristics of the 90mm AlIMs with various slot/pole number

combinations and different number of turns per phase.

3.4.5 Stator and Rotor Geometric Parameters

After determining the basic specifications such as S/P combination, rotor slot number, stack length,
and number of turns, the influence of the machine geometric parameters on the electromagnetic

performance of the machine is investigated. Each parameter, indicated in Fig. 3.45, has been analysed
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parametrically and the constraints for the IMs to deliver the maximum available torque has been chosen
as the initial geometric parameters. In essence, this progress is very important step before beginning the
global optimization progress. Before presenting the details of the investigation into the geometric
parameters, some important conditions; such as order or sensitivity, limits of the constraints and
parameters, etc. need to be justified [ZHU11]. Therefore, among the geometric parameters, the split
ratio A, identified as the ratio of stator inner diameter Dy; to stator outer diameter Dy, as given in (3.7),
has the first order in sensitivity. The second sensitivity belongs to the stator slot width bg,,. As seen in
(3.8), by, parameter is a function of by, parameter because, for each slot, the slot filling factor is kept
constant. In addition, as the type of the winding configuration is non-overlapping, the coil on the top
layer should not be overlapped with the coil on the bottom layer. Therefore, the ratio between the top
and bottom stator slot heights is defined as given in (3.9). The third sensitivity belongs to the stator slot
height. And the fourth and fifth belong to rotor slot width and height parameters, respectively. The other
parameters, i.e. slot opening width and height, are the parameters mainly responsible from the flux
density harmonics, torque ripple, vibration and acoustic noise. Therefore, if the torque and power
density is more important than the parasitic effects, the order of these parameters became less important.
During the analyses, the parallel rotor tooth shape are retained. Therefore, as expressed in (3.10) the

rotor slot parameters are correlated to each other.

Fig. 3.45 Stator and rotor geometric parameters.
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As = D_SO (37)

bs12 = bsy = f(bsz) = bsy = ks by (3.8)
hgy 1

=3 (3.9)

br1z = by = f(by2) = by = ky " by (3.10)

The influence of the geometric parameters on the electromagnetic performance of all considered
AlMs are investigated by 2-D FEA. However, for simplicity, only the results of the 36S/38R/12P
NWIM with 110mm is presented in this section. More details related with the geometric parameters and
their justifications for optimising can be found in Appendix E.

a) Parametric Analysis of Split Ratio

The variation of the average torque and torgue ripple with respect to split ratio is illustrated in Fig.
3.46. As seen in the figure, the peak torque is obtained at 0.753 of the split ratio. Therefore, for the
36S/38R/12P AIM, the initial value of the split ratio can be chosen as 0.753. Moreover, the influence
of the split ratio on torque ripple can be negligible.
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Fig. 3.46 Average torque and torque ripple against split ratio.

b) Parametric Analysis of Stator Geometric Parameters

The influence of the stator and rotor geometric parameters on the average torque, torque ripple,
copper loss, and current density are parametrically investigated by 2-D FEA under steady-state
operating condition. The influence of the stator slot opening parameter by, on the average torque, torque
ripple, stator copper loss and current density is illustrated in Fig. 3.47. As seen in the figure, the peak
torque is achieved at 1.8mm. On the other hand, the torque ripple range reduces considerably whilst the

slot opening width increases. Moreover, the influence of the slot opening on the stator copper loss and
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current density is negligibly low since the stator slot area is kept constant. The slight reduction in the

stator copper loss is due to the slightly reduced harmonic content amplitudes of the stator current.
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Fig. 3.47 Variation of performance characteristics with respect to by,: (2) average torque and torque

ripple, and (b) stator copper loss and current density.
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Fig. 3.49 Variation of flux density with stator slot width by, ,.

The influence of the stator slot width bg,, on some key performance characteristics is illustrated in
Fig. 3.48. As seen in Fig. 3.48(a) the narrower the stator slot, the higher the average torque. This is
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because of the reduction of the saturation level of the stator tooth parts as seen in Fig. 3.49. On the other
hand, the variation of torque ripple range is not considerably high. Since the slot area is changed
significantly, the variation of stator copper loss and current density is significantly high as seen in Fig.
3.48(b). As expected, the larger the slot area, the lower the winding resistance and the lower the copper
loss. As seen in Fig. 3.50(a), the stator slot-opening height parameter hy, has also a considerable effect
on the torque and torque ripple. On the other hand, since the stator slot area is not changed, the stator
copper loss and current density do not change (see Fig. 3.50(b)). Influences of the stator slot height
parameter h, on key performance characteristics are illustrated in Fig. 3.51. For the dimensions larger
than 5mm of h¢,,, the average torque starts to reduce whilst the torque ripple range starts to increase.
The torque reduction is due to the increase in the level of rotor tooth saturation. On the other hand, as
seen in Fig. 3.51(b), since the slot area is increased, the stator copper loss and current density decreases
as the stator slot width parameter increases.
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Fig. 3.50 Variation of performance characteristics with respect to hy,: (a) average torque and torque

ripple, and (b) stator copper loss and current density.

The influence of rotor geometric parameters on some key performance characteristics of the
36S/38R/12P AIM with 110mm is investigated by 2-D FEA under steady-state operating condition.
After several parametric analyses, the obtained results are presented between Fig. 3.52 and Fig. 3.55.
The influence of rotor slot opening width parameter b,,, on the average torque, torque ripple, bar copper
loss and bar current density is illustrated in Fig. 3.52. As seen, the rotor slot-opening parameter has a
significant influence on the torque and torque ripple. As seen in Fig. 3.52(b), the larger the rotor slot
width, the higher the rotor bar copper loss and the bar current density. The reason behind this
phenomenon will be explained in Chapters 5 and 6 in detail. Since the rotor tooth parts act as filter, the
smaller the slot-opening width, the more the high-order harmonics are cancelled. On the other hand,
since smaller slot opening causes an increase of the magnitude of short-circuited flux, the level of the
average torque decreases as seen in Fig. 3.52(a). Therefore, 2.2mm rotor slot opening width is chosen
as the initial value.
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Fig. 3.51 Variation of performance characteristics with respect to hg;,: (2) average torque and torque

ripple, and (b) stator copper loss and current density.

¢) Parametric Analysis of Rotor Geometric Parameters

The influence of rotor slot width b,.;, on the average torque and torque ripple is significant as
shown in Fig. 3.53(a). The larger the rotor slot width, the lower the torque ripple. Since the induced bar
current has not changed considerably, the rotor bar copper loss has also not changed significantly (see
Fig. 3.53(b)), although the bar current density decreases as the rotor slot width and hence the slot area
is increased. b, is selected as 3.8mm as indicated in Fig. 3.53(a). The rotor slot-opening height h,.,
has also a considerable influence on the average torque and torque ripple as shown in Fig. 3.54(a).
Whilst the average torque reduces as the slot-opening height is enlarged, the torque ripple decreases.
On the other hand, as the slot-opening height is enlarged, the rotor bar copper loss decreases
significantly whilst the bar current density decreases slightly. Although the slot area and the magnitude
of the bar current are not changed considerably, the bar current harmonics are changed significantly as

explained previously during the investigation of bg,. The determined initial rotor slot-opening height is
indicated in Fig. 3.54(a).
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Fig. 3.52 Variation of performance characteristics with respect to b,,: (a) average torque and torque

ripple, and (b) stator copper loss and current density.
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The influences of rotor slot height h,.; on the performance characteristics are illustrated in Fig. 3.55.
As seen, as the rotor slot height is increased, the torque ripple reduces significantly. The peak torque is
achieved at 9.5mm of the slot depth (see Fig. 3.55(a)). The influence of the rotor slot depth on the bar
copper loss is not remarkable as seen in Fig. 3.55(b). On the other hand, as the slot height is increased,
the current density decreases since the slot area is increased. This is because of the fact that although
the magnitude of the bar current is kept almost constant, the current harmonic content is increased
significantly. Therefore, even if the bar resistance is decreased with increased slot area, the bar copper
loss has not changed significantly whilst the current density decreases considerably. It is possible to
change the type of the rotor by changing the rotor slot opening parameters. For instance, if b, equals
to zero, then the rotor type will be closed slot cast-rotor. The influence of rotor type on the performance
and flux-weakening characteristics will be investigated in Chapter 4. In addition, for various rotor types,
the influences of rotor slot opening parameters on the electromagnetic and flux-weakening
characteristics are investigated in Appendix F.
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3.5 Optimization of Advanced Non-Overlapping Winding Induction Machines

A comprehensive design optimization guidelines for AIMs by considering different optimization
approaches, namely individual optimization, global optimization with single- and multi-objective
analyses are presented in Appendix E in detail. The Genetic Algorithm (GA) approach, an effective
optimization tool extensively used for the optimization of IMs, has been employed for global
optimization. Note that an alternative stator slot structure, namely zig-zag slot, has also been considered
for the optimization. The AIMs with straight and zig-zag stator slot structures are initially designed and a 2-
D FEA based optimization program has been employed in order to perform the optimizations and evaluate
the optimal solutions. The effectiveness of each optimization approach has been compared in terms of
time consumption, error cost, restrictions, etc. After the optimization procedures, the key performance

characteristics of the initially designed IMs and IMs with optimal solutions will be compared.

3.6 Comparison between Advanced and Conventional Induction Machines

In order to reveal the advantages/disadvantages of the proposed method, IMs designed with different
winding topologies such as; FSCW, ISDW with short- and long-slot pitches have been compared to the
proposed ANW topology. For a fair comparison, the improved AIM (indicated as “D” in the previous
section) has been optimized globally by using the multi-objective optimization method explained in
Appendix E. In addition, as presented in Chapter 2, all other machines have been globally optimized.
All machines designed by using the same geometric specifications i.e., 144mm outer diameter and
70mm stack length and also using the same operation specifications i.e., 500Arms (100Hz) current
excitation and 2krpm synchronous speed. Furthermore, the determined turn number per phase N, for

each IM is given in Fig. 3.56.
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(c) 18S/6P/20R-DL (y, = 2)

(d) 365/6P/38R-DL (y, = 5)

Fig. 3.56 Comparison of the IMs designed with the FSCW, ANW, and ISDWs.
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Fig. 3.57 Phase ‘A’ induced voltage: (a) waveform and (b) harmonic spectra.
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Fig. 3.58 Air-gap flux density: (a) waveform and (b) harmonic spectra.
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As seen in Fig. 3.56, the winding structures of (a) and (b) consist of non-overlapping double-layer
windings whilst (c) and (d) consist of overlapping double-layer windings. In essence, the full slot area
is utilized in (c) but it is the end winding overlapped version of (b). When q is considered, (a) belongs
to the FSCW family whilst the others belong to the ISDW family. The rotor slot numbers have been
estimated by R = S + 2q. In order to numerically calculate the performance characteristics of the
considered IMs, a 2-D FEA model of each IM has been built and the time-stepped analyses have been
employed. The obtained steady-state characteristic have been presented as follows. Induced voltage
waveforms for stator phase ‘A’ winding are illustrated in Fig. 3.57(a). As clearly seen in the figure,
since the 9S/6P IM’s turn number per phase is larger than the other IMs’, its induced voltage amplitude
is higher as seen in Fig. 3.57(b). However, as clearly seen in Fig. 3.57(b), the 9S/6P IM’s waveform
contains a large number of higher order harmonics because of the highly distorted MMF waveform.
Therefore, its induced voltage THD is larger than that of the other IMs. The induced voltage distortion

levels of the ISDWIMs are similar to each other.
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Fig. 3.59 Rotor bar current: (a) waveform and (b) harmonic spectra.
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The variation of air-gap flux density with rotor position is illustrated in Fig. 3.58(a). As seen in the
figure, since the 9S/6P IM has quite high space harmonic index, its air-gap flux density is the most
distorted one. On the other hand, the air-gap flux density waveforms of the 18S/6P IMs are similar to
each other but also more distorted than the 36S/6P IM. The air-gap flux density harmonic spectra and
THD levels are shown in Fig. 3.58(b). As seen in the figure, even if the 9S/6P IM has the highest number
of turns per phase, due to the increased saturation level because of the high space harmonic index, the
magnitude of the air-gap flux density is lower than the other IMs. On the other hand, since the space
harmonic index of 36S/6P IM is lower than the IMs, its THD level is the lowest. Therefore, it can be
predicted that since the air-gap flux density induces voltage in the rotor bars and hence the bar current
due to the short-circuited conductor bars, the distortion level of the bar current will be the maximum
for 9S/6P FSCW IM whilst being minimum for the 36S/6P ISDW IM. The rotor bar current waveforms
are illustrated in Fig. 3.59(a).
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Fig. 3.60 Low order harmonics of bar current waveforms.

As predicated from the air-gap flux density waveforms, the distortion level of the 9S/6P FSCW IM
is significant because of the very large number of MMF harmonics. On the other hand, the level of
distortion is reduced in the ISDW IMs because of the lower MMF harmonics. As clearly seen from the
waveforms and harmonic spectra (see Fig. 3.59(b)), bar current contains very high order harmonics.
This is because of the recursive induction phenomenon occurred on the rotor bars. On the other hand,
as seen in Fig. 3.59(a), the waveforms of the 18S/6P IMs and 36S/6P IM seem like trapezoidal or flat
tapped. Generally, under the health operation conditions, the bar current waveform of an IM is assumed
as sinusoidal. However, as seen in the figures, the obtained bar current waveforms are non-sinusoidal.
The reason behind this phenomenon will be investigated and explained in Chapters 5, 6, and 7. The
harmonic spectra of bar current waveform showing the high order and low order harmonics are
illustrated separately in Fig. 3.59(a) and Fig. 3.60(b), respectively. As seen from the harmonic spectra
of the 9S/6P IM, because of the highly distorted MMF waveform, the magnitude of the 132™ harmonic
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order is larger than that of the fundamental harmonic. The amplitude of the fundamental harmonic and
THD levels of the IMs are compared to each other in Fig. 3.60. As expected, whilst the 36S/6P ISDWIM
has the minimum bar current THD, the 9S/6P FSCWIM has the maximum bar current THD. Moreover,
the 18S/6P IMs show similar characteristics in terms of bar current waveform distortion. In addition,
the amplitude of the bar current of the 9S/6P FSCWIM is 3 times larger than that of the 36S/6P ISDWIM.
Therefore, it can be predicted that assuming the rotor bar resistance is similar, the rotor bar copper loss
of the 9S/6P FSCWIM will be almost 6 times higher than that of the 36S/6P ISDWIM. In the same
manner, it will be ~3 times larger than that of the 18S/6P ISDWIMs. The flux line and density
distributions of the considered IMs are illustrated in Fig. 3.61. It can be seen that the saturation level of
the non-overlapping winding IMs is higher than that of the IMs having overlapping windings.

Especially, the stator tooth parts have been saturated highly.

(c) 18S/6P/20R-DL (2sp) (d) 36S/6P/38R-DL (5sp)
Fig. 3.61 Flux line and density distributions.

Other calculated performance characteristics are summarised in Table 3.3. As shown previously, the
18S/6P IMs have quite similar characteristics. Considering the winding-layout of these IMs, it can be
realized that their coil distributions and polarizations are the same (see Fig. 3.56(b) and (c)). Therefore,
it is reasonable to imagine that the 18S/6P/20R-DL (y. = 2) IM is the fully filled slots version of the
18S/6P/20R-DL (ANW). It is found that by adopting the ANW topology, ~27.1% reduction in the total
axial length has been achieved without sacrificing the torque, power, and efficiency according to its

overlapping counterpart.

The main disadvantage of the proposed method is that it causes a very high torque ripple. However,
the torque ripple can be reduced significantly by changing the rotor slot structure as presented in Chapter
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4. In addition, thanks to proposed method, a significant reduction in stator end-winding copper loss,
rotor bar copper loss and rotor bar copper density has been achieved. It is also validated that since the
36S/6P/39R-DL (y. = 5) ISDWIM has the lowest MMF distortion, its overall performance is the best.
The main disadvantage of this IM is that because of the very short end-windings, the total axial length
is significantly long. Considering the limited space in the EV/HEV applications, the compactness is of
great importance. Therefore, if a slight reduction in torque, power and efficiency is acceptable, it is
possible to shorten the total axial length ~ 25% according to 36S/6P/38R (y, = 5) thanks to the
proposed NWW method.

Table 3.3 Comparison of the performance characteristics of the considered IMs

Parameter 9S/6P/14R-  18S/6P/20R- 18S/6P/20R- 36S/6P/38R-
DL (yc=1) DL (ANW) DL (y.=2) DL (y.=5)
Number of turns per phase 14 12 12 9
Fundamental winding factor 0.866 0.866 0.866 0.933
Total axial length (mm) 94.15 83.4 114.4 111.16
Phase resistance (mQ) 2.391 2.367 2.5094 2.0836
Torque (Nm) 43.613 54.01 52.33 54.1
Torque ripple (%) 28.8 18.14 9.11 3.88
Stator in-slot copper loss (kW) 1.195 1.09 1.0145 0.7614
Stator end-winding copper loss (kW) 0.598 0.684 0.8657 0.801
Rotor bar copper loss (kW) 2.788 0.86 1.026 0.506
Total core loss (W) 60.7 20.937 62.25 134.6
Output power (kW) 8.54 10.7 10.357 10.79
Rated speed (rpm) 1870 1890 1890 1905
Efficiency (%) 64.61 79.46 77.123 83.12
Stator copper density (A/mm?) 23.42 23.5 23.44 23.45
Rotor bar copper density (A/mm?) 27.25 16.21 17.06 13.66

3.7 Conclusion

In this chapter, an adapted non-overlapping winding configuration has been developed for a squirrel-
cage IM in order to reduce the total axial length and improve the performance characteristics at the
same time. The combination of the multi-layer phase winding shifting method with the auxiliary slot
method leads to create more homogeny distributed winding layout with the significantly reduced MMF
harmonic content. The half-unfilled slots, compromising of the consistence of the non-overlapping
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winding concept, help to improve the thermal characteristics of the IM by introducing extra air-cooler
canals into the stator. It has been revealed that thanks to the proposed method, ~43% of the MMF
harmonics are reduced. In addition, more than 25% reduction in the total axial length is also achieved.
Furthermore, torque and power densities are increased remarkably.

The influences of some major machine design parameters on the electromagnetic and flux-
weakening characteristics of the newly developed AIM are also investigated in detail. Some important
key findings of the study on the influence of design parameters can be summarised as follows.

e The lower the pole number, the higher the power at constant power region;

e There is a critical rotor slot number, which is estimated by R = S + 2q, for any stator slot/pole
number combinations at which the maximum available average torque with relatively low

torgue ripple can be achieved;

e The higher the rotor slot number, the higher the bar current density, slip, bar copper loss, and

consequently the lower the efficiency;

e The higher the stack length, the lower the number of turns requirement for maintaining the

torque;

e The higher the stack length, the better the flux-weakening characteristics and the higher the
efficiency;

e FEach geometric parameter has a significant effect on the performance characteristics,

individually.

A comprehensive performance comparison between the conventional IM and advanced IMs with
coil pitch of two slot pitches and various stator slot/rotor slot/pole numbers, stack lengths, number of

turns, etc. will be presented in Chapter 4.
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4 Comparison of Conventional and Advanced Induction Machines with Coil

Pitch of Two Slot Pitches and Various Slot and Pole Number Combinations

This chapter presents a comprehensive comparison on the performance characteristics of the
advanced non-overlapping winding IMs (AIMs) designed with various stator slot/rotor slot/pole
numbers, stack lengths, and number of turns. The aim of the comparison is to find out the best candidate
meeting the specific requirements determined by considering the size and flux-weakening
characteristics. Therefore, various AIMs having 6, 8, 10, and 12-poles with different stack lengths and
number of turns, have been quantitatively compared in terms of torque, torque ripple, power losses,
efficiency, current densities, axial length, flux-weakening characteristics, etc. by 2-D FEA. Among the
various AIMs, the best candidates for the EV/HEV applications are determined. Furthermore, a
conventional IM (CIM) having double-layer 9-slot pitch integer slot distributed windings (ISDWSs) has
been designed by using the same specific dimensions as the AIM and the obtained FEA results are
compared quantitatively. Moreover, the AIMs equipped with various rotor structure types, such as
insert-bar, open-slot cast-rotor, closed-slot cast-rotor with straight bridge, and closed-slot cast-rotor

with u-shaped bridge have also investigated and the obtained results have also been compared.

4.1 Introduction

As known, electrical machine performance heavily depends on the stator slot, rotor slot, and pole
number (S/R/P) combinations. This becomes a very critical issue when there are very strict restraints
on the flux-weakening capability, torque quality, acoustic noise, and vibration characteristics. Therefore,
the selection of the accurate combination of the S/R/P is essential for the systems, such as EVS/HEVS,

aerospace, wind turbines, etc., which require high performance with low parasitic effects.

The influence of design parameters on conventional IMs (CIMs) are presented extensively in
literature. A comparative study on the selection of the proper pole number of an inverter-driven IM is
presented by involving numerous factors and trade-offs, many of which are identified and their
influence on parameters and performance described [LIA95]. In order to minimise the harmonic
winding losses of the rotor, the conventional rotor slot geometry is modified by using bridge with u-
shapes on the rotor slot opening of squirrel-cage IMs [NEE93], [NEE95]. In order to reduce the various
leakage reactance components and consequently improve the flux-weakening performance of the CIMs,
some design suggestions, such as adopting open rotor slots and increased stator slot openings, increased
air-gap length, unskewed rotor slots, and reduced number of turns are presented in [HAR95]. To be able
to increase the speed of a squirrel-cage IM, multiple sub-phase windings are proposed in order to change
the pole number of the machine [BAR56]. In attempt to further improve the constant power operation
region of a CIM, a six-phase pole-changing IM is proposed with a new control strategy for reducing
torque fluctuations during changing the pole [MOR97]. In a similar study, a pole-phase modulation

method adopting for adjusting the pole-phase ratio of an IM is proposed in [KELO03]. Some major design
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considerations including the machine dimensions and modified rotor slot shape especially for the
inverter-driven IMs, and some design strategies for improving the output power without sacrificing the
size and performance are presented in [ZHAOQ]. In [WANO5], a lot of useful design guidelines are
given for inverter-driven IMs. It was suggested that the IMs with shallow and wide rotor slot is more
suitable for HEV applications. In order to reduce the skin effect losses, stranded wires in parallel for
stator windings and shallow slot for rotor is suggested. In addition, in order to restrain the influence of
the harmonics, the magnetic wedges for both stator and rotor slots are suggested. Moreover, the number
of rotor slots should be close to the number of stator slots in order to decrease the undesired effects of
harmonics. In [LIWO5], three different rotor slot shapes that commonly used for variable-frequency
operations of squirrel-cage IMs are compared in terms of flux-weakening performance, leakage
reactance, torque capability, machine losses, and efficiency. As a similar study, the influence of rotor
slot shape on the flux-weakening performance and the influence of rotor slot number combinations on
efficiency, power factor, torque capability, and torque ripple of a CIM are investigated in [SHUOQ6]. An
analytic model for investigating the influence of the design and inverter parameters on the flux-
weakening performance of a CIM is presented in [DUAL1]. As a similar study, the influence of machine
design parameters, such as the mutual and leakage inductances, iron saturation, stator and rotor
resistances, etc., on flux-weakening performance of a CIM is presented for EV applications in [GUAL15].
In a recently published paper, a simplified analysis on the influence of the pole number on the steady-
state behaviour of an IM is presented [AGAZ16]. In order to reduce the copper and core losses and hence
increase the efficiency, the feasibility of adopting magnetic wedges in IMs with semi-closed slots is
studied, and it is then concluded that by employing shorter wedges, it is possible to achieve a better
performance [VER17]. In [MUT17], the influence of the various winding configurations on torque
ripple production of a CIM having 5-phase 30S/2P is investigated. Moreover, influences of the air-gap
length, S/P combinations, rotor slot number, and stator and rotor geometric parameters on the rotor bar

current waveform, and electromagnetic performance of a CIM are investigated in Chapter 6.

In this chapter, the comparison of a CIM and AIMs having various stator slot/rotor slot/pole number
(S/R/P) combinations with different number of turns and stack length will be presented. The best
combinations having good flux-weakening capability and the highest power and efficiency with
minimum torque ripple and total axial length are determined. After performing numerous parametric
analyses by FEA, the 18S/20R/6P AlMs with 70mm and 90mm stack lengths are proposed for
prototyping. In addition, the generator mode operating characteristics of the proposed IMs have also
been investigated in Appendix G with particular reference to the difference between the motor and

generator operating modes.
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4.2 Comprehensive Performance Comparison between AlMs with Different Slot/Pole

Combinations and Geometrical Parameters

In this section, steady-state electromagnetic and flux-weakening performance characteristics of the
18S/20R/6P, 24S/26R/8P, 30S/32R/10P, and 36S/38R/12P AlMs will be comprehensively compared
with those of the CIM having 54S/44R/6P to reveal the advantages and disadvantages of the proposed
method. All the IMs have the same outer diameter (144mm) and operational specifications
(synchronous speed of 1500rpm and current excitation of 500Arms). Other geometric parameters have
been globally optimized for different stack lengths. The best candidates have been chosen among a
large number of different AIMs by considering the demanded torque/power-speed characteristics,

efficiency, and total axial length.

4.2.1 Design and Analysis of CIM and AlMs

All the AlIMs, i.e. 18S/6P, 24S/8P, 30S10P, and 36S/12P, have the same winding configuration with
y. = 2 double-layer non-overlapping windings (ANWSs) and the CIM with 54S/6P has y, = 9 double-
layer integer-slot distributed windings (ISDWs). The harmonic winding factors and winding MMF
harmonics are compared in Fig. 4.1. As seen, none of the combinations contains sub-harmonics. It can
be predicted that since the fundamental winding factor of the CIM is higher than that of the AIMs, the
AlIMs will require more number of turns in order to maintain the torque. However, it should be
considered that with more number of turns, the torque is not necessary increase significantly due to
saturation. In addition, as explained in the previous chapter, the more number of turns requires more
space for stator slots. In order to avoid the saturation, the split ratio and consequently the rotor outer
diameter should be reduced. Since there is a direct correlation between the torque and rotor outer
diameter, the more number of turns could not lead an increase in the torque. In addition, since the MMF
THD of the AlMs are much higher than that of the CIM (see Fig. 4.1(b)), the more rotor bar copper
losses of the AIMs might also be predicted. As seen in Fig. 4.1(b), the higher the S/P, the lower the
MMF THD of the AIMs. The details related with the S/P combinations and their influence on the

machine performance can be found in Chapter 2.

The total axial length of the CIM with 70mm stack length is estimated to be 122mm by (2.9). The
total axial length of the CIM is assumed as the maximum axial length limit. Therefore, various stack
lengths, i.e. 70mm, 80mm, 90mm, 100mm, 105mm, and 110mm, have been adopted for each S/P
combinations without exceeding the total axial length limit of 122mm. In this section, it is intended to

reveal the followings.

a) Influence of the stack length on the electromagnetic and flux-weakening characteristics;

b) If the AIM is designed with the same stack length of the CIM, what are the merits and demerits

of the proposed method?
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¢) If the AIM is designed with the same total axial length of the CIM, what are the merits and the

demerits of the proposed method?

To be able to investigate the stack length of the AIMs with various S/R/P combinations, the number
of turns, number of parallel branches, and stator current density should be considered. Various design

options are summarised as follows.
1) Considering the torque-speed characteristics, there are two different design options:

(a) The higher number of turns for high torque at constant torque region;

(b) The lower number of turns for high torque at constant power region.
2) Considering the efficiency, there are two different design options:

(a) The shorter total axial length for compact but low efficiency design;

(b) The longer total axial length for bulky but high efficiency design.

m54S/6P  &118S/6P 24S/8P  @30S/10P 36S/12P

© o o
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1 1 1
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(a) Harmonic winding factors

THD (%)
m54S/6P  10.24
K18S/6P  29.37
24S/8P  28.81
@30S/10P  28.23

36S/12P  27.67
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(b) MMF harmonic spectra for 1-ampere 1-turn

Fig. 4.1 Winding analyses: (a) harmonic winding factors and (b) MMF harmonics.
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The possible parallel branch number a for different number of turns per phase N, is listed in Table
4.1. In fact, since the injected peak phase current is quite high (707Apeak), parallel branches should be
used in order to investigate the influence of number of turns in much larger scale. Moreover, the
maximum parallel branch a,,,, is determined by the maximum coil per phase number N, as given in
(4.1). Therefore, a large number of turns can be adopted for any S/P combinations. Since there is a
direct correlation between total flux and serial number of turns per phase N, any combination ensuring
(4.1) will have the same electromagnetic performance characteristics. For instance, the ratios of 3x
column, i.e. 3/4, 6/8,9/12, ... have exactly the same characteristics since the total flux remains

constant for all those ratios.

and  agy = N, (4.1)

On the other hand, it is obvious that the lower the number of turns, the lower the total equivalent flux.
Therefore, the stack length [ has been increased in order to maintain the torque. Furthermore, as seen
in the table, since the IMs with longer stack lengths require less number of turns, their stator current
density levels are lower than those of the IMs with shorter stack lengths. The CIM and AlMs are
designed following these guidelines and all designed IMs are globally optimized by GA (see Appendix
E for the optimization details). The 2-D cross-sectional views and the flux density and flux line
distributions of the designed IMs are illustrated between Fig. 4.2 and Fig. 4.8. The numbers inside of
the bracket indicate the turns-per-phase and the stack lengths, respectively: i.e. (9-70) mean is 9-turns
per phase and 70mm stack length. Different from the Table 4.1 the CIM has 18-coils with 2-parallel

branches and 1-turn per coil and hence 9-turns per phase.

Table 4.1 IMs design options with different parallel branch and number of turn

2" 3x 5X 11x z’é’x‘?’i’z‘;’("' 13x 7x, 14x
L, (mm) 113 102 90 80 75 70
3 _ — _ 3/3 — —
4 3/4 — _ 4/4 — -
6 e /6 - %6 - /6
8 6/8 10/8 11/8 12/8 13/8 14/8
10 6/10 10/10 11/10 12/10 13/8 14/10
12 %/12 1971, ey 12/15 /12 %,
Js (A/mm?) 23 26 28 31 31 32

4.2.2 Electromagnetic Performance Comparison

The calculated steady-state electromagnetic performance characteristics such as torque, torque ripple,

power losses, efficiency, current densities, etc. have been listed for each IM from Table 4.2 to Table
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4.4. Inthe tables, Ng, R, L, lena, liotat, kw1s Rphaser Mmaxts Ts AT, Pouts Pscu_ins Pscu_ends Pscus Prews
Phystr Peaay, Js»and J indicate the number of turns per phase, number of rotor slots, stack length, end-
winding axial length, total axial length, fundamental winding factor, phase resistance with 0.63 slot
filling factor, rotor speed delivering the maximum torque, average torque, torque ripple, output power,
stator slot copper loss, stator end-winding copper loss, total stator copper loss, rotor copper loss,
hysteresis loss, eddy current loss, stator winding current density, and rotor bar current density,
respectively. To be able to compare the results of AIMs’ with those of the CIM, each table’s column
starts with the performance characteristics of the CIM. As seen in Table 4.2, there is a 70mm AIM designed
by utilizing the rotor of a previously prototyped CIM’s specifications. In order to verify that the rotor slot
combination of the existing (previously manufactured) rotor is not suitable for the 18S/6P AlM,
calculated results of 18S/44R/6P (11-70e) have also been presented. As seen in Table 4.2, since the
rotor slot number of the manufactured rotor (70e) is not suitable for all S/P combinations, the obtained
performance characteristics are poor. As for the freely optimized designs with 70mm, 33% shorter IM
can be designed without sacrificing the average torque and efficiency thanks to the proposed non-
overlapping winding topology. It can be deduced that for the stack lengths longer than 70mm (see Table
4.3 and Table 4.4) the longer the stack length, the better the electromagnetic performance (average
torque, torque ripple, and efficiency) and the lower the stator and rotor current densities. The results of the
90mm AlMs are promising, because the total lengths of the AlMs are ~13% shorter than those of the CIM.
Rotor current density levels are acceptable. However, torque ripple levels are still high. The AlMs,
whose stack lengths are longer than 90mm, show also promising results. In general, the rotor bar copper
losses, current density, and the torque ripple levels of the AIMs are quite high comparing to the CIM.
Since the liquid cooling system will be used, the maximum stator current density should not exceed
31A/mm?, Therefore, stator current density limit is set to 31A/mm?. Because of the unfilled stator slots,
the stator current density of the AlIMs is higher than that of the CIM. This is the main disadvantage of
the proposed winding topology. The rotor current densities of the AIMs, whose stack lengths are shorter
than 90mm, have exceeded the CIM’s rotor current density. Therefore, it can be predicted that more
cooling requirement is needed for those that exceed the CIM’s rotor current density. Flux density and
flux line distribution of the designed machines are illustrated in Fig. 4.2 to Fig. 4.8. As can be seen,
there are some local saturated parts on the stator yoke, stator and rotor tooth tip parts. It is clear that the

level of the saturation in the longer machines is lower than that in shorter machines.

B (D

2,50
.2‘33
2.17
2.8
1.83
1.67
1.58
1.33
1.17
1,66
.83
a, 57

@, 5e
@, 33
.917
o, Ba

Fig. 4.2 Flux density and flux line distribution of the CIM.
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Fig. 4.3 Flux density and flux line distributions of the AlMs designed by using the dimensions of the
manufactured rotor with 70mm stack length.
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Fig. 4.4 Flux density and flux line distributions of the AlMs with 70mm stack length (with freely
optimized rotor).
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(c) 30S/32R/10P (11-80) (d) 36S/38R/12P (14-80)

Fig. 4.5 Flux density and flux line distributions of the AlMs with 80mm stack length.

(c) 30S/32R/10P (9-90) (d) 36S/58R/12P (11-90)

Fig. 4.6 Flux density and flux line distributions of the AIMs with 90mm stack length.
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(c) 30S/32R/10P (9-100) (d) 36S/58R/12P (10-100)

Fig. 4.7 Flux density and flux line distributions of the AlMs with 100mm stack length.

(c) 30S/32R/10P (8-110) (d) 36S/38R/12P (9-110)

Fig. 4.8 Flux density and flux line distributions of the AIMs with 105mm and 110mm stack lengths.
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Table 4.2 Steady-state performance characteristics (70e and 70mm)

CIM | 18S/44R/6P | 24S/26R/8P | 30S/32R/10P | 36S/44R/12P | 18S/20RI6P | 24S/26R/8P | 30S/32R/10P | 36S/44R/12P
545/44R/6P | (11-70e) | (12-70e) (12-70¢) (12-70¢) (12-70) (13-70) (12-70) (14-70)
N, 9 11 12 12 12 12 13 12 13
L, (mm) 70 70 70 70 70 70 70 70 70
1,4 (MM) 52 19.255 14.84 11.8 10.08 18.5 14.356 11.44 11.58
L (o) 217 89.41 84.62 81.98 80.24 88.64 84.5 81.59 81.71
(-26.84%) | (-30.75%) | (-32.96) | (-34.36%) | (-27.5%) | (-30.85%) | (-33.24%) | (-33.13%)
k. 0.96 0.866 866
Rypase (MQ) 3.7261 2.6202 2.1786 2.487 2.3618 2.8187 2.806 2.4736 3.0167
Ny (FPM) 1905 1875 1890 1885 1900 1880 1885 1900 1895
T (Nm) 52.21 45.92 49.96 49.83 46.66 50.8 52.764 48.68 55.15
AT (5%) A 16.25 34.928 10.355 16.502 18.827 21.046 10.8 20.35
(+281.3%) | (+773.2) | (+158.87) | (+312.55%) | (+370.67%) | (+426.15%) | (+170%) | (+408.75%)
P, (kW) 10.42 9.016 9.888 9.836 9.283 10 10.415 9.685 10.944
Psen in (KW) 0.7273 1.2347 1.3467 1.4 1.346 1.347 0.9338 1.35 1.592
Pseuena (KW) 2.067 0.7313 0.6861 0.507 0.425 0.768 0.4137 0.505 0.398
Pg., (KW) 2.79 1.966 2.033 1.866 1.772 2.115 1.3475 1.856 1.99
Ppey (KW) 0.51 1.7174 1.3535 1.17 0.827 1.0273 0.9336 0.728 1.063
Py (MW) 10.89 13.11 14.32 15.166 16.6 19.9 18.752 15.86 14.86
P oaay (MW) 17 1.6775 2.41 2.95 3.754 2178 2.89 3.16 3.23
1 (%) 75.367 70.496 73.94 75.835 77.521 75.518 81.366 78.322 77.582
Js (A/mm?) 22.32 (+383.§138%) (+383.2138%) (+383.2138%) (+383.2138%) (+3Z.18%) (+3:.18%) (+j;.8) (+3Z.18%)
Jr (A/mm?) 13.54 (+4§zc.)4t;%) (+;§.‘2§%) (+3117.'§31%) (14%2%55%) (+lz%.39;,) (+2177.'g§%) (+71.?)'f:%) (+21;.'Z73%)
Split Ratio 0.723 0.723 0.723 0.723 0.723 0.66 0.676 0.717 0.742
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Table 4.3 Steady-state performance characteristics (80mm and 90mm)

CIM 18S/20R/6P | 24S/26R/8P | 30S/32R/10P | 36S/38R/12P | 18S/20R/6P | 24S/26R/8P | 30S/32R/10P | 36S/58R/12P
54S/44R/6P (11-80) (11-80) (11-80) (14-80) (9-90) (9-90) (10-90) (11-90)

Ng 9 11 11 11 14 9 9 10 11
Iy (mm) 70 80 80 80 80 90 90 90 90
lena (Mm) 52 17.44 14.22 11.2 11.2 15.7 13.92 11.3 11.5
ey (M) 12217 97.7u 94.321 91.36u 91.360 105.8? 104.05 101.402 101.602

(-20.13%) | (-22.77%) | (-25.25%) | (-25.25%) | (-13.36%) | (-14.81%) | (-16.97%) (-16.8%)
k1 0.96 0.866 0.866
Ryhase (M) 3.7261 2.757 2.233 2.5024 2.7917 2.5242 2.3558 2.4946 2.5393
Npaxr (rPM) 1905 1890 1905 1910 1885 1905 1930 1920 1915
T (Nm) 52.21 54.74 54.25 52.87 55.27 54.66 51.27 54.46 56.22
AT (%) 4 17.5o 19.670 10.630 1o.110 17.150 24.660 8.2260 9 )

(+337.5%) | (+391.75%) | (+165.75%) | (+152.75%) | (+328.75%) | (+516.5%) | (+105.65%) | (+125%)
Pt (KW) 10.42 10.83 10.52 10.57 10.91 10.9 10.36 10.95 11.27
Pgcy in (KW) 0.7273 1.3692 1.411 1.41 1.69 1.2976 1.2986 1.443 1.56
Pscy ena (KW) 2.067 0.7 0.3097 0.46 0.405 0.596 0.4685 0.428 0.344
Pgc (KW) 2.79 2.0687 1.721 1.877 2.095 1.8936 1.7671 1.871 1.904
Ppeu (KW) 0.51 1.0472 0.8607 0.751 1.262 0.789 0.6805 0.748 1.005
Ppyse (MW) 10.89 21.6 18.975 17.4 21.55 19.542 19.7626 18 15.806
Pqqy (MW) 1.7 2.447 3.15 3.62 4.34 2.71 3.468 3.785 3.542
n (%) 75.344 77.063 80.094 79.5 75.89 79.617 80.243 80.052 78.863
Js (A/mm?) 22.32 (+3z3194%) (-383.2:;8%) (-383.2:;8%) (-29?32%) (+i(:3'.97(;>) (+:§.':2%) (-383.;;8%) (+33Oé.zt371)
Jr (AImm?) 13.54 (+21§.‘::%) (+1125.'3231%) 1(?3;3 (+217?;(,5%) (+11?é751%) (i;é;) (-;.Zdi;,) (-ol.gfzim
Split Ratio 0.723 0.688 0.711 0.718 0.655 0.69 0.741 0.746 0.766
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Table 4.4 Steady-state performance characteristics (100mm, 105mm and 110mm)

CIM 18S/20R/6P | 24S/26R/8P | 30S/32R/10P | 36S/38R/12P | 18S/20R/6P | 24S/26R/8P | 30S/32R/10P | 36S/38R/12P
54S/44R/6P (8-100) (9-100) (9-100) (10-100) (8-105) (8-105) (8-110) (8-110)
Ng 9 8 9 9 10 8 8 8 8
I, (mm) 70 100 100 100 100 105 105 110 110
lena (Mm) 52 16.08 14.82 11.3 12.68 15.64 13.46 11.2 9.88
ey (M) 12217 116.204 114.908 131.32 112.84 120.§ 118.?2 121.3§ 119.908
(-4.85%) (-5.88%) (-%8.9) (-15.83) (-1.11%) (-2.9%) (-0.655%) (-1.73%)
k.1 0.96 0.866 0.866
Rphase (MQ) 3.7261 2.3566 2.077 2.2013 2.34 2.412 2.0633 2.1421 2.1389
Nnaxr (rpm) 1905 1920 1925 1930 1920 1925 1935 1935 1925
T (Nm) 52.21 53.75 54.4 53.18 55.03 54.6 54.4 52.55 54.85
AT (%) 4 14.80 19.0610 8.7 0 5.710 13.770 17.1030 9.67 o 8.91 0
(+270%) (+376.52%) | (+117.5%) (+42.75%) | (+244.25%) | (+372.57%) | (+141.75%) | (+122.75%)
Pyt (KW) 10.42 10.807 10.966 10.748 11.064 11.006 11.023 10.648 11.056
Pgcy in (KW) 0.7273 1.241 1.35 1.302 1.463 1.2913 1.345 1.288 1.33
Pscy ena (KW) 2.067 0.526 0.237 0.346 0.291 0.518 0.2302 0.32 0.274
P (KW) 2.79 1.768 1.5871 1.651 1.763 1.8093 1.5759 1.607 1.604
Ppeu (KW) 0.51 0.772 0.733 0.675 1.039 0.8584 0.634 0.612 0.6286
Physe (MW) 10.89 22.28 20.15 18.87 15.048 23.13 22.342 19.46 20.17
Pqqy (MW) 1.7 2.88 3.57 4 3.408 2.87 3.475 4.27 5.02
n (%) 75.367 80.319 81.862 81.539 79.161 79.848 82.612 82.075 82.514
Js (A/mm?) 22.32 (+343.21%) (+292.33%) (+2258_'3Z%) (+z§%39%) (+3239.'1752%) (+383.;8%) (+2288.'§zz%) (+1255.'Z73%)
Jr (A/Imm?) 13.54 (-31;_29;:;) (-11;.‘36) (-zg?ig%) (+;.§§58%) (-1}1.1562;%) (-21§§;%) (-21§§;%) (-21(;).;;61%)
Split Ratio 0.723 0.718 0.74 0.747 0.765 0.716 0.752 0.769 0.753
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4.2.3 Comparison According to Stack Length

The influences of stack length on some performance characteristics of the globally optimised AIMs
are summarised in this section. The number of turns (N) and end-winding length (le) versus stack length
for the 6P, 8P, 10P, and 12P AIMs are shown in Fig. 4.9(a). It is obvious that the higher the S/P, the
shorter the end-winding length. In addition, since less number of turns requires longer stack length, the
end-winding length reduces as the stack length increases.
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(a) Variation of turn number and end-winding length with stack length
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(b) Variation of torque and torque ripple percentage with stack length

Fig. 4.9 Variation of winding properties and performance characteristics of 6P, 8P, 10P, and 12P
AIMs with respect to stack length: (a) number of turns and end-winding length, and (b) average

torque and torque ripple.

The variation of the averaged torque and torque ripple with stack length is illustrated in Fig. 4.9(b). As

seen in the figure, similar torque levels have been obtained. On the other hand, there are significant

differences between the torque ripples. The 8P AIM has the highest torque ripple regardless of stack

length while the 12P AIM has the minimum. It is obvious that the higher the stack length, the relatively
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lower the torque ripple percentage. Therefore, it can be deduced that the impact of the slotting effect

and armature reaction change considerably with S/R/P combination.
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Fig. 4.10 Variation of performance characteristics of 6P, 8P, 10P, and 12P AlMs with respect to stack

length: (a) bar copper loss and current density, and (b) stator copper loss and current density.

The variations of stator and rotor copper losses and current density with stack length are shown in
Fig. 4.10. Since the stator winding current densities are kept constant, the variations of the stator copper
loss are not significant. On the other hand, as the stack length increases, the rotor bar copper loss reduces
significantly. This is because of the reduction of the air-gap flux density amplitude and consequently
the ampluitude of the bar current as the stack length increases. Therefore, it can be predicted that the
longer the stack length, the lower the serial number of turns per phase, and the lower the stator and rotor

copper losses and consequently the higher the efficiency regardless of the operating speed.

The Flux-weakening characteristics of the designed AlMs are calculated and the obtained results are
then compared with those of the CIM as illustrated from Fig. 4.11 to Fig. 4.16. Note that, the flux-
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weakening characteristics of the machines are grouped by considering their stack lengths. The inverter

current and voltage limits are 500Arms and 48Vmax, respectively. None of the AIMs with any stack

length can completely satisfy the desired torque/power-speed characteristics. However, it is obvious
that the AIMs with the stack length longer than 90mm (including 90mm) show better results.
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(a) Torque-speed curve of the 70mm AlMs with different pole numbers (70e)
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(b) Power-speed curve of the 70mm AlMs with different pole numbers (70e)

Fig. 4.11 Torque- and power-speed curves of the AIMs designed by using the dimensions of the

manufactured rotor with 70mm stack length.
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(b) Power-speed curve of the 70mm AlMs with different pole numbers

Fig. 4.12 Torque- and power-speed curves of the 6P, 8P, 10P, and 12P AIMs with 70mm stack length.
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Fig. 4.13 Torque- and power-speed curves of 6P, 8P, 10P, and 12P AlMs with 80mm stack length.
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Fig. 4.14 Torque- and power-speed curves of 6P, 8P, 10P, and 12P AlMs with 90mm stack length.
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(b) Power-speed curve of the 100mm AlIMs with different pole numbers

Fig. 4.15 Torque- and power-speed curves of the 6P, 8P, 10P, and 12P AlMs with 100mm stack
length.
Among them, the 6P machine is the best candidate in terms of satisfying the desired torque-speed
characteristics. It is obvious that the 18S/20R/6P AIM with 105mm stack length is the best candidate
for the torque-speed curve (see Fig. 4.16). However, considering the compactness the 18S/20R6P AlIM
with 90mm design is also a promising candidate (see Fig. 4.14). It is clear that although the constant

torque and constant power regions are good, the performance at high speed (deep flux-weakening)
region is poor.
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(b) Power-speed curve of the 100mm and 105mm AlMs with different pole numbers

Fig. 4.16 Torque- and power-speed curves of 6P, 8P, 10P, and 12P AlMs with the 105mm and
110mm stack lengths.

Furthermore, considering the flux-weakening characteristics of all candidates, it has been revealed that
the longer the stack length, the better the flux-weakening performance. In addition, for the same stack
length, the lower the pole number, the better the flux-weakening performance. As presented in Section
4.3, the underlying reasons why IMs having longer stack length or lower pole is related to the lower
serial turns per phase and consequently the lower winding inductance. As a consequence of lower

inductance, since the voltage requirement of IM will decrease, the corner speed will move into the
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higher speed region. Thus, more power at higher speed region can be achieved. The key findings

achieved from this study are summarised as follows:

a) 70mm designs with the previously manufactured rotor (70e) - Fig. 4.11: The 6P AIM shows
promising results in the deep flux-weakening region, whilst 8P AIM shows better
characteristics in the constant torque region. Moreover, 6P AIM has the best power-speed
characteristics.

b) 70mm freely optimized designs - Fig. 4.12: Although the 6P AlIM shows poor performance in
the constant torque region, its performance in constant power and deep flux-weakening regions

is acceptable. In addition, 6P AIM’s power-speed characteristics are better than the other AIM’s.

c) The designs longer than 80mm (including 80mm) — fromn Fig. 4.13 to Fig. 4.16: Among the

AlMs, 6P designs show the best flux-weakening performance characteristics in any region.

4.2.4 Comparison Based on the Maximum Power-Speed Characteristics

In this section, the AIMs ensuring the maximum power-speed characteristic for different stack
lengths are compared to determine the best candidate for the desired torque/power-speed characteristics.
As expected, the best power-speed characteristics have been obtained from the designs of 6P AlMs.
Considering Fig. 4.18 and Fig. 4.17, it can be concluded that designs with the stack lengths longer than
90mm (including the 90mm) show almost similar characteristics with acceptable curve trends. As seen
in Fig. 4.18, the 70mm and 80mm AlIMs can deliver the required torque up to 10krpm, whilst 90mm
machine can deliver the required torque up to 11.5krpm and 100mm-105mm machine can deliver that
up to 12krpm. Accordingly, considering the limited space of the traction machine, it is reasonable to
choose the 18S/20R/6P with 90mm stack length.
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Fig. 4.17 Power-speed curve of the 6P AIMs designed with different stack lengths.
149



N
o

w
o

Torque (Nm)

N
o

(BN
o

425

Efficiency maps of the designed IMs have been calculated by using a combined FEA and analytical

calculation method. The obtained results are illustrated from Fig. 4.19 to Fig. 4.25. Considering all
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Fig. 4.18 Torque-speed curve of the 6P AIMs designed with different stack lengths.

Comparison of Efficiency Maps

efficiency maps, some important findings can be summarised as follows:

For AlMs, the highest efficiency can be obtained between 5krpm to 9krpm, and it changes from

the minimum 87% to the maximum 93%;

The longer the stack length, the higher the efficiency;

The longer the stack length, the higher the efficiency at low speed and low torque regions.
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Fig. 4.19 Efficiency map of the CIM (9-70).
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Fig. 4.21 Efficiency maps of the AIMs with 70mm stack length.

As seen in Fig. 4.19, the highest efficiency of the CIM is 92% between 6krpm and 9.5krpm. As
explained previously and presented in Table 4.2 to Table 4.4 because of the lower MMF harmonics,
lower bar current harmonics are induced in the bars, and consequently lower bar copper loss is obtained
from the CIM. In the same manner, since the MMF harmonics and hence the bar current harmonics of
the AIMs designed with g = 1 combinations are quite high, they have high bar copper losses.
Therefore, as a consequence of this phenomenon, the highest efficiencies of the AIMs with the same
stack length of the CIM are lower than those of the CIM as seen in Fig. 4.20 and Fig. 4.21. On the other
hand, it has also shown that the efficiency of the designs with the previously manufactured rotor (44-
rotor slots) can be improved by properly choosing and globally optimizing the geometry parameters as
shown in Fig. 4.21. Since the rotor bar copper loss has been reduced, the maximum efficiency levels
are increased up to 90% for 6P and 8P AlMs with 70mm stack length. On the other hand, it is shown
that it is possible to obtain a comparable even higher efficiency than that of the CIM with the AIMs
designs having = 90mm stack lengths. Nevertheless, the total axial length of the AIMs with 90mm is
still ~13.5 shorter than that of the CIM (see Table 4.3).
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Considering the findings from the comparison study, the discussions on the influence of the S/P
combinations, number of turns, stack length, current density and flux-weakening capability, are
summarised in Table 4.5.

In conclusion, the 18S/20R/6P AIM with 90mm can be chosen as a good candidate for the given
specifications and requirements. The advantages and disadvantages of the proposed winding topology

is summarised as follows:
% Advantages of using non-overlapping windings instead of conventional windings:

o Relatively high efficiency;
e Short total length;

e Simplicity in manufacturing;
% Disadvantages of using non-overlapping windings instead of conventional windings:

o Relatively high torque ripple;
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Relatively high current density;

Low winding factor (0.866).

The high stator current density can cause an increase in the cooling requirement. However, additional

cooling can be tolerated by extra air-cooling provided by the unfilled slots of the stator. It is also

revealed that in terms of compactness, the proposed topology is more favourable for the high pole

number and low speed (<10krpm) applications.

Table 4.5 Summary and discussion

Case#t | Designs Discussions
o  The lower the number of turns, the longer the stack
length (for maintaining the torque in constant torque
L AlMs ensuring the best curve match region), and the higher the power at high speeds;
(200 mm - 110mm) e Good T-S curve match;
¢ Relatively high efficiency;
e Moderate stator and rotor current densities.
AlMs designed by using the e Stator winding and rotor bar current densities are
2 dimensions of the manufactured rotor very high; o
e Poorer torque-speed characteristic;
(70mm) -
o Lower efficiency.
Re-designed AIMs by using the e Poorer torque-speed characteristic;
3 dimensions of the manufactured rotor *  Lower power |.n constant power regllon,
. e Lower torque in constant torque region,
for low current density (70mm) .
o Lower efficiency.
e Poor torque-speed characteristic;
4 Improved AIMs (70mm) e Low power in constant power region,
e Low torque in constant torque region,
o Low efficiency.
Influence of S/P combination and
5 stack length on the torque-speed e 6-pole combination is the best candidate in terms of
o torque-speed characteristic and efficiency
characteristics
4.3 Investigation of the Best Candidates

Considering the electromagnetic and flux weakening performance characteristics of the compared
AlMs, the 18S/20R/6P AIM with 90mm stack length has been chosen as the best candidate. In addition,
in order to utilize the previously manufactured squirrel-cage rotor with 44-rotor slot and 70mm stack
length, the 18S/44R/6P (11-70e) design has also been selected to be prototyped. Therefore, the shortest
and the moderate length (90mm) AIMs can be compared with the 54S/6P CIM having 70mm stack

length. As given previously, the 54S/6P CIM has double-layer ISDWs with y. = 9. However, in order

to obtain low winding factor harmonic content and short end-winding, it is possible to design 54S/6P

CIM double-layer 1ISDWs with short-pitch y. = 7 by substantially sacrificing the working winding

156



factor from 0.966 to .0.902. However, the reason why the CIM with y. = 9 has been chosen for
comparison is that this CIM has already been made prototype and tested previously. And the test results
of this machine has been validated by FEA in Chapter 2. The electromagnetic performance
characteristics, including the back-EMF, air-gap flux density, rotor bar current, torque, torque ripple,
machine losses, output power, efficiency, etc. have been compared. Note that for simplicity, the
18S/44R/6P (11-70e) and 18S/20R/6P (9-90) have been indicated as AIM1 and AIM2, respectively.

4.3.1 Electromagnetic Performance Comparison of the CIM and Selected AIMs

Flux density and flux line distributions of the selected machines are illustrated in Fig. 4.26. As

clearly seen in the figure, there are some local saturated parts in the yoke, stator and rotor tooth parts.
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Fig. 4.26 Flux density and flux line distributions.
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Especially, the stator tooth parts of the AIMs are saturated heavily. These heavily saturated parts
may cause an increase in the harmonic distortion level of the air-gap flux density, rotor tooth flux
density, back-EMF, and bar current [GUN16b]. The overall saturation level of the AIMs are higher than
that of the CIM. In addition, the saturation level of the AIM2 is slightly lower than that of the AIM1.
The back-EMF waveforms for Phase ‘A’ winding and their harmonic spectra are illustrated in Fig. 4.27.
As seen, the AIM2’s waveform is the most distorted one, whilst the waveform of the CIM is the least
distorted one. This might be resulted from the slotting effect, saturation, and the combined effect of

stator and rotor field harmonics due to the winding MMF harmonics.
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Fig. 4.27 Back-EMF: (a) waveform and (b) harmonic spectra.

The air-gap waveforms and their harmonic spectra are shown in Fig. 4.28. As seen, all waveforms
have been heavily distorted. The THD levels of the air-gap flux density has revealed that the AIM1 is
the most distorted one. Therefore, as seen in Fig. 4.29(a), its bar current waveform is the most distorted
one. Correspondingly, as seen in Table 3.1, its rotor bar copper loss is the highest. In the same manner,
the CIM, having the least distorted waveforms, has the least bar copper loss. As seen in Fig. 4.29(a),
the waveforms seem like trapezoidal or top-flatted. The reason behind this phenomenon is explained in
Chapter 5. It is obvious that the AIM1 has the most distorted waveform, and hence it has the highest
THD. As seen in Fig. 4.29(b), all IMs have high-order harmonics, particularly the AIM1 has the high-
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order harmonics at the highest amplitudes. This is because of the innate conclusion of the rotor phase

number, which equals to the rotor slot number, slip harmonics, and induction principle occurring several
times.
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Fig. 4.28 Air-gap flux density: (a) waveform and (b) harmonic spectra.
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Fig. 4.29 Bar current: (a) waveform and (b) harmonic spectra.

Table 4.6 Performance characteristics comparison

CIM AIM1L AIM2
Npp 9 11 9
Iy (mm) 70 70 90
1, (MM) 52 19.255 15.7
Ltotar (MM) 122.17 (-28(2:5%) (-12.532;,)
» 0.96 0.866
Rypase (MQ) 3.7261 2.62023 2.524225
Momanr (FPM) 1905 1875 1905
T (Nm) 52.21 45.92 54.66
A 4 (+21;61'.235:5%) (+3lz;'.1755%)
P, (KW) 10.95 9.016 10.9
Psuin (KW) 0.728 1.235 1.298
P ena (KW) 2.07 0.733 0.6
Pge, (KW) 2.798 1.968 1.898
Pprey (KW) 0.53 1.7174 0.925
Physe (MW) 10.89 13.11 19.542
P eaay (MW) 17 1.6775 2.71
20 | oE |
Js (A/mm?) 22.32 (+383.;8%) (+§%.97;)
Jr (A/mm?) 1558 (+4§3(.)2115%) (+11?é751%)
Split Ratio 0.723 0.723 0.69
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The calculated electromagnetic performance of the considered IMs are listed in Table 4.6. Although
the axial length of the AIM1 is 26.8% shorter than that of the CIM, its average torque is 12% lower
than that of the CIM. Since the 44-rotor slot number of the AIM1 is not suitable for the 18S/6P
combination, the overall electromagnetic performance is not satisfactory. On the other hand, thanks to
the proposed method and the properly selected rotor slot number, according to the CIM, the AIM2 has
4.7% and 5.67% higher torque and efficiency, respectively with 13.36% shorter total axial length. The
torque ripple levels of the AlMs are much higher than those of the CIM. However, a design approach
compromising of closed rotor slots with u-shaped bridges, which reduces the torque ripple and bar
copper loss levels significantly, will be presented in following section. Furthermore, the stator and rotor
current densities are within the acceptable limits. Note that almost similar slot fill factors 0.61 and 0.64
have been used for conventional and adapted winidng IMs, repectively. However, as seen the stator
current density of the AlMs are 38.88% higher than that of the CIM. The main reason is that the AIMs
have some unfilled slots. This is why the AlMs have a bit higher slot fill factor. It can be predicted that
because of the higher stator current density, the AIMs may be require more cooling equipment or higher
fluid flow rate or a much better fluid material. On the other hand, it should be considered that the
unfilleld stator slots will help cooling system for cooling the IM faster or to reduce size of cooling

equipment or fluid flow rate.

4.3.2  Flux-Weakening Performance Comparison

The flux-weakening performance of the considered IMs under the 500Arms and 27Vrms operating
condition are compared in Fig. 4.30. Although all machines show different characteristics at the
constant torque region, they show similar characteristics in the constant power and deep-flux weakening
regions. It is obvious that the overall flux-weakening characteristics of the AIMs are not as good as
those of the CIM. However, the flux-weakening characteristics of the AIM2 is quite satisfactory since

it meets the desired flux-weakening characteristics.
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Fig. 4.30 Comparison of the flux-weakening characteristics of the investigated IMs.
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Fig. 4.31 Stator copper loss maps of the investigated IMs.
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In general, the most dominant power loss components of an IM are the stator and rotor copper losses.

Since there is no PM or constant flux component, the core loss are almost negligible. Therefore,

although the core loss contributions have been taken into account in the efficiency calculations, only
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the stator and rotor copper loss maps have been illustrated in this section. The comparison of stator
copper losses are illustrated in Fig. 4.31. Because of the very long (9-slot pitch) end-winding length of
the CIM, its stator copper loss is the highest. On the other hand, there is no significant difference in the
stator copper losses of the AIMs. The squirrel-cage IMs suffer from the low power in the high-speed
operation region due to the more voltage requirement of the leakage inductances increasing with speed
and frequency and the low efficiency through all operation regions because of the existence of the
copper loss on the rotor bars when compared to their competitors for the EV applications [WIE92],
[SO002], [ZERO6], [BOL10], [BOL14], [GUA14], [GUAL6]. The rotor bar copper loss maps have
been compared as illustrated in Fig. 4.32. As expected, because of the very low winding MMF harmonic
content of the CIM, its bar copper loss is the lowest, whist the AIM1 has the highest bar copper loss.
As seen in Fig. 4.32(a) and Fig. 4.32(c), the maximum bar copper loss of the AIM2 is 0.4kW higher
than that of the CIM. As shown in the next section, it is possible to reduce this difference to 0.18kW by
changing the rotor slot shape.
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Fig. 4.32 Rotor bar copper loss maps of the investigated IMs.

The efficiency maps of the considered IMs are illustrated in Fig. 4.33. The CIM and AIM2 have
quite similar efficiency maps, whilst AIM1 has a poor efficiency map. In the following section, it is

shown that by utilizing a closed rotor slot with u-shaped iron bridges, it is possible to reduce the torque
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ripple and bar copper loss substantially. Therefore, the efficiency of the AIM2 can be further increased.
The influence of the rotor topology on the electromagnetic and flux-weakening performance

characteristics will be investigated in the following section.
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Fig. 4.33 Efficiency maps of the investigated IMs.

4.4 Performance of Advanced Non-Overlapping Winding Induction Machines with

Different Rotor Topologies

It has been shown that the IMs have the high order frequency components in the air-gap, at the stator
tooth tip parts, and dominantly at the rotor tooth tip parts arising from the slotting effect, saturation
effect, winding MMF, and slip harmonics [GUN16b], [GUN17a], [LI16], [GUN17b], [KUN17]. The
conventional rotor structure design with open-slot cast rotor (OS) is not a good candidate for adopting
in the HEV application in terms of efficiency because of the significant bar copper loss and
consequently overheating due to the air-gap flux density harmonics [LI110], [NEE95], [L116], [KUN17].
In order to reduce the parasitic effects arising from the rotor part of the IM and consequently the bar
losses, torque ripple, acoustic noise, etc. a number of different methods has been proposed. These

methods can be classified as follows.
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e Using copper bars instead of aluminium bars: [PET03], [COWO03], [KIR07], [PETO7];
e Using skewed rotor: [MCC98], [KAWO09];

o Determining optimal rotor shape: [DIA72a], [DIA72b], [DIA72c], [NEE93], [NEE95],
[FIRO7], [PARO8], [KONO9], [BOL10], [GER11], [MAU13], [LEE13], [KIM15], [LI16],
[KUN17];

e Determining the best stator and rotor slot number/pole number combination: [KOB97],
[HUAOZ2];

e Adopting new control methods: [TANO2], [BEEO08], [LIA11];

e Modulated rotor slots: [CHI08], [STE12].

Moreover, in order to improve the IM’s performance characteristics such as efficiency and output
power, the power factor correction method has been utilized widely [LAI82], [MULS89], [TAM99],
[SPE92], [YAO16], [YAO17]. To be able to improve the power factor, different methods such as
utilizing novel stator winding arrangements together with moving-coil regulator concept [LAI82],
employing an auxiliary three-phase stator winding together with a PWM inverter [MULS89] or
employing an auxiliary stator winding in conjunction with a PWM voltage inverter and a single
capacitor on the DC side of the inverter [TAM99], using terminal capacitors which is proposed as the
cost-effective and reliable means of power factor improvement, and utilizing a wound rotor with
converter-fed rotor windings [YAO16], [YAQO17] have been proposed.

It is shown that utilizing semi-magnetic wedges can reduce the negative effects caused by the open
rotor slots, and consequently improve the performance characteristics of the IM [PET16]. Another
improvement method, utilizing a mixed different winding configurations, has been proposed [MUT12].
It is shown that the combination of double and triple layer windings can provide a reduction in torque
ripple without sacrificing the average torque. In some papers, in order to reduce the stray loss, skewed
rotor is proposed to use [MCC98], [KAWOQ9]. In addition, in order to increase the efficiency and
improve the thermal characteristics, using copper material instead of conventional aluminium for the
squirrel-cage is proposed [PET03], [COWO03], [KIRO7], [PETO07]. Moreover, for high-speed
applications of inverted-fed IMs, solid-rotor structures are proposed as a good candidate because of
their rigid constructions which allow operating at much higher speeds than a squirrel-cage IM. It has
been shown that the solid-rotor IM shows favourable performance characteristics such as high power
density, high efficiency, high starting torque-to-starting current ratio, and high tip speed [GIE12],
[UZH17a], [UZH17b].

In this section, influence of the rotor topology on the performance characteristics of the AIM has
been investigated. The proposed 18S/22R/6P NWIM with 90mm stack length has been employed for
investigating the effect of the rotor structure. In order to reveal the influence of rotor structure on the

electromagnetic and flux-weakening performances, four different rotor structures, namely, insert-bar
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(IB), open-slot cast-rotor (OS), closed-slot cast-rotor with straight bridge (SB), and closed-slot cast-
rotor with u-shaped bridge (uB) have been considered. It has been reported that the most significant
improvements can be achieved by changing the rotor slot geometry, which can reduce the bar losses of
the rotor to the minimum [NEE93], [NEE95], [BOL10]. In this study, the short-bar method proposed
in [KONQ9], [LI16], [LI17], and [KUN17] has not been considered in this study because of the
significantly increased rotor bar current density due to the remarkably reduced slot fill factor [LI16].
On the other hand, the closed-rotor slot structure proposed in [NEE93], [NEE95], and [BOL10] is
considered here.

The parameters of an initial rotor slot geometry is illustrated in Fig. 4.34(a). In addition, by assigning
additional parameters as shown in Fig. 4.34(b) for the straight bridge (SB) rotor, it is possible to obtain
a closed-slot cast-rotor with u-bridge (uB) rotor structure (see Fig. 4.37(d)). The initial slot geometry
belongs to the insert-bar (IB) structure. By changing the rotor slot fill factor of the IB structure, it is
possible to obtain open-slot cast-rotor (OS) structure as shown in Fig. 4.37(b). As seen in Fig. 4.34(a),
it is possible to change the rotor type by changing the slot opening parameters, particularly b, €.g. if
b, is assigned as zero, then the slot structure will be turned into closed-slot cast rotor with SB as shown
in Fig. 4.37(c). The influence of the slot opening width parameter b,., on the steady-state performance

characteristics of IMs having IB and OS rotors have been investigated as follows.

(b) Rotor slot bridge parameters for u-shaped

(a) Rotor slot opening parameters bridge

Fig. 4.34 Rotor slot dimensional parameters.

The variation of the average torque T, torque ripple AT, rotor bar copper loss B, and bar current
density J,- with respect to b,, parameter is illustrated in Fig. 4.35. As seen in the figures, the average
torque and rotor current density amplitudes are not changed significantly with b,.,. However, the torque

ripple and bar copper loss are increased considerably with increasing b,-,.
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Fig. 4.35 Variation electromagnetic performance characteristics with respect to b,: (a) average

torque and torque ripple, and (b) rotor bar copper loss and bar current density.
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Considering the obtained results, it can be concluded that it is favourable to keep b,., at the minimum
in order to keep the bar copper loss and the torque ripple percentage at minimum. The flux line and flux
density distributions for various values of b,., are shown in Fig. 4.36. As seen, stator and rotor tooth tip
parts are highly saturated. As seen in Fig. 4.36(a), some of the flux are short-circuited through the
bridges. On the other hand, since the open-slot rotor cannot collect flux as much as the semi-closed-
slots, the flux density on its rotor reduced (see Fig. 4.36(d)). As a consequence, as shown in Fig. 4.35(a),
the average torque has reduced for the closed- and open-slot rotors. Note that the influence of other slot
opening parameters, including h,., and h,.;, on the steady-state and flux-weakening characteristics is
investigated in Appendix F.

4.4.1 Considered Squirrel-Cage Rotor Structures

According to rotor manufacturing type, it is possible to design the rotor in different ways as
illustrated in Fig. 4.37. Constitutively, there are two different ways for manufacturing the rotor: insert-
bar and cast-rotor. Manufacturing of cast-rotor type squirrel-cage rotor is simpler than that of the insert-
bar. Basically, the cast-rotor type can be manufactured as open-slot and closed-slot as shown in Fig.
4.37(b) and (c), respectively. The rotor of the AIM is designed by using six-different rotor structures
shown in Fig. 4.37. Note that, all the specifications kept at their optimum dimensions except
for b,g, h,-9, and h,; and additional slot bridge parameters shown in Fig. 4.34(b). The electromagnetic
and flux-weakening performances of the AlMs designed by using the rotor slot types shown in Fig. 4.37

have been compared with those of the CIM having IB rotor structure.

4.4.2 Comparison of Electromagnetic Performance Characteristics

In this section the steady-state electromagnetic performance characteristics including the flux-
linkage, phase back-EMF, air-gap flux density, rotor bar current, flux density and flux line distributions,
and torque waveforms for the AIM equipped with different rotor structures and the CIM equipped with
the IB rotor structure have been investigated through a comparison study. The 18S/20R/6P AIM with
90mm stack length and the 54S/44R/6P CIM with 70mm stack length have been employed for
investigating the influence of the rotor types. The excitation specifications are 500Arms and 100Hz.
The rotor slot parameters are listed in Table 3.1 and the cross-sectional views are shown in Fig. 4.37.

Other geometric specifications of the CIM and AlMs can be found in Appendix C.

a) Flux-Linkage

The flux-linkage waveforms and their harmonic spectra are illustrated in Fig. 4.38. As seen in the
figure, since the CIM has low number of turns, its flux linkage amplitude is lower than that of the AIMs
equipped with different rotor structures. It is also clear that there is no significant difference between

the distortion levels of the IMs.
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Table 4.7 Rotor slot parameters

CIM AlIM
IMs
Spec. (mm IB IB1 IB2 0S SB uB
Rotor slot opening
width b, 2 4.4 15 4.4 0 0
Rotorslotopening 5 g 0.8 05 0.8 0.2 0.2
height h..,
Rotor slot opening 0 04 03 0.4 06 06
chamfer h,,
IF)Rotor slot width 2 68 6 6 6 6 6
r12
ﬁ;;ogts;l"t opening 106 12.58 12.58 12.58 12.58 12.58
T2
u-bridge 12105
duro /hurl .
(a) Insert-Bar of CIM — (b) Insert-Bar with large slot (c) Insert-Bar with optimum
IB (CIM) opening (IB1) slot opening (1B2)

mm

(d) Open-Slot Cast-Rotor (OS) (e) Closed-Slot Cast-Rotor

with Straight Bridge (SB) (f) Closed-Slot Cast-Rotor
with u-Bridge (uB)

Fig. 4.37 Various rotor slot types having different shapes.

b) Back-EMF

The back-EMF waveforms and their harmonic spectra are illustrated in Fig. 4.39. As seen in the
figure, the waveforms of the designs with non-overlapping winding topology are more distorted than
those of the CIM because of the large winding MMF harmonics. As seen in Fig. 4.39(b), the THDs of
the AlMs are much higher than those of the CIM. Moreover, the THD levels of the AIMs with closed

slot rotor structure are higher than those of the open slot counterparts.
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c) Air-Gap Flux Density

The air-gap flux density waveforms and their harmonic spectra are shown in Fig. 4.40. The air-gap
flux density waveforms are highly distorted for all IMs. Nevertheless, since the AIMs have highly
distorted MMF waveforms, their THD levels are much higher than that of the CIM. Furthermore, as
clearly seen from Fig. 4.40(b), the THD level of the AIM with closed rotor structure has been reduced
considerably owing to the filtering effect of the bridges. The more explanations about the filtering effect
of the tooth parts can be found in Chapter 5.
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Fig. 4.38 Flux-linkage: (a) waveform and (b) harmonic spectra.
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Fig. 4.40 Air-gap flux density: (a) waveforms and (b, ¢) harmonic spectra.

d) Bar Current

The bar current waveforms and their harmonic spectra are illustrated in Fig. 4.41. As seen, the AIMs
have heavily distorted waveforms when compared to those of the CIM. These heavily distorted MMF
harmonics are also induced in the bars. As a consequence, the distortion level of the bar current of the
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AlIMs are much higher than that of the CIM (see Fig. 4.41(b)). Furthermore, it is obvious that the bar
current THD levels of the designs equipped with closed rotor slots are much lower than those of the
designs equipped with open rotor slots. As clearly seen in Fig. 4.41, both of the low- and high-order
harmonics have been reduced by employing the slot bridges. Besides, as explained previously, these

bar current harmonics cause an increase in the rotor bar copper loss.
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Fig. 4.41 Rotor bar current: (a) waveform and (b) harmonic spectra.

e) Field and Loss Distributions

The flux density and flux line distributions of the IMs are compared in Fig. 4.42. There are some
highly saturated local parts, e.g. middle and tooth tip parts of the stator slot, stator yoke parts, and tips
of the rotor tooth parts. It is visible that utilizing u-Bridge leads a reduction on the saturation level of
the stator tooth parts. Moreover, short-circuited fluxes through the bridges are also visible in Fig. 4.42(d)
and (e). That is the reason behind the lower torque amounts of the designs with closed slot rotors (see
Fig. 4.44). The total loss distributions of the rotor bars are compared in Fig. 4.43. Note that the

calculated total loss includes the copper and eddy current losses. As clearly seen from the loss
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distributions, the losses are concentrated on the top parts of the bars. This is due to the combined effect
of the deep slot, skin effect of the solid conductor bars, and highly distorted air-gap flux density. Since
these high-distorted air-gap flux density harmonics are induced in the top region of the bars, they
increase the amount of copper loss. As seen in Fig. 4.43(a), since air-gap flux density harmonics of the
CIM are lower than those of the AlMs, their total losses are lower. Moreover, as seen in Fig. 4.43(d)
and (e), the total loss level has been reduced owing to the slot bridges. It is also obvious that the total
loss of the design with u-bridge (uB) is lower than that of the design with straight-bridge (SB). Due to
the higher reactance of the lower part of the bar, the current density reaches its maximum at the top of
the bar and diminishes to its minimum at the bottom.

In IB rotor slots, the air-gap flux density harmonics induce eddy currents in the copper bars in the
slot necks. By providing a bridge in the rotor tip parts (see Fig. 4.43(d) and (e)), the rotor conductor is
moved away from the air-gap and hence the additional cage losses are reduced. Using u-bridge instead
of straight-bridge leads to bar conductors moving further away from the air-gap leading more reduction
in the bar loss. On the other hand, the mechanical resilience of the rotor structure is somewhat reduced

that might prevent the use of slot-bridge designs in the super-high speed IMs.

(e) 18S/20R/6P (SB) () 18S/20R/6P (uB)

Fig. 4.42 Flux density and flux line distributions.
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Fig. 4.43 Total loss distributions on the rotor bars.
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f) Torque, Torque Ripple, and Power Losses

The calculated electromagnetic torque against the rotor position is illustrated in Fig. 4.44. Although
there are no significant differences between the average torque values, there are substantial differences
between the torque ripple ranges.
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Rotor Position (Elec. Deg.)

Fig. 4.44 Torque against rotor position.

However, as explained previously, due to the increase in the short-circuited flux through the rotor slot
bridges, the average torque is slightly reduced for the AlMs with the slot bridges. On the other hand,
the slot bridges cause a significant reduction in the torque ripple. As seen in the figure, more than half
of the torque ripple is cancelled by employing the rotor slot bridges. When compared to the SB rotor
structure, a further torque ripple reduction of ~18% has been obtained by employing the uB rotor

structure.

4.4.3 Comparison of Flux-Weakening Characteristics

The flux-weakening characteristics of the considered IMs are compared in this section. The flux-
weakening characteristics have been calculated by using a method that combines the calculated flux-
linkage and power losses matrices by FEA and the current angle and speed loops by MATLAB®. The
corresponding calculations are given in Appendix A. The calculated torque/power-speed, rotor and

stator copper loss maps, and efficiency maps are presented as follows.

a) Torque-Speed Performance

Torque-speed characteristics of the CIM with IB and the NWIMs with IB, OS, SB, and uB have
been illustrated in Fig. 4.45. Although the performance of the CIM at the constant torque region is low,
its performance at the constant power region is quite high. On the other hand, it has been revealed that
the influence of the rotor structure on the flux-weakening performance is not significant. As seen in the
figure, the overall performances of the rotors with bridges are slightly poorer than those of the open slot

rotor structures.
b) Power-Speed Performance

The power-speed characteristics of the considered machines have been compared in Fig. 4.46. It is
clear that the CIM has the highest power for whole operational speed range. As seen in the figure, rotor
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structures with bridges show slightly poorer power-speed characteristics than those of the rotor

structures with open-slots.

c) Stator Copper Loss Map

Stator copper loss maps of the CIM and AIMs are illustrated in Fig. 4.47. Note that, since only the
rotor structure has been changed by keeping all the other parts at their optimal dimensions, the stator
copper losses of the AIMs with different rotor structures are quite similar as seen in Fig. 4.47(b). Due
to the very short end-winding lengths of the AIM, their maximum copper losses at the constant torque
region are 32.15% lower than those of the CIM.

d) Rotor Copper Loss Map

The calculated rotor bar copper loss maps are illustrated in Fig. 4.48. Although the open-slot rotor
structure is utilized for the CIM, as a result of low MMF and consequently low air-gap flux density
harmonic content, its bar copper loss is lower than those of the AIMs as seen in Fig. 4.48(a). As seen in
Fig. 4.48(b-¢), although the design with the OS has the highest bar loss at the constant torque region,
the design with the uB has the lowest. Since the slot bridges act as a low-pass filter, some high-order
air-gap flux density harmonics have been cancelled eventually. Therefore, some additional copper
losses due to the MMF harmonics on the bars have been cancelled. The laminations have been modelled
by considering the stacking factor as 0.97. Therefore, depending on the laminations’ stacking factor the
shielding effect could be much less in reality. In addition, since a small piece of copper bar has been
removed from the slot of the IM equipped with uB rotor structure, the bar copper loss is further reduced
(see Fig. 4.43(e) and Fig. 4.48(e)).

e) Efficiency Map

The efficiency maps of the considered IMs have been calculated by taking into account the additional
losses such as stray current loss, mechanical losses, etc. The additional losses are assumed as 1% of the
output power [LIP17], [BOL10]. The maximum efficiency of the CIM is 92%, that has been achieved
between 5-9krpm. Moreover, the lowest efficiency (<55%) region is between 0-0.75krpm (see Fig.
4.49(a)). The efficiency maps of the AIMs with 1B, OS, SB, and uB have been shown in Fig. 4.49(b-e),
respectively. It is obvious that the designs with slot bridges have higher efficiency than the designs
without slot bridges. The areas of the maximum efficiency are narrower for designs with open-slots (see
Fig. 4.49(b) and (c)). However, as seen in Fig. 4.49(d) and (e), the maximum efficiency regions are
larger. Furthermore, thanks to the u-shaped bridge, the maximum efficiency is increased from 92% to
93% between 5-8krpm. In addition, the highest efficiency region is much larger than that of CIM.
Comparing the CIM and AIM with uB, it can be deduced that the efficiency of the NWIM with uB is
quite higher. As known, an EV spends most of its time at the cruise/city operating mode (low-torque
and low-speed operating region). Therefore, it is desirable to achieve high efficiency at the cruise mode

operation. Considering Fig. 4.49(a) and Fig. 4.49(e), it can be concluded that the AIM with uB is more
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advantageous than the CIM in terms of efficiency and consequently the fuel/energy economy concerns.

Furthermore, the AIM with uB is also favourable in terms of compactness since its total axial length is
~15% shorter than that of the CIM (see Table 4.8).
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4.4.4  Overall Comparison

In order to compare the overall electromagnetic performance characteristics of the considered 1Ms,

Table 4.8 has been presented. Open-slot (OS) design has some advantages such as higher torque and

higher efficiency. However, its torque ripple and bar copper loss are remarkably high. In addition, it

should be also considered that manufacturing of insert-bar is quite difficult than that of the cast-rotor.

Table 4.8 Performance characteristics in constant torque region

CIM 18S/20R/6P 18S/20R/6P 18S/20R/6P 18S/20R/6P 18S/20R/6P
54S/44R/6P (1B1) (1B2) (0s) (SB) (uB)
N, 9 9
R 44 20
L, (mm) 70 90
L,ng (MM) 52 13.92
104.07
ltotal (mm) 122.17 (-1482%)
ko 0.96 0.866
Rphase () 3.7261 25242
Mmaxt 1905 1905 1905 1905 1910 1915
(rpm)
T (Nm) 52.21 54.61 54.47 54.14 53.4 52.5
AT (%) s 17.15 12.6 21.55 10.63 8.72
o (+328.75%)  (+215%) (+438.75%) (+165.75%)  (+118%)

P, (KW) 10.41 10.9 10.87 10.8 10.68 10.53
Pscuin(KW) 0727 1.297 1.297 1.297 1.297 1.297
PScu_end
(o 2.067 0.596 0.596 0.596 0.596 0.596
Pg,,, (KW) 2.79 1.893 1.893 1.893 1.893 1.893
Pgey (KW) 0.51 0.925 0.741 0.988 0.718 0.652
Physe (MW)  10.89 19.54 21.34 28.11 29.41 23.21
P oqay (MW) 1.7 2.71 2.26 3.15 2.65 2.26

30.96 30.96 30.96 30.96 30.96

2

Js (AImm) 2232 (138706)  (+38.7%)  (+38.88%)  (+38.88%)  (+38.88%)

13.71 14.75 14.39 13.86 12.9

2

Jr (AMMY) 1354 on00)  (48.93%)  (+2.36%)  (+2.36%)  (-4.72%)
Power factor  0.658 0.682 0.683 0.654 0.683 0.687

On the other hand, it has been revealed that it is possible to improve the performance of the AIMs

by employing closed rotor slots. Considering all the findings shown in Table 4.8, the advantages of

using closed slots can be summarised as follows:

v Lower torque-ripple;

v" Lower rotor bar copper loss;

v" Higher efficiency;
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v’ Cast-rotor availability (ease of manufacturing);
v Lower slip and consequently higher power factor;
v Low current density;

v Smaller cooling equipment.
On the other hand, some disadvantages of using closed slots can be summarised as follows:

¢ Since the bridges make an increase in the short-circuited flux level, the average torque decreases
slightly;

e The closed-slot structure causes a slight reduction in the flux-weakening performance;

e The mechanical resilience of the rotor equipped with quite tin slot-bridges is somewhat reduced.

45 Conclusion

In this chapter, electromagnetic and flux-weakening performance characteristics of various AlMs
having different S/R/P combinations, stack lengths, and numbers of turns have been comprehensively
compared. In order to reveal the advantages and disadvantages of the proposed winding topology, all
the obtained results have been quantitatively compared with those of the CIM equipped with 9-slot pitch
double-layer ISDWs and 70mm stack length. Among the investigated AlMs, the 18S/20R/6P with
90mm of stack length is determined as the best candidate, meeting the requirements of a traction
machine for the EV/HEV applications, including high efficiency, high torque, wide constant power
region, low torque ripple, etc. Moreover, the performance of the AIM with different rotor topologies is
investigated in detail. It has been concluded that adopting the closed-slot rotor structures, particularly
with u-shaped slot bridges, provides reduced parasitic effects, lower bar current density, lower bar

copper loss, and consequently the higher efficiency.

The key findings of this study have been summarised as follows in constant torque and constant

power operating regions of the IMs.
In constant torque region:

o If the AIM is designed by using the same stack length as the CIM, 33.13% shorter total axial

length can be achieved without sacrificing the average toque, output power, and efficiency;

e |f the AIM is designed by using the same total length as the CIM, 9.5%, 5%, 6.2% higher

efficiency, higher average torque, and higher output power can be achieved;

o If the optimum AIM is compared with the CIM, 5.7% higher efficiency, 4.7% higher average

torque, 4.6% higher output power can be achieved with 13.36% shorter total axial length;
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For all the S/R/P combinations of the AIM, the higher torque ripple is inevitable comparing to
the CIM. However, as shown, the torque ripple can be reduced significantly by employing the

closed slot rotor structure;

The higher the pole number, the better the performance in terms of higher torque, higher output

power, higher efficiency, and lower torque ripple;

The longer the stack length, the higher the output power, the lower the bar copper loss, the
lower the bar current density, and the higher the efficiency;

The undesired consequences of the parasitic effects can be suppressed by employing the closed
slot rotor structures, as a result of this a higher efficiency with lower torque ripple might be

achieved.

In constant power region:

Regardless of the S/R/P combinations and stack length, the powers of AIMs at high-speed are
lower than that of the CIM;

The lower the pole number, the higher the power at high-speed regions;
The longer the stack length, the better the flux-weakening capability;

The IMs equipped with open slot rotors have slightly better flux-weakening characteristics than

those of the IMs equipped with closed-slot rotors.
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5 Influence of Magnetic Saturation on Non-Sinusoidal Bar Current Waveform

In this chapter, the influence of magnetic saturation on the rotor bar current waveform and
performance characteristics of a conventional IM is investigated. The levels of iron saturation in
different parts, including the stator and rotor back iron, tooth body and tooth tips etc., are examined and
their influences are investigated, whilst the dominant part which causes the non-sinusoidal rotor bar
current waveform is identified and the phenomenon is explained in depth. It has revealed that the

magnetic saturation, particularly in the rotor tooth, has a significant effect on the bar current waveform.

5.1 Introduction

Due to the rugged, reliable, and almost maintenance free construction and relatively high efficiency,
the performance and operating characteristics of induction machines (IMs) have been under
investigation since their first invention in 1888 [TES88], [ALG76]. The rotor bar current of an 1M plays
a crucial role in generation of torque and output power, and accurate calculation of efficiency [LAN77].
In IMs which are fed with a 3-phase balanced sinusoidal source and run under the healthy operating
condition, induced voltage and hence current on the rotor bars are usually assumed to be sinusoidal in
accordance with the commonly used equivalent one phase circuit and other analytic models. In adition,
a number of previous studies showed that rht rotor bar current may be non-sinusoidal, since the rotor
bar current is a summation of the various frequencies induced in the rotor circuit by the stator MMF
harmonics. However this section is important since it examines the relationship between the bar current
waveform and cross saturation. Therefore, the design and operating parameters concerning the magnetic

saturation have also been investigated in Chapter 6 and 7, respectively.

The previous studies have revealed that the bar current may be non-sinusoidal under some specific
design and operating conditions such as very low slip ranges [LUN36], [BRUO7], [BLAQ9] or lower
frequencies than the rated synchronous frequency [BOGO3] or significantly high electrical loading
operating conditions [BRA74], [GUN16a]. Furthermore, it might also be non-sinusoidal in case of fairly
short air-gap lengths [GUN16c]. It has been proven that the level of the bar current distortion highly
depends on the slot number/pole number combinations [GUN17a]. In addition, significant effect of
rotor slot number on the bar current waveform has been shown in [GUN17b]. It has been revealed that
the rotor and stator geometric parameters have also a considerable effect on the bar current waveform
[GUN18a]. Furthermore, in existing literature, although there are a lot of studies on the stator current
waveform, there are only a few studies on the rotor bar current waveform of a squirrel-cage IM [WEI11],
[HOO11], [GAUA41], [BUCT72], [PRES89], [MUK®89], [BOT04], [BOTO05], [DONO5], [BELO6],
[GRAO09]. However, in these studies, the explanations related with the non-sinusoidal bar current have
not given or are insufficient. Therefore, the first aim of this chapter is to fill this gap and the second aim

is to reveal which part of the machine causes the bar current to become non-sinusoidal.
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In this chapter, the influence of more general magnetic saturation, which may occur due to the factors
explained above, will be investigated. The saturation of the cores on the main flux path induces some
lower order harmonics in the air-gap flux [LEE61], [MOR92]. These harmonics are called as saturation
harmonics since they are produced directly by the saturation of the cores [LEE61]. Furthermore, these
saturation harmonics vary with the operating conditions and also affect the leakage reactance of the IM
[CHAG9]. The lower the leakage reactance, the higher the saturation of the flux leakage paths in the
stator and rotor [ANG63]. Therefore, the saturation of the main flux path components has a considerable
effect on the rotor magnetic circuit [MOR92]. A 3" harmonic flux component exists as a consequence
of the saturation [CHA71], and this 3" harmonic always exists notwithstanding the number of phases
[PER12]. The non-linear characteristics of the core materials causes the equivalent distortion on the air-
gap, which leads to the appearance of space harmonics in the main flux density distribution and
consequently the distorted induced voltage in the rotor, and subsequently generates flat-topped rotor
currents [CHAT71], [FREO3]. Furthermore, saturation phenomenon also has a significant effect on the
starting performance of wound-rotor IMs [JABO7] and other performance characteristics such as motor
start-up, slot-leakage [0J0O90], [IKEOQ7], torque quality, vibration and acoustic noise, and stabilizing
effect [SAL94], [MEL83], [DON99], [MON13]. In addition, it has been proven that the saturation is a
very important parameter which should be taken into consideration at modelling stage of IMs [LI1P84],
[LIA94], [DON99], [XIA08], [BOL10].

In this study, an IM has been designed by using the same geometrical and operating parameters as
the Toyota Prius 2010 IPM machine. The influence of the saturation on the induced voltage, air-gap
flux density, rotor bar current, rotor and stator tooth flux densities, torque quality and also efficiency
will be revealed. The levels of iron saturation in different parts, including the stator and rotor back iron,
tooth body and tooth tips etc., are examined and their influences are investigated, while the dominant

part which causes the non-sinusoidal rotor bar current waveform is identified.

5.2 Analysis of Rotor Bar Current

As well known, the operating of an IM is based on the interaction between the stator and rotor
magnetic fields. Both of these fields have radial and tangential components. The tangential component
of the rotor field Br; is the rotor slot leakage component and can be calculated as given in (3.1) [BOL10],
[LIP17], where ug, Iy, by, br;, and 6, are the relative permeability of the air, the bar current of the n™
bar, the rotor slot width close to air-gap, the rotor slot width at slot bottom, and the rotor position,
respectively. The leakage fluxes produced by the stator and rotor currents depend on the slot geometry
and winding structure. These leakage fluxes are visible in Fig. 5.1(b). The radial component of the air-
gap field Br, is the torque producing component that is produced by the stator currents in the rotor tooth
parts and can be evaluated by using the average air-gap flux density given by (5.2) [LIP17], where

B

g.avgr Dis: Pi ls, g, ki are the average air-gap flux density, the stator inner diameter, the pole number,

the stack length, the air-gap length, and the rotor stacking factor, respectively.

190



2.uOIbn (91"! t)

5.1
bry + br; ®-1)

Br, (91") =

2nD;s (I +29)
P(bry +bry) kil

Br.(6,) = Bg,avg 6;) (5.2)

In addition, when considering the air-gap field, it should be taken into account that the air-gap flux
density contains four different harmonics originated from slot, phase belt or space, saturation, and slot
MMF combined with rotor slot permeance ripple harmonics that have a correlation with pole, rotor, and
stator slot numbers [XIA08], [BOL10]. The bar current I is calculated by using (5.3), where Iy, f, Z5,
ksaer m, ls, R, D, ge, Nst, kywp, 8, xnand 7, are the magnetizing current, rotor frequency, rotor
impedance, number of phase, stack length, number of rotor slots, pole pair number, effective air-gap
length, serial number of turns per phase, working winding factor, the space angle at a point of interest
in the air-gap, angle between the rotor position and space angle, and pole pitch length, respectively. As
seen, (5.3) comprises of one variable term, which is the second term, and two constant terms, which are
the first and the third term, and one angle term, which is the fourth term. In this thesis, influence of the

variable terms on the bar current waveform have been investigated in depth.

242 f; T, -m? -l 3 x
I, =—=10"8 -(1 - )[” N, -k sin( == -6 (5.3)
R < 5 > MZZ'ksat R'p'ge ( s wp) Tp

[ ] _
| 0.37(ns — )2 |[ 2r(ls +2g.) |7

| [kt 2 JI P(br, + br)kyy
ns ns

Iyn(6,) = Br.(6,) (5.4)

Stator gy

3 )
. H.’ 25,
®
/
br,.
-~ Rotor

() Rotor bar and inter-bar ring currents.  (b) Rotor slot parameters and flux lines.

Fig. 5.1 Squirrel-cage rotor: (a) construction and (b) slot parameters (b).
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Ip1 = Iiyy — Ly (5-5)

By substracting end-ring current and simplifiying (5.3) , the bar current can be derived in terms of
rotor tooth flux density as given in (5.4), where R, and X,,,¢ are the resistance and reactance of the
n™ bar depending on the slip, respectively and k;, is the rotor stacking factor. Br,.(6,.) in (5.4) is the
torque producing component of the main reaction field. As seen from (5.4), the bar current depends on
the torque producing component of the rotor flux, slip, bar impedance, pole number and other
geometrical parameters such as air-gap length, slot dimensions, stacking factor and also stack length.
Among these parameters, the rotor tooth flux density and the slip, and hence the impedance of the bar
conductor change with respect to the speed. Therefore, these two parameters should be investigated in
detail in order to reveal the reason behind the distortion of the bar current waveform. A simplified
squirrel-cage with the bar and inter-bar ring currents denoted by the arrows is illustrated in Fig. 5.1(a).
As clearly seen from Fig. 5.1(a), the relation between the bar I,; and inter-bar ring currents I;,-; and

I;», can be calculated by (5.5).

5.3 Investigation of Bar Current

Generally, an IM is designed as to be operated under slightly moderate saturated conditions during
normal operating [LIA94]. However, under some extreme operating conditions such as fairly low slip
or very significantly high electric loadings or quite low frequencies, the iron cores of the IM can be
saturated. As to be explained in the followings, the saturation limits the flux in the main path and hence
it tends to induce considerably high 3™ order harmonic in the air-gap flux. Furthermore, while these
saturation harmonics affect only the starting and overload performance of the IM, they diminish to

minimum under rated operating conditions [GUN16b].

In this section, the influence of saturation on the bar current waveform is investigated by time-
stepping, non-linear 2-D finite element analysis (FEA) with transient magnetic solver under steady state
operating condition at 950 rpm (maximum torque) and 102 V maximum supply voltage which generates
250 A stator current. The material composition and the direction of the lamination stacking have also
been considered in the 2-D FEA modelling. The material compositions of the core materials are
assigned as laminated with 0.97 stacking factor. The studied IM is designed by using the same outer
diameter, stack lenth, slot/pole number, winding properties and rated operating condisitons such as
excitation current, speed, etc, as the Prius 2010 interior permament magnet machine (IPM). Note that

the rotor slots have not been skewed in this section.

To be able to validate the results of simulation, the rotor bars and end-rings have been modelled by
the FEA with two different design approaches: (a) by using a default end-connection tool (as a ring
short-circuiting the both side of bars) and (b) by building an equivalent squirrel-cage circuit consists of
bars and rings. In order to reveal which part causes more distortion on bar current waveform; the

components on the main flux path such as yokes, tips, teeth of the stator have been separated from each
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other and assigned as Linear (un-saturable) material (see Fig. 5.2) by using the sequence in Table 5.1.
By using a linear material on some parts of the 1M, the saturation in the specific regions can be avoided
while other parts with non-linear BH curve may be saturated by supplying the peak excitation voltage.
In order to examine the saturation levels, the obtained analysis results, summarised in Fig. 5.3, have
been compared with the original IM which has been designed by using W330 material which has a non-
linear BH curve as shown in Fig. 5.2. The non-linear BH iron parts are shaded with red color as seen in
Fig. 5.3 and the THDs of the bar currents are also given for each case. As clearly seen in Fig. 5.3, the
rotor bar current has been significantly distorted in W330 (original) case and Case#3 in which the rotor
teeth are assigned with non-linear (saturable) material. In Case#2, when only the stator teeth are
saturated, the waveform of the bar current has not been distorted as in W330 case and Case#3 but it has

been much distorted than the other cases.

H jinear (A)
0 5 10 15 20
2 1 1 1
o
o & 1330
——Linear
0 U T T

0 1 2 3 4
H pon-linear (kA)

Fig. 5.2 BH curve of the linear and non-linear (W330_35) material.

il
L=

Considering Fig. 5.3, it is obvious that the yokes have the minimum influence on the bar current
waveform distortion while teeth especially rotor teeth have the maximum. Fig. 5.3 has revealed that the
focus should be given on the rotor and stator tooth parts in order to explain the reason behind the non-

sinusoidal bar current phenomenon.

Table 5.1 Comparison of properties of winding configurations

Case#
Assigned Region W330 | Linear | C1-SY | C2-ST | C3-RT | C4-RY
Stator Yoke N* L* N L L L
-~ Stator Tooth Body N L L N L L
% Stator Tooth Tip N L L N L L
% Rotor Tooth Tip N L L L N L
. Rotor Tooth Body N L L L N L
Rotor Yoke N L L L L N
“L: Relative Permeability is Linear (u, = 10°)
“N: Relative Permeability is Non-Linear: (W330_35) sat. point is 1.48 T
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Fig. 5.3 Bar current waveforms, harmonic spectra, and THD in percentage for each case.
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5.4 Investigation of Flux Density

The tangential component of the rotor and stator fields are the rotor and slot leakage components,
respectively, and they can be calculated by (5.2) [BOL10]. As expressed in (5.2), they depend on the
slot geometry (see Fig. 5.1(b)), stator and bar current [BOL10]. According to the Kirchhoff’s first law,
the current in a bar is the difference between the currents in adjacent inter-bar rings (see Fig. 5.1(a)).
Since the rotor and stator tooth bodies have the most significant effect on the bar current distortion, the
analysis results of linear Case, C#2 and C#3 have been compared as follows. The phase ‘A’ induced
voltage waveforms and their harmonic spectra and THDs for all cases are illustrated in Fig. 5.4. Since
the stator core material is highly saturated in case of C#2, the induced voltage is highly distorted. In
linear case, only the high order harmonics seem very high. This is due to the slotting effect and MMF
harmonics of the winding configuration. It is obvious that the saturation of the stator or rotor teeth cause
to increase the 3 harmonic significantly.

Owing to the distribution of the windings in discrete numbers of slots which causes an increase in
the harmonics of the distortion factor, the flow of sinusoidal currents in a winding produces flux
distributions in the air-gap, which contains a series of harmonic components in addition to the
fundamental (see Fig. 5.5(a)). As seen in Fig. 5.5(b), the saturation of the rotor tooth parts (C#3) has
more contribution to the distortion of the flux density waveform. Since the higher order harmonics
increase as the available maximum current increases, the THD of the Linear case is the highest.
However, the saturation affects only the 3™ order harmonic component. In order to obtain the
relationship between the bar current and the air-gap flux density, the flux density waveform of the rotor
tooth should be investigated by considering (3.1) and (5.4).

150 15
>, 100 _ mLinear mC2 mC3
S 50 =10 4 THD (%)
= @ Linear: 9.93
s 0 E C2: 386
2 -90 = 5 C3: 243
S 100 £
E: <1
- ‘150 T T T T T 0 a — .
3

0 60 120 180 240 300 360 5 7 9 20 22 24 53 55
Rotor Position (Elec. Deg.) Harmonic Order

(a) Phase A induced voltage (b) Harmonic Spectra and THD

Fig. 5.4 Phase ‘A’ induced voltage waveforms (a), harmonic spectra and THDs for Linear case, C#2,

and C#3 (b).

195



= I h ---- Linear
= 25 Boh o C2
“? »S‘u_ ;l-u.f ;4'15'3’”;'5__‘ S C3
8 O fmmd Y (24 ‘k'_”'\‘ ;‘: :,‘ A j\
& R Wiy
x -2.5 Y ey
=]
o -5 : . : : .
0 60 120 180 240 300 360

Rotor Position (Elec. Deg.)

(a) Air-gap flux density variation with respect to rotor position.

25
_ THD(%)
5‘20 . mLinear 62.98
1.5 % 15 & C2 50.21
>
E %10 mC3 52.28
(<) 1 e
3 <°
= 0
Zos

1 35 7 9111315171921232527293133353739
Harmonic Order
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Fig. 5.5 Air-gap flux density: (a) waveform and (b) harmonic spectra and THDs (b) for Linear case,
C#2 and C#3.

The rotor and stator tooth flux density variations with respect to rotor position from the top to the
bottom of a tooth are shown in Fig. 5.6. In order to verify that the distortion contributions coming from
the rotor and stator yokes are the minimum, their flux density waveforms (see Fig. 5.6(g, h)) and
harmonic spectra (see Fig. 5.7(g, h)) are also investigated. Considering the flux density harmonic
spectra of the yoke parts, it may be concluded that their contributions to the bar current are negligible.
Due to the higher reactance of the lower part of the bar, the flux is the highest at the top of the bar tips
and diminishes to a minimum at the bottom. It means that the stator and rotor MMFs and permeances
generate a large number of harmonics in the air-gap which generate a large number of harmonics at the
top of the rotor tooth parts. Moreover, there are many field harmonics at the top of the tooth parts whilst
they are very low at the bottom of the tooth due to the average effect (see (5.6)). The high-frequency
field harmonic components in Fig. 5.6(a) are originated from the various frequencies induced in the rotor
bars due to the combined effect of stator and rotor slotting effect and forward and backward MMF
harmonics. Since on the slot area the flux is the integration of flux density. In other word, in the air-

gap, the flux ¢, coming from the stator tooth parts (area of the studied core A) turns into the flux
density B;.
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Fig. 5.6 Rotor and stator flux density waveforms at the top, middle, and bottom for Linear case, C#2, and C#3.



Furthermore, the flux density in the air-gap turns into the flux in the rotor tooth body again. Therefore,
tooth parts can be imagined as an integration given in (5.6) acting as a low-pass filter (so called averaged
effect) which makes the higher frequency harmonics gradually disappear. Therefore, as clearly seen in
the upper sides of the tooth, there are a lot of high frequency harmonics on the waveforms (see Fig. 5.6(a,
b)). These higher frequency harmonics gradually disappear due to the low slot reactance. In addition, it
should be considered that because of the winding factor and slotting effects, the distortion on the stator
tooth flux is larger than that of the rotor tooth flux. On the other hand, since there is no slip frequency
effect on the stator side, the higher order harmonics have not been induced on the stator side whilst they
have been induced significantly on the rotor side. In case of C#3, the flux waves have been more
distorted since the non-linear material has been used on the rotor teeth and the same situation is valid
for the C#2 (see Fig. 5.7(a, c, €)). Once non-linear material assigned for the stator teeth, its 3™ harmonic
is always higher (see Fig. 5.7(b, ¢, d)). As seen in the rotor tooth flux waveforms (see Fig. 5.6(a, c, €)),
even if only the stator tooth parts saturated (C#2), it has an effect on resultant main flux waveform.
Therefore, its waveform has also large 3™ order harmonic. But it is not as high as the rotor tooth parts
saturated only case (C#3). Based on Fig.6(c, d), Fig. 5.7(c, d) and (5.4), it is concluded that due to the
highly saturated rotor tooth parts (C#3), the rotor bar current becomes non-sinusoidal. Further

explanation are given in the following section.
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Fig. 5.7 Magnetic flux density harmonic spectra along the rotor and stator teeth for Linear case, C#2
and C#3.

5.5 Influence of Magnetic Saturation

As explained previously, the saturation effect is inevitable in the electrical machines. The tooth
saturation is more important than the yoke saturation which is mainly because the tooth iron is smaller
than the yoke in quantity and the flux density is not uniformly distributed around the iron cores of the
machine. As shown foregoing, it is highly distorted on the tooth parts. In order to reveal why the rotor
tooth saturation is more responsible for the non-sinusoidal bar current, relative permeability and slot
flux lines including leakage and torque producing components should be investigated. Obtained flux
line and relative permeability distributions for C#2 and C#3 are illustrated in Fig. 5.8. As clearly seen
in Fig. 5.8, the influence of the slot leakage on this phenomenon is essential. In C#3, the fluxes coming
from the tip parts (including zigzag and belt leakage) flow to the rotor tooth body parts and the same

phenomenon is valid for case C#2. As explained, the flux at the tip parts are highly distorted.

Once this highly distorted flux at the tooth tip parts flows directly to the adjacent tooth body through
the slot, a number of low and high order harmonic components are transferred to the main flux.
Therefore, it has been revealed that the reason behind this phenomenon is the saturation of the tooth tip
parts. Since the highly saturated parts cannot carry any more flux, those fluxes pass through to lower
saturated parts of tooth bodies (see Fig. 5.8). However, in the linear case, those highly distorted fluxes
of the tip parts will never be passed to the tooth body parts. Therefore, extra flux harmonics are not

produced on the tooth body in the linear case. As well known, the more saturation on the tooth parts,
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the more leakage in the slots [ANG63], [CHA69]. By using (5.2), leakage flux density (tangential
component of the slot flux density) of the rotor (Hr) and stator (Hs) slot (including the slot opening)
have been calculated and their variations with respect to rotor position are illustrated in Fig. 5.9. As

expected, more slot leakage has occurred at the saturated parts and in Linear case it is always minimum.
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Fig. 5.8 Flux line and relative permeability distributions for different saturation cases.

In order to reveal that in which part of the rotor and stator slots the leakages are maximum, the
leakages along the Hx1, Hx2 and Hx have been calculated separately and compared as shown in Fig.
5.10. As clearly seen in Fig. 5.10, the leakage is significantly higher at the stator and rotor tooth tip
parts. Furthermore, in order to reveal which part of the machine has the higher slot leakage percentage,
the leakage flux percentages are calculated according to tangential components of the rotor and stator
slot fluxes for Linear case, C#2 and C#3 as given in Table 5.2. Based on Table 5.2, it is obvious that if
saturation is ignored (Linear case), the minimum slot leakage is obtained. However, if saturation is
considered in that case significantly high slot leakages are obtained depending on the place of the
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saturation. As expressed in (5.4), there is a direct correlation between the rotor tooth flux density and
the rotor bar current. This relationship can also be presented in terms of saturation factor as expressed
in (5.7) and (5.8) [BUCT72], where m, f, N, kw1, S, Tp, R, Ksar,,» In, and a,- are the phase number, the
synchronous (stator) frequency, the fundamental winding factor, the slip, the pole pitch in slot number,
the rotor slot number, the saturation factor, the magnetizing current, and the phase shift between bars

divided by pole pitch, respectively. In addition, in (5.8), MMF,_, MMFyg_, MMF_, and B,  are the

n’

stator, rotor, and air-gap magneto motive forces, and the air-gap flux density amplitude, respectively.
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Fig. 5.9 Variation of the rotor and stator slot leakage flux densities with respect to rotor position.
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Fig. 5.10 Amplitudes of the leakage flux density of the rotor and stator at the slot opening (Hx2), slot
home excluding the slot opening (Hx1), and average flux density in the slot including the slot opening
(Hx) for all cases (x=s for stator, x=r for rotor, see Fig. 5.2(b) for the details of the slot parts).

Table 5.2 Slot Leakage Percentages

Linear C2 C3

Hr 1.79 6.85 23.63
Hs 12.38 38.96 12.27

As seen from (5.7), the bar current is inversely proportional to saturation factor. Therefore, in order to
reveal its effect (saturation level of each part), the saturation factor is calculated by using (5.8) for Linear

case, C#2 and C#3 and the results are illustrated in Fig. 5.11. The total saturation factor calculated for
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C#2 is the highest and as for the Linear case, it is negligibly low. As clearly seen in Fig. 5.11, saturation
factor of the rotor yoke (RY) and stator yoke (SY) is negligible whilst the rotor tooth (RT) and stator
(ST) is significant. Considering the saturation factors and slot leakage fluxes, reconstructed bar current

waveforms by ignoring the higher frequency harmonic components in order to clearly see the effect of
the saturation harmonics are illustrated in Fig. 5.12(a).
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Fig. 5.11 Calculated saturation factors for C#2, C#3 and Linear case.
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Fig. 5.12 Reconstructed bar current for Linear case, C#2, and C#3: (a) waveform and (b) harmonic spectra.
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As expected the 3™ harmonic component has become the most dominant one due to the saturation
(see Fig. 5.12(h)). As clearly seen in the figure, if the effect of the saturation, which limits the main flux
amplitude, is neglected, the rms values of the maximum available bar current are 648.8A, 594.3A, and
609.28A for Linear, C#2, and C#3, respectively. This finding has revealed that even if the saturation
factor is higher in case C#2 (due to highly saturated stator teeth), it does not cause rotor bar current to
become non-sinusoidal. Furthermore, it is also obvious that if the stator tooth parts are highly saturated,
it influences the overall machine performance since the maximum induced voltage decreases.
Considering (5.4), (5.7), Fig. 5.6, and Fig. 5.10, it is concluded that due to the highly saturated rotor
tooth parts, the bar current becomes non-sinusoidal. This is also the explanation for why the rotor bar
current becomes non-sinusoidal in the extreme operating conditions such as fairly low slip or very
significantly high electric loadings. Because under all these operating conditions, the rotor tooth parts
are saturated highly due to the increase in the magnitude of the air-gap flux density. More details about
the influence of electric loading and slip on the bar current waveform will be presented in Chapter 7.
As previously explained, the magnetic saturation plays a very important role on the air-gap field and
hence the performance characteristics of the machine. The influence of the saturation on the torque

quality, power factor and efficiency is illustrated in Fig. 5.13.
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If the effect of the saturation is ignored, more torque would be obtained at the peak current in case of
assigning linear material instead of non-linear material to the cores (see Fig. 5.13(a)). Because of the
slot leakage increasing with the saturation (see Fig. 5.10), the torque amount decreases [LIP17].
However, depending on the highly saturated region around the IM, achieved torque density and
percentage of the torque ripple change. It is a common knowledge that there is a direct correlation
between the bar current and the torque. Since the saturation factor of C#2 is the maximum, its torque
density is the minimum. Once the stator teeth are highly saturated (C#2), the achieved torque density is
slightly higher than the case of rotor teeth which are highly saturated (C#3). However, torque ripple
percentage is vice versa. In addition, the saturation causes the decrease of the power factor by much
more lagging the current as clearly seen in Fig. 5.13(b). In Fig. 5.13(b), all obtained power factors
including the original design (IM with W330 non-linear material) are illustrated. Note that, during the
calculation of efficiency, the windage, friction and stray load losses were assumed to be 1% of the
output power [BOL10]. There is a slightly difference between the efficiencies 5. However, as expected,
in the Linear case the achieved efficiency is the maximum since it has the highest output power and
power factor. Since the stator core is highly saturated in C#2, the lowest torque density and output
power has been achieved even if it has the same stator current magnitude as so in the other cases.
Although the power factor of the C#2 is the lowest, its efficiency is slightly higher than that of the C#3.
Its rotor bar and core losses are the lowest as well since the obtained torque density is the lowest in C#2.
As aresult, if the saturation occurs, all the machine performance characteristics are affected. It is proven
that the saturation increases the magnitude of the 3" harmonics of air-gap flux density and bar current.
Furthermore, it has revealed that the influence of stator tooth saturation on the torque quality is higher
while the influence of rotor saturation on the efficiency is higher.

5.6 Conclusion

In this chapter, the influence of the magnetic saturation on the rotor bar current waveform of a
squirrel-cage IM has been investigated. The levels of iron saturation of each magnetic circuit
components on the main flux path and their influences on the performance characteristics of the machine
including the bar current waveform, torque quality, power factor, efficiency, etc., have been examined.
It is concluded that, each part on the main flux path has a considerable effect on the bar current
waveform. However, among these parts, the saturation of rotor tooth body parts has the most

contribution to the distortion of rotor bar current.

This study has also revealed that the high saturation causes more slot leakage flux, especially in the
tooth tip parts. The flux density of the tooth tip parts contain highly distorted flux components and those
harmonics diminish to a minimum due to the average effect of the tooth body parts. It has also found

that the saturation causes reduction in the output power, power factor, efficiency and also torque density.

In Chapters 6 and 7, the influences of design parameters and operating parameters on the rotor bar
current waveform will be further investigated in detail.
204



6 Influence of Design Parameters on Non-Sinusoidal Bar Current Waveform

In this chapter, the influences of design parameters, such as air-gap length, stator slot/pole number
combinations, rotor slot numbers, slot geometric parameters, rotor skew angle, and stator coil pitch on
electromagnetic performance characteristics of conventional squirrel-cage IMs are examined in detail
with particular reference to the bar current waveform. It has been revealed that each considered
parameter has a significant effect on the bar current waveform and the key performance characteristics,
such as torque, torque ripple, power losses, efficiency, etc. The conditions when the non-sinusoidal

rotor bar current waveform occurs and the reasons behind this phenomenon are investigated by FEA.

6.1 Introduction

In Chapter 5, it has been shown that a 3@ harmonic flux component exists as a consequence of the
magnetic saturation occurred in the rotor tooth body parts. Furthermore, it is found that because of this
3 harmonic flux component, the bar current waveform becomes non-sinusoidal. In this chapter, the
influences of the design parameters, which have a potential to cause magnetic saturation, on the
electromagnetic performance and bar current waveform will be investigated systematically. In literature,

there are several studies on the influence of design parameters:

e air-gap length on the machine characteristics [MOR92], [0SS94], [DOR99], [HIRO07],
[VALO08], [DAJ08], [AGU12], [GHO12], [ABD13], [JUA14], [ZHA14b], and some guidelines
for selecting the proper length [ALG65], [LIP04], [PYRO08], [GUN16c];

¢ slot/pole number (S/P) combinations on the performance characteristics, eccentricity issues and
parasitic effects, such as noise, vibration, etc., in the IMs [KRO31], [CHA64], [LIA95],
[MEL95], [HIR97], [NANO1], [WOLO07], [BES09], [NANO09], [JOK13], [SED14], [TSO14],
[AGA16], [GUN17a];

e rotor slot number on the electromagnetic force, unbalanced magnetic pull (UMP), vibration,
and acoustic noise [KRO31], [ALG54], [ARK97], [HIR97], [KOB97], [KIM99], [HUAO2],
[LIPO4], [AHOO6], [FIR07], [VALO7], [MARO08], [BES09], [BOL10], [SOB11], [GYF13],
[GUN17b];

e rotor skew on magnetic noise, magnetic saturation, vibration and acoustic noise, UMP, power
losses [OST86], [DOR95], [NAU97], [MCC98], [WANL16].

However, a limited number of studies investigated the influence of various design parameters on the
other performance characteristics, such as bar current, torque, efficiency, power factor, etc. in IMs
[AHOO06], [VALO7], [MARO08], [GYF13], [GUN16a], [GUN16b], [GUN16c], [GUN17a], [GUN17b],
[GUN18a]. On the other hand, this thesis will be the first study investigating the non-sinusoidal bar

current phenomenon in the IMs.
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In this chapter, previously designed IM (see Appendix C for the specifications) has been employed
and modified without changing the stack length and stator outer diameter in order to examine the
influence of various design parameters. Since the bar current plays a substantial role in the torque
production, power density, power losses, efficiency, etc., its accurate prediction is essential. Therefore,
the design parameters given below, which have a direct effect on the magnetic saturation of the machine
cores, should be identified with a special attention in order to predict the bar current with a high accuracy.

e Air-gap length;

o Stator slot/pole number (S/P) combinations with a specific rotor slot number;
e More common stator slot/rotor slot/pole number (S/R/P) combinations;

e Slot geometric parameters;

¢ Rotor skew angle;

e Stator coil pitch.

For each design parameter, the influence of the magnetic saturation on air-gap flux density, rotor bar
current, rotor tooth flux densities, torque quality and also efficiency will be revealed. The levels of
magnetic saturation in different parts, including stator and rotor back irons, tooth body and tooth tips
etc., will be examined. In addition, the influences of the forgoing design parameters on the bar current
waveform and performance have been investigated in [GUN16c], [GUN17a], [GUN17b], [GUN18a].
It has been revealed that the rotor bar current waveform becomes non-sinusoidal after exceeding a
specific design parameter amount or slot number. In addition, it has also been revealed that each of the
forgoing design parameter has a significant effect on the bar current waveforms and electromagnetic

performance characteristics.

6.2 Air-Gap Length

IMs are one type of electric machines which are widely used in the traction systems of the electric
vehicles (EVs) due to their advantages, such as simple, robust, reliable structure, and also cheaper and
mature manufacturing technology [GUA14]. In the EV application, the torque density, torque ripple
and efficiency are very important design considerations. In order to reduce the torque ripple and
improve the torque density and efficiency in IMs, a lot of control methods have been investigated in
literature [BAR97], [SUT13], [ISM13]. From design point of view, torque density and efficiency can
be improved and torque ripple can be minimized by optimizing the slot geometries, the winding
configuration [ALB13], and the number of rotor slots [VALO7] etc. In addition, the air-gap length is
one of the main concerns for design process of any type of electrical machine since it has a significant
influence on their performance characteristics. A longer air-gap length increases the magnetizing
current and stator copper losses which cause the decrease in the power factor and efficiency. In addition,

it also reduces the torque density since the air-gap flux density weakens. On the other hand, a shorter
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air-gap causes higher eddy current losses because of the permeance harmonics produced by the slots.
Therefore, a special care should be taken in the air-gap length selection in order to achieve better

performance, particularly improved efficiency.

There are several different studies on the influence of air-gap length [MOR92], [0SS94], [DOR99],
[HIRO7], [DAJOS], [VALO8], [AGU12], [GHO12], [ABD13], [HAI14], [JUA14] and some guidelines
for selecting the proper air-gap length [ALG65], [PYRO08], [LIP17]. In order to reveal the relationship
between the starting performance and the closure of the slots, the influence of the air-gap length on the
leakage flux has been investigated [HAI14]. The air-gap length subject is also indirectly related with
the non-uniform air-gap distribution (rotor eccentricity) which causes unbalanced magnetic pull (UMP).
The parameters affecting the magnitude of the UMP generated in an IM have been investigated and it
has also revealed that the tooth saturation may also cause a distribution of the flux because of the greatly
increased reluctance path round the narrow airgap by the concentration of the flux. [DOR99]. In
[OSS94], saturation of the magnetic cores has been investigated in some non-uniform air-gap conditions.
It has been concluded that the saturation level varies along the machine periphery with respect to flux
density value and is due to the non-uniformity of the air-gap and hence the narrower the air-gap the
higher the saturation [OSS94]. In order to calculate some performance characteristics of AC machines
by taking into the effect of the magnetic saturation, instead of having a variation in the iron permeability
a winding function approach has been developed by assuming the air-gap length variable, being a
function of position and level of the air-gap flux [MOR92]. In a similar study, a modified winding
function approach has been utilized to calculate the inductances accurately by considering a linear rise
of the saturation factor with respect to air-gap length [GHO12]. In another similar study, in order to
model the saturation of the main flux path, the effect of eccentricity has also been taken into account by
making the air-gap length a function of saturation level and spatial position [ABD13]. Furthermore, a
study has been conducted on an axial-flux squirrel cage IM in order to investigate the influence of the
air-gap length on the machine performance. It has been revealed that by changing the air-gap length, an
optimal loss can be found between the rising stator copper loss and the decreasing rotor eddy current
loss [VALOS8]. The influence of the air-gap on the characteristic performances of different kind of
electrical machines have been investigated in literature. For a large synchronous generator, the effect
of the air-gap length on line current, flux density and core loss characteristics has been investigated
[AGU12]. The influence of the effective air-gap length on the phase self- and mutual-inductances, flux
linkage, line current magnitude and other performance characteristics such as rotor permeance
harmonics have been investigated for a salient pole synchronous permanent-magnet machine [DAJO08].
The influences of air-gap length and pole number on the various losses under constant voltage and speed
operation have been investigated for IMs [HIRO7]. In a similar study, the influence of mechanical
parameters including the air-gap length on the IM efficiency has been investigated in [JUA14]. It is
concluded that an IM having narrower air-gap has more distorted waveforms than that of its counterpart

having larger air-gap. The influence of the air-gap length on flux fringing has also been investigated
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and it has been revealed that the longer the air-gap, the higher the fringing flux [ALG65]. These fringing

flux causes additional copper and core losses and hence heat around the slot and tooth parts [ALG65].

In this section, the squirrel-cage IM whose stator outer diameter, stack length, slot/pole number,
winding layout and rated operation parameters such as voltage, current, and speed are exactly the same
as those of the Toyota Prius 2010 IPM machine which is designed and several FEA based magnetic and
electrical analyses have been performed in order to reveal the influence of air-gap length on the rotor
bar current waveform and some performance characteristics such as magnetizing current, torque density
and ripple, power factor, machine losses, and efficiency. Moreover, the correlation between the non-
sinusoidal bar current and magnetic saturation depending on the air-gap length will be explained in this

section.

6.2.1 Importance of Air-Gap Length

In order to select the air-gap length which best suites to any rotating machine a few design guidelines
exist in literature [ALG65], [PYRO08], [LIP17]. Moreover, although the air-gap is of great significance,
no theoretical optimum could have been directly solved. In principle, the air-gap length g varies as a
function of the operating conditions and the air-gap length of a standard IM which has more than 1 pole
pairs p can be calculated in mm as a function of power P,,; in KW as given in (6.1) [PYRO08].

g =0.006(30 + 1012PJ:%), when p>1 (6.1)

The air-gap is affected considerably by thermal expansion of stator and rotor teeth, the centrifugal
forces and the magnetic pull [VALO8]. For IMs, in power ratings from 0.75 to 750 kW, practical values
from 0.2 to 5 mm are typical; the higher the motor speed, the longer the air-gap in order to avoid
excessive iron losses in the teeth [PYRO08]. However, there are also very special 1IMs with oversized air-
gap length designed for rotating anode drive in X-ray tubes which requires noise, temperature,
electrical/magnetic isolation and etc. [GERO0O]. Although increasing the air-gap increases magnetizing
current and decreases the achievable flux density, it will also tend to decrease stray load loss [ALG65],
[GEROO]. On the other hand, a small length of the air-gap may lead to increase in magnetic losses on
the surface of the rotor, due to increased permeance harmonics created by the stator and rotor slots. This
requires thinner laminations to reduce the effect of eddy currents in the parts of the IM. Moreover,
whatever gap is used, it must be uniform and large enough to ensure that eccentricity of the rotor with
respect to the stator does not cause the shaft stiffness to be overcome by UMP, which may allow the
rotor to strike the stator. It should be also considered that to be able to avoid the UPM, originated from
the non-uniform air-gap flux distribution, odd combinations of slot/pole number (gcd{S, P}) should not
be chosen. A non-uniform air-gap causes an increase in torque ripple and hence noise and vibration.
Overall, all these mentioned factors should be considered carefully when dealing with the air-gap length

design.
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6.2.2 Investigation of Air-Gap Length

The 2-D FEAs under steady state operation condition at 950 rpm have been performed. For
simplicity, during the analyses, all other machine specifications (see Appendix D) are fixed except for
the supplied voltage in order to maintain the same stator currents and the air-gap length which has been
changed from 0.1g to 5g (g = 0.73 mm) with 0.1g step size from 0.1g to 0.5g and 0.5g step size from
0.5¢g to 5¢.

6.2.3 Influence of Air-Gap Length on Electromagnetic Performance Characteristics

As known, the relationship between the induced voltages in a winding around a ferromagnetic core
carrying a sinusoidal flux is linear. As expressed in (6.2) the voltage induced in the phase windings
depends on the air-gap flux density By, the number of turns per phase N;, synchronous frequency f;,
fundamental winding factor k¢, coil pitch . in stator slot number, and stack length ;. Therefore, as
illustrated in Fig. 6.2(a), considering By, = d¢gp/dAg, it is obvious that the induced voltage on the
phase windings will reduce as the air-gap length increases. As clearly seen in the figure, when the air-

gap length is very short (i.e. 0.1g) the level of the distortion is noticeably high.
Es = 22N, fskyn T lsBgn (6.2)

The saturation point of the assigned core material is close to 1.5T as illustrated in the BH curve of
the material (see Fig. 6.1). The magnitudes of the flux densities in both the stator and rotor
ferromagnetic core parts, especially in the tooth parts, decrease as the air-gap length increases. Air-gap
flux density waveforms for different air-gap lengths are illustrated in Fig. 6.3(a). Due to the increasing
effect of slotting and saturation, the distortion of the waveform increases as the air-gap length decreases.
Under very tiny air-gap length (0.073mm) operation condition, THD of the air-gap flux density is about
90% (see Fig. 6.3(b)) and it has decreased to 18% at 3.65mm air-gap length. In addition as seen in Fig.
6.3(b), under the constant phase current operating condition, the magnitude of the air-gap flux density
(radial component of the resultant air-gap flux density) increases substantially as the air-gap length is
shortened. Therefore, more saturation at the rotor core and increase in the level of the effective armature
reaction can be predicted for short air-gap lengths. The most dominant air-gap flux density harmonics
which are the higher order harmonics including the 11", 13", 121" and 23" have changed considerably

while the lower order harmonics such as 5" and 7™ have changed slightly.
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Fig. 6.1 BH curve of the core material (W330_35).
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Fig. 6.2 Induced voltage of Phase ‘A’ for various air-gap lengths: (a) waveform and (b) variation of

dominant harmonics with respect to air-gap length.

The influence of the air-gap length on the rotor bar current waveform has been illustrated in Fig. 6.4.
As seen, when the air-gap length is the shortest the waveform of the current is the most distorted one.
The bar current has become non-sinusoidal at 3.5g and the level of distortion has been increased
significantly while approaching to 0.1g. Variation of the sub- and super-harmonics of the bar currents
for various air-gap lengths and variation of the most dominant harmonic percentages with respect to
air-gap length have been shown in Fig. 6.5. While the amplitude of the fundamental harmonic is
decreasing with respect to air-gap length, their harmonics percentages are decreasing gradually. As
clearly seen in the figures, the dominant harmonics are the 3™, 5" and 7"". While shortening the air-gap
length, the amplitude percentages of these harmonics have increased considerably after 3.5g. As
explained in [GUN16a], [GUN16b], the 3™ harmonic of the bar current increases significantly if
saturation has occurred partially on the cores especially the rotor tooth parts. Therefore, variation of the
slope of the THD curve at 3.5¢ in Fig. 6.5(e) evidently indicates that the amplitude percentage of the
39 harmonic has increased significantly due to that the level of the saturation has increased (flux density

on rotor tooth area has exceeded its knee point on the BH curve) after 3.5g mm (see Fig. 6.1 and Fig.
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6.8(d)). Amplitude percentages of the low order bar current harmonics have changed considerably with
respect to air-gap length while the 11" harmonic stands still.
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harmonics (a-h) and (k) variation of the dominant harmonics and THD with respect to air-gap length.

213



At constant speed (950 rpm), average torque and ripple variation with respect to air-gap length is
illustrated in Fig. 6.6. It is revealed that if the air-gap length is shortened, the torque ripple percentage
increases significantly, especially after 1.5g, while the torque density reduces due to the weakening air-
gap flux density. The variation of the various parameters such as magnetizing current, power factor,
losses and efficiency have been illustrated in Fig. 6.7. As explained before, there is an inverse relation
between the power factor and the magnetizing current as seen in Fig. 6.7(a). Due to the extremely high
saturation of the cores, the power factor shows slightly increase until the 0.5g point while the
magnetizing current decreases slightly. As explained in Chapter 5 and [GUN16b], the saturation reduces
the power factor. This conclusion is true under the constant air-gap length, operation speed and
excitation conditions. However, in this study, this finding is valid only under the extremely high
saturation level conditions, i.e. 0.1g to 0.5g (while saturation factor is higher than 3). As seen in Fig.
6.7(a), even if the saturation level is higher in the cases of shorter air-gap lengths, the power factor
decreases as the air-gap length is enlarged. It is obvious that considering the equivalent circuit of the
IM, magnetizing current has a direct correlation with the phase current while saturation factor has
indirect. Therefore, the influence of the magnetizing current on the phase current angle is much higher

than the saturation factor.

The influence of the air-gap length on the machine losses and efficiency is shown in Fig. 6.7(b).
Loss-efficiency graph has been dived to 3 sections according to saturation levels of the ferromagnetic
cores: section 1 is the extremely high saturation region, section 2 is the medium-level saturation region
and the section 3 is the no-saturation region. In the section 1, due to the increase in the power factor as
seen in Fig. 6.7(b), the efficiency has increased. After 0.5g point, since the power factor starts to
decrease considerably, efficiency decreases remarkably in section 2 and 3. The maximum efficiency
(86.58 %) has been achieved at 0.4g length with 0.05 slip and the efficiency decreases exponentially
with increasing air-gap length. Note that friction, windage and stray losses were assumed to be 1% of
the output power [BOL10].
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Fig. 6.6 Average torque and torque ripple variation with respect to air-gap length.
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Fig. 6.7 Variation of the key electromagnetic performance characteristics with respect to air-gap

length: (a) power factor and magnetizing current, (b) machine losses and efficiency.

Since the stator current is fixed at 250 A for each air-gap length case by changing the amplitude of
the injected voltage, the stator copper loss has kept almost the same after the extremely saturation case.
However, the rotor bar coper loss decreases due to the torque decreases as the air-gap is enlarged. The
main reason behind of this phenomenon is the reduced induced voltage due to the reduced flux density
with increasing air-gap length. The other reason is that due to the induced high amplitude of the 3™
harmonic component in the bar currents because of the saturation, extra copper losses are generated. As
seen Fig. 6.7(b), as the air-gap length is increased the total magnitude of the iron core losses decreases
slightly due to decreased eddy currents with decreasing saturation level. Furthermore, it has been
revealed that the larger the air-gap, the lower the maximum achievable power density. As clearly seen
in Fig. 6.6 and Fig. 6.7, the air-gap length has a significant effect on all the machine performance
characteristics.

6.2.4 Influence of Air-Gap Length on Magnetic Characteristics

In order to reveal the reason behind the non-sinusoidal bar current phenomenon, the magnetic

characteristics of the designed IM are investigated for each available air-gap length. It has been shown
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that with the increasing air-gap length, the characteristics of the magnetic circuit parameters change. As
explained in Chapter 5, there is a direct correlation between the bar current and the rotor tooth flux
density. Therefore, the flux density variation along the middle of the rotor tooth (RTM) with respect to
rotor position for various air-gap lengths has been illustrated in Fig. 6.8(a). When the air-gap length is
0.1g, the flux density on the rotor tooth takes the maximum value and its waveform is the most distorted
one as seen in Fig. 6.8(b, c). Furthermore, the slope of the THD curve has changed sharply after 3.5¢g

point.
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Fig. 6.8 Flux density waveforms at the middle of the rotor tooth for various air-gap lengths: (a)
waveform, (b) harmonic spectra of the flux density at RTM, (c) variation of the dominant harmonics
and THD of (a) with respect to air-gap length, and (d) variation of the flux density magnitude at the
RTM with respect to air-gap length.

Therefore, as seen in Fig. 6.8(c), considering previously obtained bar current harmonic spectra and flux
density of RTM harmonic spectra it can be concluded that until the 3.5g point the rotor teeth saturate
highly (see Fig. 6.8(d)). Therefore, because of the highly saturated tooth parts, the bar current becomes
non-sinusoidal. Comparing the BH curve of the core material and RTM flux density amplitude (see Fig.

6.1 and Fig. 6.8(d), respectively), it is obvious that the exact saturation point is about 1.48 T.

What is not yet clear is why saturation of the rotor tooth is more responsible for the non-sinusoidal
bar current is as follows. As clearly explained in [MOR92] and [GUN16b], the degree of the saturation
is related with the leakage flux along the slots. The waveform of the flux density on the rotor tooth tip
(RTT) is shown in Fig. 6.9(a). As seen in the figure, the flux at tips are highly distorted. When this
highly distorted flux at the tips flows directly to the adjacent tooth body through the slot, a number of
low and high order harmonic components are injected to the main flux. In theory, as explained in
Chapter 5, the cores act as a low pass filter which gradually diminishes the high order harmonics. This
phenomenon can be observed from Fig. 6.8(a) and Fig. 6.9(a, b). The level of the distortion of the flux
density is reduced as long as the flux approaches to the root of the tooth. Furthermore, this filtering
effect starts to happen on the tooth tip parts. Here, when those highly saturated un-filtered fluxes directly
pass to the tooth body, they cause to induce extra harmonics on the main flux. As explained before,
since there is a direct correlation between the RTM flux and the bar current, the bar current became
non-sinusoidal due to this phenomenon. Therefore, the results of this investigation reveals that the
increasing leakage with increasing saturation is the reason behind the non-sinusoidal bar current
phenomenon. The shorter the air-gap length, the more saturation on the teeth, and hence the more
leakage in the slots (see Fig. 6.10) [ANGG63].

Another major finding of this study is illustrated inFig. 6.10. As air-gap length is enlarged, the slot
leakage which causes the increase in magnetic saturation has been decreased remarkably as can be seen

in Fig. 6.10. Moreover, it has also been revealed that the flux leakage is notably higher in the slot
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opening area than those inside of the slot. In Fig. 6.10, total and teeth (stator and rotor) saturation factors
are indicated by Ksat_Total and Ksat_Tooth, respectively. Note that these saturation factors have been
calculated by (6.5). It is obvious that Ksat_Total consists of Ksat_Tooth mainly. The saturation factor

is approximately unit until the 3.5g point, and it starts to increase considerably as the air-gap length
approaches 0.1g.
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Fig. 6.9 Flux density variation: (a) along the RTT, (b) along the RTR, and (c) variation of the ratio of

rotor slot opening (Biso) and average slot leakage flux density (Bys) to air-gap flux density (By).
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Fig. 6.10 Variation of the rotor tooth (Ksat_Tooth) and total (Ksat_Total) saturation factors with

respect to air-gap length.
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6.3 Rotor Slot Number

The performance characteristics of IMs strongly depend on the proper selection of stator and rotor
slot combination. The vast majority of the studies in literature, which are related with the rotor slot
number topics, are reported on the influence of rotor slot number on the electromagnetic force,
unbalanced magnetic pull (UMP), vibration, and acoustic noise [KRO31], [ALG54], [ARK97],
[KON97], [KIM99], [HIR97], [HUAO2], [AHOO06], [FIR07], [VALO7], [MARO8], [BES09], [BOL10],
[SOB11], [GYF13], [LIP17]. In order to determine the proper slot combinations in terms of parasitic
effects such as torque ripple, UMP, vibration, electromagnetic and acoustic noise, etc., some empirical
rules and recommendations have been presented [KRO31], [KIM99], [HUA02], [MARO08], [BOL10],
[LIP17]. Effect of three different slot combinations on the electromagnetic and acoustic noise has been
investigated numerically in [KOB97]. The harmonics in the electromagnetic force, which are the source
of mechanical vibrations and electromagnetic and acoustic noise, have been investigated and an
approach to reduce these harmonics by changing the rotor slot number has been introduced [KIM99],
[HUAO2].

Relatively less papers have investigated the influence of rotor slot number on the other performance
characteristics in IMs, such as losses, power factor, etc. [AHOO06], [VALO7], [MARO08], [GYF13]. The
effect of even and odd rotor slot numbers on the performance characteristics of a solid-rotor, 2-pole,
48-slot IM has been investigated in [AHOO6]. The harmonic contents of air-gap flux density, torque
and UMP at different rotor slot numbers are studied in detail. A similar study has been conducted for
an axial-flux aluminium-cage solid-rotor IM in [VALO7]. In another similar study, the influences of
different rotor slot number ranging from 24 to 48 on the air-gap flux density, torque, power density,
power factor and efficiency have been investigated and some proper rotor slot numbers have been
determined for a 4-pole, 36-slot IM [GYF13]. In [MARO08], a detailed study has been conducted on the
effect of rotor slot number on the iron loss of IMs with various slot numbers. In addition, effect of the
rotor slot number on the electromagnetic force in case of cage faults is also investigated [ARK97],
[SOB11] and there are some studies on the optimal design of rotor slot geometry and optimal slot
number for magnetic noise reduction in squirrel-cage IMs [FIR07], [BES09]. On the other hand, to the
best of the authors’ knowledge, there is no study related with the influence of rotor slot number on rotor

bar current waveform in literature.

In this section, the influence of rotor slot number on the performance characteristics, such as phase
winding induced voltage and current, air-gap flux density, rotor bar current, rotor tooth and slot flux
densities, electromagnetic force, torque, torque ripple, losses, power factor and also efficiency are
numerically studied for squirrel-cage IM having 48-stator slots and 8-poles. The harmonic content of
air-gap flux density, tooth flux density, and slot leakage flux as well as radial and tangential components
of the electromagnetic force are studied in detail for each rotor slot number. For different rotor slot
numbers varying from 30 to 76, saturation factors and slot leakage flux density amplitudes are evaluated

and their influence on the rotor bar current waveforms are investigated.
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6.3.1 Determination of Rotor Slot Number

The different rotor designs are carried out to find out the influence of rotor slot number on the
machine performance characteristics. In order to achieve comparable results, the same operation
conditions (250A phase current at 950rpm speed) and the same rotor and stator geometric parameters
and winding layout (5-slot pitch single layer), which are the same as the Toyota Prius 2010 IPM (see
Appendix E), are used in all calculations. The numbers of stator slots and poles are fixed to 48 and 8,
respectively. Only the number of rotor slots have been changed from 30 to 76. It is worth mentioning
that as reported in [ARK97], [ALG54], and [HIR97], since the use of odd number of rotor slots in
squirrel-cage IMs causes significantly high UMP and vibrations, only the even rotor slot numbers have
been chosen in order to avoid the UMP and vibrations due to the asymmetric issues. The performance
characteristics of the IM are evaluated by using a 2-D, non-linear, time-stepping finite element analysis
(FEA) of the magnetic field.

Before the design procedure of an IM, there are a lot of design criteria in terms of cost and
performance which should be taken into consideration. As well known, there is a correlation between
cost and performance i.e. size and weight determined by the peak torque is directly related with material
and manufacturing cost. Furthermore, the main machine parameters such as size, efficiency and peak
torque are determined by the number of poles. Choosing the optimal number of poles and number of
stator slots is very important issue in terms of cost and efficiency as reported in [GUN16a]. For instance,
choosing higher number of poles provides less back iron requirement with the penalty on magnetizing
current and efficiency [JUR15]. Likewise, choosing lower number of slots is advantageous in terms of
slot filling factor, manufacturing and also cost while it is disadvantageous in terms of breakdown torque
[LIP17]. In terms of torque density and torque quality, some key parameters such as stator slot number
S and pole number P combinations considering the short- and long-pitch winding layout, stator/rotor
slot opening should be optimized also. In the rotor design of a squirrel-cage IM, determinations of the
number of rotor slots and their geometries are some of the most important aspects determining the noise,
vibration, torque density and torque ripple characteristics. Considering these characteristics certain
empirical rules have been proposed for choosing the number of rotor slots R in relation to the S, P, and
phase number m [TOLO04], [BES09], [GYF13]. Based on the experiments gained from the existing

literature, the rotor slot number R can be chosen according to:

(i) 0.8S <R <1255 or R = 0.9S;

(i) R+S, R+ S+m+*1,20r5P;

(i) R+S+P+12.
For peak torque density (i) should be considered. In addition, to avoid large torque ripple, synchronous
hooks and cusps and noisy operations (ii) and (iii) should be considered. Furthermore, a general
equation estimating the optimal rotor slot number for any S/P combination at which the maximum

torque and efficiency with fairly low torque ripple can be achieved, as will be derived in Section 6.4.
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6.3.2 Influence of Rotor Slot Number on Performance Characteristics

The influence of rotor slot number can be investigated for variable and constant rotor resistance
cases. In order to obtain constant rotor resistance, the rotor slot width, correspoinding to slot area, should
be changed with a constant ratio. On the other hand, in order to obtain variable rotor resistance, the
rotor slot width should be fixed at constant length. For constant resistance, the optimal rotor slot opening
and slot widths, which are ~4.4mm and 1mm, respectively, are used and for variable resistance, the
rotot slot opening and width ratios given in (6.3) and (6.4) have been used for any rotor slot number
and the calculated rotor resistance variation with respect to rotor slot number is illustrated in Fig. 6.11.
The influence of the rotor slot number in both contestant and variable rotor resistance cases on the
electromagnetic characteristics, particularly bar current waveform, have been investigated in the

following sections.
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Fig. 6.11 Comparison of rotot resistance at 75°C for constant and variable rotor slot widths.

A. Constant Slot Width: Variable Rotor Resistance

The influence of the rotor slot number, on the bar current waveform, average torque, torque ripple,
bar copper loss, and efficiency is investigated parametrically by a 2-D, non-linear, time-stepping FEA
of the magnetic field. The number of rotor slots is varied from 24 to 76. In order to investigate the
individual influence of the rotor slot number, the rotor slot width b,,. is fixed to 4.78mm and the rotor
slot opening with b, is fixed to Imm. Note that the amplitudes are determined by global optimization
results of 48S/52R/8P combination. In addition, in order to achieve comparable results, the same
operation conditions as 176.6Arms phase current and 950rpm imposed speed are assigned. It is worth
mentioning that as mentioned above and reported in [ALG54], [ARK97], [HIR97], since the use of odd
number of rotor slots in squirrel-cage IMs causes significantly high unbalanced magnetic pull (UMP)
and vibrations, only the even rotor slot numbers have been chosen in order to avoid the UMP and
vibrations due to the symmetry issues. In addition, in order to avoid the UMP and large parasitic effects,
the multiply of the pole and phase numbers are not been considered as well. Note that the individual
effect of any rotor slot parameter is investigated by keeping the other parameters at their optimal value
given in the Appendix D. To be able to induce the same current amplitude in the stator windings of the
IMs, different voltage amplitudes have been applied as seen in Fig. 6.12. This is because of the fact that
the rotor resistance decreases with increasing rotor slot number as illustrated in Fig. 6.11 for the constant

rotor slot width case. Thus, since the rotor resistance is decreased, the rotor circuit voltage and
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consequently the input voltage decreases in order to induce the same phase current in the stator windings.

Obtained Phase ‘A’ current waveform and variation of its dominant harmonics with respect to rotor
slot number is illustrated in Fig. 6.13. As clearly seen, the IM designed with 44 rotor slots has relatively
higher distortion due to the significantly increased effect of armature reaction. However, the current
THD percentage for each machine less than 3%. This is mainly due to the winding MMF harmonics
illustrated in Fig. 6.14. As known, the performance of IMs is notably sensitive to the winding harmonics.
The smoother the MMF in the air-gap the lower losses are induced into the surface layer of the rotor.
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Fig. 6.12 Variation of the applied voltage amplitude.
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Fig. 6.13 Phase ‘A’ current: (a) waveform and (b) dominant harmonics against rotor slot number.
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Fig. 6.14 MMF harmonics.

Phase ‘A’ induced voltage waveforms for IMs designed with various rotor slot numbers are
illustrated in Fig. 6.15 (a). Furthermore, variation of dominant harmonics with respect to rotor slot
number is shown in Fig. 6.15(b). Because of the combined effect of the MMF and slotting harmonics,
the waveforms have been distorted. The 3" harmonic is the most dominant harmonic which does not
exist in the MMF harmonics. Therefore, as explained in Chapter 5, the 3™ harmonic became dominant
due the effect of the magnetic saturation of the iron cores.
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Fig. 6.15 Phase ‘A’ induced voltage: (a) waveform and (b) variation of voltage harmonics with

respect to rotor slot number.
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Fig. 6.16 Air-gap flux density: (a) waveform and (b) variation of flux density harmonics with respect

to rotor slot number.

Harmonic content of the air-gap flux density includes both the stator and rotor MMF harmonics
together. In fact, a major part of the bar copper loss at the surface layer of the rotor are due to the air-
gap harmonics. The distortion waveform of the air-gap flux density for various rotor slots and the
variation of the air-gap flux density harmonics with respect to slot number are shown in Fig. 6.16. As
seen in Fig. 6.16(b), there has been sharp changes after 30 and 52 rotor slots. It is also know that the
air-gap flux harmonics, produced due to the certain stator and rotor slot combinations, cause the torque
ripple (see Fig. 6.18(a)) and vibration, which can cause mechanical stresses to rotor and serious bearing
and noise problems. The magnitudes of the harmonic fields affecting the air-gap depend highly on the
ratio of the slot numbers of the stator and the rotor. Rotor bar current waveform and variation of the bar
current harmonics with respect to rotor slot number are illustrated in Fig. 6.17. In order to observe the
bar current waveforms more clearly, their reconstructed versions by using the first ten harmonics are
also shown in Fig. 6.17(b). As seen in Fig. 6.17(a, b), all the bar current waveforms are non-sinusoidal
under the current operation conditions. However, it is obvious that the level of the distortion increases
as the rotor slot number increases. Furthermore, the THD of the bar current has increased dramatically

after 52 rotor slot (see Fig. 6.17(c)). Therefore, considering the variation of the air-gap flux density
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harmonics shown in Fig. 6.16(b), it can be predicted the 52 rotor slot number is critical in terms of
performance characteristics. The reason behind the non-sinusoidal bar current phenomenon is the
saturation of iron cores, particularly the rotor teeth as explained in detail in Chapter 5. The other
important details related with the non-sinusoidal bar current phenomenon will be explained in the

following section.
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Fig. 6.17 Rotor bar current waveform: (a) original, (b) reconstructed by ignoring the higher order

harmonics, and (c) harmonic spectra.

Some key performance characteristics of the IM designed with various rotor slot numbers are
presented in Fig. 6.18. As clearly seen in Fig. 6.18(a), the time average torque at pullout slip of the
analysed IM varies as a function of rotor slot number. The magnitude of torque ripple depends highly
on the ratio of the stator and rotor slot numbers. Among these numbers, there is a critical combination
which gives the maximum torque and minimum torque ripple. As seen in Fig. 6.18(a), this critical rotor
slot number is 52. The correlation between the power factor, efficiency n and rotor slot number is also
exponential as seen in Fig. 6.18(b, c). Since the same current is induced in windings in all cases, there
is no change in the stator copper loss Pscu. On the other hand, the rotor bar current Py, and total iron loss
P have changed slightly with respect to the rotor slot number. Considering these performance curves,
it can be concluded that the optimal slot number for 48-stator slot and 8-pole IM is 52.
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Fig. 6.18 Variation of performance characteristics as a function of rotor slot number: (2) time average

torque at pullout slip and torque ripple, (b) power factor, and (c) power losses and efficiency.

B. Variable Slot Width: Constant Rotor Resistance

In order to investigate the individual influence of the rotor slot number, the ratio of the rotor slot
width by, to the slot pitch z,- and the ratio of the rotor slot opening width b, to rotor slot width are kept
constant for any rotor slot number during the calculations as given in (6.3) and (6.4), respectively. Note
that only the slot parameters given in (6.3) and (6.4) and the rotor slot number have been changed and

all other parameters and operating specifications have been kept constant during parameteric analyses.

The variation of b;,- and b, and corresponding rotor resistance variations with respect to rotor slot
number have been shown in Fig. 6.19 and Fig. 6.11, respectively. Note that the constants givne in (6.3)

and (6.4) have been derived empirically as a consequence of a large number of parametric analyses and
global optimizations.

by 1
o 6.3
T T (6.3)
b, 1
m_ - 6.4
by 2w (64)
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Fig. 6.19 Variation of rotor tooth b, and rotor slot opening b, widths with rotor slot number.
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Fig. 6.20 Phase ‘A’ induced voltage: (a) waveform and (b) variation of voltage harmonics with

0 60 120 180 240 300 360

respect to rotor slot number.

3 40
£ 2] y --&--3rd  —m—5th  -+-Oth  -=+-11th
= AR 30 -
2 1 F' B J o re-17th  —21st X 23rd —e—THD
S \"~ E,\_/ JTCITITITES peseceenes B S SN -+
D O ‘_“/ [«}) -
::< 2 g 20 R
T 4 = ko= e A B A------ A
o =3
8 , ] g {7 " XX
.3: JUE it - o= - -%-—-eu- -

-3 T T T T 0 = : == — ¢ —?h‘_—_—._‘ a

0 60 120 180 240 300 360 28 34 40 46 52 58 64 70 76
Rotor Position (Elec. Deg.) Rotor Slot Number
(a) (b)

Fig. 6.21 Air-gap flux density: (a) waveform and (b) variation of flux density harmonics with respect

to rotor slot number.

The variation of Phase ‘A’ induced voltage waveform and variation of dominant harmonics with
respect to rotor slot number are illustrated in Fig. 6.20. As expected, amplitudes of the fundamental
frequency are the same since the rotor resistances are the same. On the other hand, the induced voltage
THD of the IM with 24 rotor slot is the highest while the IM with 60 rotor slot is the lowest. It can also
be deduced for the case of constant rotor resistance that the higher the rotor slot number, the lower the
phase induced voltage harmonic distortions. On the other hand, as can be seen from Fig. 6.21, rotor slot

number has a negligible effect on the air-gap flux density distortion for the constant resistance case.
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Fig. 6.22 Rotor bar current waveform: (a) original, (b) reconstructed, and (c) harmonic spectra.
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Fig. 6.23 Variation of performance characteristics as a function of rotor slot number: (a) time average

torque at pullout slip and torque ripple and (b) power losses and efficiency.

As clearly seen in Fig. 6.17 and Fig. 6.22, regardless of the constant or variable rotor resistance, the

rotor slot number has a significant effect on the bar current waveform. The THD level of the bar current

has been sharply increased after 52 rotor slot number. The most dominant bar current harmonic is the

3" harmonic and it has also been increased sharply after 52 rotor slot number. As explained before this
is due to the increase in the saturation level of the rotor tooth body (see Fig. 6.25 and Fig. 6.28(b)).

Therefore, considering the performance characteristics, illustrated in Fig. 6.23, it can be concluded that

in terms of maximum torque and efficiency the 52 rotor slot is the optimal rotor slot number regardless

of rotor resistance.
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6.3.3 Investigation of Rotor Tooth Flux Density

There is a direct relationship between the bar current waveform and the rotor tooth flux density as
explained in Chapter 5. This relationship can be explained by examining the flux density variations,
slot leakage flux levels and saturation factors of different machine parts. Flux density distributions for
various rotor slot numbers with variable and constant rotor resistance are illustrated in Fig. 6.24 and
Fig. 6.25, respectively. Note that the knee point of the used core material is approximately 1.48T. As
seen in the figures, the both stator and rotor tooth parts have been saturated highly. Since the saturation
level of the rotor tooth body increases with the increasing rotor slot number, the saturation level of the
stator tooth decreases since the coefficients of magnetic circuit parameters change for each case due to
the change in the amound of the leakage flux (see Fig. 6.32). This finding is valid for both constant and
variable rotor resistance cases. The reason behind the increase of the rotor leakage flux is the reduction
of the total surface area of the rotor tooth parts, i.e., it can be clearly seen from Fig. 6.24 and Fig. 6.25
that the total tooth width inside one rotor pole pitch have been reduced as the rotor slot humber is
increased. In other words, the total rotor tooth width indicated with arrows between A and B reference
line in Fig. 6.24(a) and (f) reduces as the rotor slot number is increased. The radial and tangential
components of the rotor tooth parts including rotor tooth tips (RTT), rotor tooth middle (RTM), and
rotor tooth root (RTR) have been examined as follows. As combined effect of air-gap flux harmonics
originated from MMF and slotting harmonics, with saturation harmonics, a large number of low
frequency harmonics are induced in the flux density of RTT parts as seen in Fig. 6.26(a) and Fig. 6.27(a)
and the level of distortion increases with the increasing number of rotor slot.
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Fig. 6.24 Flux density distributions for different rotor slot numbers having constant rotor slot width.
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Fig. 6.25 Flux density distributions for different rotor slot numbers having variable rotor slot width.

In addition, the variation of the radial and tangential components of the flux density at the RTT with
respect to rotor slot number is illustrated in Fig. 6.26(b) and Fig. 6.27(b) for variable and constant rotor
resistance cases, respectively. As seen in the figure, the amplitudes of the flux density components are
similar to each other. On the other hand, the same variation is illustrated for the flux density at the RTM
as seen in Fig. 6.28. However, the differences between the radial and tangential components are
considerably high and while the radial component increases with increasing rotor slot number, but the

tangential component decreases.

In order to reveal the correlation between the bar current waveform and the flux density at the RTM,
the variation and its harmonic spectra are illustrated in Fig. 6.29 and Fig. 6.30 for variable and constant
rotor resistance cases, respectively. As explained in Chapter 5, this close relationship can be observed.
On the other hand, it is also clear that the high frequency harmonics have been cancelled due to the
filtering effect of the rotor teeth. The details related with this phenomenon can be found in Chapter 5.
As seen in Fig. 6.29(b) and Fig. 6.30(b), the most dominant harmonic is the 3" harmonic as being in
the bar current waveform and the THD of the flux density increases with rotor slot number. As well
known, iron saturation causes the increase of the 3’ harmonic of the flux density. Therefore, considering
Fig. 6.24 and Fig. 6.25, it is obvious that the rotor teeth are saturated highly. Waveforms of the flux
density at the RTR are illustrated in Fig. 6.31(b). It has been revealed that filtering affects only the
higher order harmonics. The waveforms are still non-sinusoidal but their amplitudes are similar.
Magnitudes of the radial and tangential components of the RTR flux density is illustrated in Fig. 6.31(b).
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Fig. 6.28 Variation of the flux density components of the RTM with respect to rotor slot number.

As being in the RTM part (see Fig. 6.28), radial component increase with rotor slot number and the
magnitude of the radial component is several times higher than the tangential component. Considering
the figures between Fig. 6.28 and Fig. 6.31, it can be concluded that when compared to the other parts
of the IM, the RTTs are the most saturated parts and since the filtering (averaging) effect is the minimum
in this part, a large number of low frequency harmonics are induced in the flux density waveform.

Furthermore, at the RTT parts, the amplitudes of the radial and tangential components are very close to
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each other. On the other hand, from tooth tips to the root with increasing effect of the filtering
phenomenon, the higher order harmonics are gradually diminished and the differences between the
amplitudes of the radial and tangential components increase significantly.
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Fig. 6.29 Flux density at the RTM for constant rotor slot width: (a) waveforms for various rotor slot
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Fig. 6.30 Flux density at the RTM for variable rotor slot width: (a) waveforms for various rotor slot
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6.3.4 Investigation of Rotor Slot Flux Density

It is a fact that the radial component of the air-gap flux density, which is generated due to the

interaction between stator and rotor fields, is the torque producing field. On the other hand, the
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tangential component of the rotor slot flux density is known as the leakage flux density which is a
function of rotor slot geometric parameters and stator and rotor current [BOL10], [LIP17]. Therefore,
radial and tangential components of the flux density at the rotor slot have been investigated with respect
to rotor slot number for variable and constant rotor resistance cases as illustrated in Fig. 6.32(a) and (b),
respectively.
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Fig. 6.32 Variation of the flux density components at rotor slot with respect to rotor slot number: (a)

variable rotor resistance case and (b) constant rotor resistance case.

As seen in Fig. 6.32, the amplitude of the radial component of the rotor slot flux density decreases
with increasing rotor slot number for both variable and constant rotor resistance cases. While there is a
sharp drop at the amplitude of the radial flux density component for variable rotor resistance case, there
is a smooth drop at the amplitude of the radial flux density component for constant rotor resistance case.
On the other hand, the leakage (tangential) component sharply increases for variable rotor resisntace
case while it is decreases smoothly for constant rotor resistnace case. Since the rotor tooth body
saturation level of the designs with constant rotor resistance is much lower than that of the design with
variable rotor resistance (see Fig. 6.33), the amplitudes of the leakage flux density for any rotor slot
number are lower in the cases of constant rotor resistance. From Fig. 6.32, it can be concluded that
regardless of the design with constant or variable rotor resistance, the minimum leakage is achieved if
the 48-stator slot IM is designed with 52 rotor slots. There is a linear correlation between the flux
leakage and the saturation. To be able to reveal the level of saturation at the different parts of the rotor,

the saturation factors are calculated by (6.5) and (6.6) and illustrated as shown in Fig. 6.33.

K, =14 |14 280 el (6.5)
SX 2 Bg'g .
K _1 14 1_|_1.67'L"MMFR (6.6)
) By g '
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where K., _,,—; IS average rotor tooth saturation factor, K,,_,,—. iS rotor yoke saturation, K is total
rotor saturation factor, H,._,,—; is rotor tooth average filed intensity, H,_, . is rotor yoke average filed
intensity, ls;qc is machine stack length, By is air-gap flux density amplitude, g is air-gap length, and
MMFy is rotor magnetomotive force. As expected, flux leakage and saturation factors curves show
similar trends. As seen in Fig. 6.33, the saturation factor increased sharply after 52 slot number for both
variable and constant rotor resistance cases. However, the level of the saturation factors of the design
with constant rotor resitance is lower than that of the design with variable rotor resistance. It has been
revealed that in terms of leakage and saturation issues 52 rotor slot numbers are the optimum.
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Fig. 6.33 Variation of the saturation factor of the various machine parts as a function of rotor slot

number.

6.3.5 Investigation of Electromagnetic Force

The squirrel-cage IMs produce electromagnetic vibration and noise caused by interaction between
stator and rotor harmonic fluxes in the air-gap. The tangential and radial compoment of the resultant
force acting upon the stator surface can be calculated by integrating the Maxwell stress tensor over a

closed surface as expressed in (6.7) and (6.8), respectively [KIM99].

F=¢ [HE - Siina(B )| ds 6.7)

FT) = fﬁ {[ﬁl(ﬁl '7_7')12) - <B12H1> 7_7.)12] - [ﬁz(ﬁz '512) - <B22H2> ﬁlz]} ds (6_8)

where Fl and E are the magnetic field intensity and flux density vectors of surface element adjacent to
the boundary. 7, , is the unit normal vector to the surface and goes to air-gap region from the higher
permeability region. The electromagnetic forces acting on the stator surface illustrated from Fig. 6.34
to Fig. 6.36 have been calculated by using (6.7) and (6.8).
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Fig. 6.34 Stator surface electromagnetic forces of IMs having variable rotor resistance for different
rotor slot numbers: (a) radial component and (b) tangential component.
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Fig. 6.35 Harmonic spectra of the electromagnetic forces acting on the stator core surface: (a) radial

component and (b) tangential component.
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The electromagnetic force due to slot combinations has a significant effect on vibration and hence
acoustic noise [KIM99], [KOB97], [AHOO06], [HIR97]. The harmonics of the radial electrometric force
cause the vibration [ALG54], [KOB97] and the vibration depends strongly on the stator and rotor slot
combinations. As clearly seen in Fig. 6.34 and Fig. 6.35, radial and tangential components of the

electromagnetic forces acting on the stator surface for 30, 44, 60, and 76 rotor slot numbers are
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compared with each other and their harmonic components obtained from the discrete Fourier transform.
As seen in Fig. 6.35(a), the radial force harmonics are maximum in case of 30 rotor slot, while it is
minimum in case of 76 rotor slots. In addition, it is found that the 2" harmonic is the most dominant
harmonic in the harmonic spectra of the radial component which causes the vibration. Furthermore, the
DC components of the radial, tangential and the magnitude of the electromagnetic force acting to stator
core surface of IMs designed with constant and variable rotor slot widths are shown in Fig. 6.36 for
each rotor slot number. As seen, as the rotor slot number is increased, the magnitude of the force
decreases for the case of constant rotor slot width while it stands still for the case of variable rotor slot
width. Since the 30 rotor slot number is not sub-multiple of the pole pair number, the radial component

of the surface force is almost 9 times lower than the tangential force component.

6.4 Stator Slot and Pole Number Combination

In this section, unlike the individual influence of the rotor slot number on the performance
characteristics and bar current waveform, the individual and common influences of S/P and S/R/P
combinations, respectively will be investigated in depth. In literature, there are a lot of studies on the
influence of S/P combinations on the performance characteristics, eccentricity issues and parasitic
effects in the IMs, such as noise, vibration, etc. [KRO31], [CHAG4], [LIA95], [MEL95], [HIR97],
[NANO1], [WOLO07], [BES09], [NANO09], [KOCO09], [JOK13], [SED14], [TSO14], [AGA16]. However,
to the best of the author’ knowledge, there is no study related with the influence the stator slot

number/pole number combination on the rotor bar current waveform in existing literature.

The importance of the S/P combination in terms of performance and parasitic effects has been
investigated and very useful rules to predetermine the parasitic effects, such as crawling, vibration,
noise and etc., has been presented in [KRO31]. In a similar study, some experimental results related
with the characteristics of dominant electromagnetic vibration for various stator, rotor slot and pole
number combinations have been presented and in terms of vibration some experimental results have
also been presented for various slot/pole number combinations [HIR97]. In a more recent study, the
influence of pole number on the acoustic noise of inverter-fed IMs has been examined and a humber of
parameters that generate noise and vibration have been revealed [TSO14]. A comprehensive
performance comparison between 2-pole and 4-pole IMs has been presented and important trade-offs
between IMs for variable speed drive applications and some general pole determination criteria have
been presented [LIA95]. In a similar recently published paper, the influence of pole number on the
steady-state performance of IMs has been investigated from the relationship between the key
performance parameters of 2-pole reference IM and its 4-, 6-, and 8-pole counterparts [AGA16]. In
[SED14], the influence of pole number of an IM, which is designed for an eco-urban electric car, on the
performance characteristics in both propulsion and regenerative brake modes has been investigated by
comparing the 2-, 4-, 6-, and 8-pole IMs and a suitable pole number has been defined for both normal

and aggressive speed profiles. A study has been conducted in order to determine the optimum pole
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number of IMs used on adjustable frequency applications by considering the machine losses, speed and
torque [MEL95]. Influence of stator and rotor slot numbers on the magnetic noise and vibration has
been analytically demonstrated and an analytical rule to avoid magnetic noise has been established
[BES09]. General rules for the correlation between the numbers of stator slots, rotor slots and poles,
and the rotor slot harmonics with saturation related harmonics in the stator current spectrum has been
introduced. It has been concluded that saturation-related harmonics are shown to be the most dominant
in IMs with a specific pole number for a certain combination of stator and rotor slots [JOK13].
Furthermore, the influence of the stator slot and pole numbers on the space harmonics generated by the
MMF waveform has been investigated and the reduction methods of these harmonics are presented in
[NANO1], [WOLO07], [NANQ9]. Furthermore, the influence of the stator slot and pole pair number on
the space harmonics generated by the MMF waveform has been investigated and reduction methods of
these harmonics are presented in [CHA64], [KOCO09].

In this study, in order to reveal the influence of S/P combinations on the stator winding induced
voltage and current, air-gap flux density, rotor bar current, stator and rotor tooth flux densities, torque
and torque ripple, losses, power factor and also efficiency, 36S/6P, 48S/8P, and 60S/10P IMs have been
designed by using the same geometric and operational parameters with the Toyota Prius 2010 IPM. In
order to examine the individual influence of the S/P combinations on the bar current waveform and
electromagnetic performance characteristics, 52 rotor slot has been assigned initially for each IM.
Subsequently, the effect of the S/R/P combination with estimated optimal rotor slot numbers has been
investigated. A general equation, giving the optimal rotor slot for maximum torque and efficiency with
relatively low torque ripple, has been derived for squirrel-cage IMs with any S/P combination. The flux
density waveforms in different parts of the stator and rotor tooth as well as relative permeabilities will
be examined. Furthermore, for each S/P combination, saturation levels of the tooth parts and slot
leakage flux density amplitudes will be determined and their influence on the bar current waveform will

also be investigated.

6.4.1 Determination of Stator Slot and Pole Number Combination

The influence of stator slot/pole number combination on the electromagnetic performance and the
bar current waveform are investigated by 2-D FEA under steady state operation condition. In order to
observe the influences, 36S/6P, 48S/8P, and 60S/10P IMs all having a rotor slot number of 52 are
designed preliminarily by using the geometrical and operation specifications which are the same as the
Toyota Prius 2010 IPM (see Appendix D) and the same transient analysis has been conducted by using

exactly the same FEA setup properties including the design considerations given as follows:

e The same winding layout with single-layer and 5 slot-pitch distributed windings has been

utilized (the same fundamental winding factor);
o All machines have 52 slots initially in their rotors;

e All machines are operated with 176.6Arms current at 950rpm;
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e The W330 core material has been used (see Fig. 5.2 for the BH curve of the material).

Important stator slot/pole number selection criteria for the 3-phase IMs are: (a) maximum winding
factor, (b) maximum fundamental MMF amplitude and minimum MMF harmonics, (c) high and even
greatest common divisor (gcd), and (d) high least common multiplier (lcm). Here, (a) and (b) are
related with the torque density and copper losses, while (c) and (d) are related with the unbalanced
magnetic pull, torque ripple, acoustic noise and vibration issues. On the other hand, as investigated in
[KRO31], [LIA95], [MEL95], [HIR97], [BES09], [SED14], [TSO14], [AGA16], the rotor slot number
has also significant influence on the torque density and torque ripple.

6.4.2 Influence of Stator Slot and Pole Number on Performance Characteristics

As known very well, the MMFs produced by the stator windings play a very important role in
distortion of the performance curves such as air-gap flux density, bar current, and the copper losses etc.
Therefore, the distortion of the MMF waveform is of great importance in terms of performance and
parasitic effects. The MMF harmonic spectra of the designed IMs are illustrated in Fig. 6.37.
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Fig. 6.37 Winding MMF harmonic spectra for one turn and one amp.

150 v —T Y
100 - Ty ——48S8P (V) L 200
Y \ ——60S10P (V)
S 50 - / - - 100 2
% 0 . #,,- A N 60S10P (1) | ¢ E
S 50 14 L1100 3
-100 - L -200
-150 . . . — -300
0 60 120 180 240 300 360

Rotor Position (Elec. Deg.)
Fig. 6.38 Applied voltage and induced current in Phase ‘A’ winding for different S/P combinations.

As seen in the figure, even if the fundamental MMF for one turn and one ampere is almost the same for
all IMs, the THD percentage is reduced as the stator slot and pole numbers are increased. Therefore, it
can be predicted that the parasitic effects will be lower if the stator slot and pole numbers are increased

together. To be able to induce the same current in the stator windings of the IMs, slightly different
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voltage amplitudes have been applied as seen in Fig. 6.38. From this figure, it is also possible to see the
power factor angles. Whilst the 60S10P IM has the highest angle (47.25°), the 48S8P IM has the lowest
(35.045°) power factor angle (see also Table 6.1 for the power factors). The harmonic spectra of the
phase currents are shown in Fig. 6.39. It is very interesting that the phase current THD of the 60S10P
IM is several times higher than the other machines even if it has the lowest MMF THD percentage.
Induced voltage waveforms and their harmonic spectra are illustrated in Fig. 6.40.
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Fig. 6.39 Harmonic spectra of currents induced in Phase ‘A’ winding for different S/P combinations.
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Fig. 6.40 Induced voltage in Phase ‘A’ of different S/P combinations: (a) waveform and (b) harmonic

spectra.
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Fig. 6.41 Air-gap flux density of different S/P combinations: (a) waveform and (b) harmonic spectra.
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Fig. 6.42 Rotor bar current of different S/P combinations: (a) waveform and (b) harmonic spectra.

In contrast with phase current waveform distortion, the voltage waveforms induced in 36S/6P and

48S/8P IMs have much higher distortion. This is due to the fact that each machine has different
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magnitude of slotting and saturation harmonics. As explained in Chapter 5, the saturation affects mostly
the 3" harmonic of the examined curve. Therefore, it can be predicted that the 36S/6P IM will be the
most saturated IM among the others, as will be shown in Fig. 6.43. Air-gap flux density waveforms and
their harmonic spectra showing the distortion levels are illustrated in Fig. 6.41. As in the induced voltage,
the 48S8P IM is the most distorted one while 36S/6P is the most saturated IM. The linear correlation
between the induced voltage and the air-gap flux density can be observed from the THD percentages as
explained in Chapter 5. Rotor bar current waveforms and their harmonic spectra are illustrated in Fig.
6.42(a) and (b), respectively. As clearly seen from the spectra and waveforms, although all obtained bar
currents are non-sinusoidal, the bar current waveform of the 36S/6P IM has the highest distortion while
the 60S/10P IM has the lowest. Therefore, it has been revealed that the stator slot/pole number
combination has an effect on the rotor bar current waveform. The stator slot/pole number combination
affects the saturation of iron cores, particularly in the tooth body of the rotor. As will be shown in the
following section, the stator slot/pole number combination has a direct effect on the saturation of the
iron cores. The flux density distribution for the designed IMs are illustrated in Fig. 6.43. The knee point
of the assigned core material is determined as approximately at 1.48T from its BH curve. The calculated
average flux densities of the stator and rotor tooth parts are indicated in the figures for each machine.
Therefore, it is obvious that all of the stator and rotor tooth bodies are highly saturated. In addition, as
predicted before, the 36S/6P IM has the highest saturation level.
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Fig. 6.43 Flux density distributions of IMs with different S/P and arbitrary rotor slot number.

(a) 36S/52R/6P (b) 48S/52R/8P (c) 60S/52R/10P

The key performance characteristics of the designed IMs are summarized in Table 6.1. As seen in
the table, although the rms values of the induced currents in the stator windings are the same, there is a
slight difference between the achieved average torque T values. However, the torque ripple percentages
AT are totally different due to the interaction between the slotting harmonics (including the rotor slotting
effect) and the MMF harmonics. Stator winding copper 10ss Psc, rotor bar copper loss Pg,,, and core
loss P in each machine are also given in Table 6.1. Since the 6P IM requires thicker yoke because of
the saturation of the stator yoke, its split ratio is lower than the others. Therefore, to be able to achieve
the similar average torque with the 8P and 10P IMs, the number of turns in 6P IM has been increased.
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Therefore, the 36S6P 1M has the highest Pg..,,. There is a linear correlation between Pg,, and the MMF
harmonics in the air-gap and hence the rotor bar current. Therefore, as seen in the table, the higher the
MMF harmonics, the higher the Pg.,under the same torque density condition. In addition, as expected
the higher the pole number, the higher the P.. Output power P,,;, power factor P. F and efficiency n
of each machine are also calculated. It is noted that additional losses are assumed to be 1% of the output
power during the calculation of the efficiency. Even if the 36S/6P IM has higher P. F. than the 60S/10P
IM, its efficiency is lower because of the higher copper losses. It has been revealed that in terms of

efficiency the 8P IM is favourable whist the 6P IM is favourable in terms of average torque.

Table 6.1 Performance characteristics of IMs with arbitrary rotor slot number

T AT Pscw | Pre P Pt | pp n
(Nm) | (%) | (W) | kW) | (kW) | (kW) (%)
36S/6P 236.3 5.7 8.32 1.478 0.08 23.51 0.773 69.93
48S/8P 230.68 15.9 6.55 1.2 0.1 22.95 0.814 73.96
60S/10P 235.7 5.23 6.79 1.19 0.12 23.45 0.707 73.78

6.4.3 Performance with Optimal Rotor Slot Numbers

In order to determine the optimal rotor slot number for any S/P combination a number of parametric

analyses have been performed by considering (6.3) and the explanations given in Section 6.3.

A. 36S/6P IM

The influence of the rotor slot number on the performance characteristics of the 36S/6P IM
is investigated and the obtained results are illustrated in Fig. 6.44 and Fig. 6.45. As the rotor slot
number is reduced, the amplitude of the bar current is increased and the amplitude of the dominant
harmonics and consequently the THD level is decreased as seen in Fig. 6.44(b). In addition, the average
torque, torque ripple, and efficiency are decreased dramatically, while the bar copper loss is increased
significantly for the rotor slot numbers larger than 40. Moreover, the maximum torque and efficiency

and relatively low torque ripple are achieved for the 40 rotor slot number of the 36S/6P IM.
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Fig. 6.44 Bar current for different rotor slot number of 36S/6P IM: (a) waveform and (b) variation of

the dominant bar current harmonics and THD with respect to rotor slot number.
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Fig. 6.45 Performance characetirisfic against rotor slot number of 36S/6P IM: (a) average torque and
torque ripple, and (b) rotor copper loss and efficiency.

B. 48S/8P IM

The effect of the rotor slot number on some performance characteristic of the IM having 48S/8P is
examined. The variation of the bar current waveform, dominant bar current harmonics, and the THD
level with respect to rotor bar number are illustrated in Fig. 6.46. As seen, as the rotor slot number is
increased, the distortion level is increased considerably whilst the fundamental bar current amplitude is
decreased. Fig. 6.47 illustrates the variation of the average torque, torque ripple, bar copper loss, and
efficiency with respect to rotor slot number. The maximum torque and efficiency is achieved at the 52
rotor slot number. It can be seen that the torque ripple and bar copper loss of the 48S/8P IM are very

sensitive to the rotor slot number.

C. 60S/10P IM

The influence of the rotor slot number on some performance characteristics of the IM having 60S/10P
is investigated in this section. The bar current waveforms for different rotor slot number is illustrated
in Fig. 6.48(a). As seen in the figure, as the rotor slot number is increased, the fundamental amplitude
of the bar current is decreased and the distortion level is increased remarkably (see Fig. 6.48(b)). It is
shown that the most dominant harmonic is the 3™ harmonic as observed from the other S/P combinations.
Variation of the average torque, torque ripple, bar copper loss, and efficiency are shown in Fig. 6.49.
As the rotor slot number is increased, the average torque is increased whilst the torque ripple is
decreased. Moreover, since the output power increases as the rotor slot number is increased, the bar
copper loss and efficiency are also increased. The maximum average torque and efficiency are achieved
for the 64 rotor slot number of the 60S/10P IM. Briefly, independent of the S/P combinations, as the
rotor slot number is increased, the fundamental amplitude is decreased and the waveform starts to take
top-flatted shape and consequently the bar current THD level is increased considerably. It has been
validated that depending on the generated torque amount, the higher the pole number, the lower the bar
copper loss. It can be concluded that the rotor slot number has a significant effect on the performance
characteristics of IMs having different S/P combinations. Furthermore, there is a specific rotor slot

number for any S/P combination at which the maximum torque and efficiency with relatively low torque
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ripple might be achieved. Considering the figures between Fig. 6.44 and Fig. 6.49 , a general rule,
estimating the optimal rotor slot number for any S/P combination, given in (6.9), is derived, where q is

the stator slot/phase/pole number.

R=S+2q (6.9)
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Fig. 6.46 Bar current for different rotor slot number of 48S/8P IM: (a) waveform and (b) variation of

the dominant bar current harmonics and THD with respect to rotor slot number.

230 70 ~ 15 75

220 28 < E/ 1.4 A ',—Ar‘ﬁ"—ﬂ--ﬂ&\&"*“ 73 <
= i SO -~ —e—=Prcu S
S 40 @ © 1.3 5 e - 71 >
£ 210 S - -=--Efficiency z
Py 0 2512 - 69 .8
& 200 20T g 2
S <5} - = t
e - 10 §_ S8 11 67 5

190 T T T T T T T T o '9 g 1 T T T T T T T T 65

20 26 32 38 44 50 56 62 68 74 20 26 32 38 44 50 56 62 68 74
Rotor Slot Number Rotor Slot Number
(@) (b)

Fig. 6.47 Performance characetirisfic against rotor slot number of 48S/8P IM: (a) average torque and

torque ripple, and (b) rotor copper loss and efficiency.
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Fig. 6.48 Bar current for different rotor slot number of 60S/10P IM: (a) waveform and (b) variation of

the dominant bar current harmonics and THD with respect to rotor slot number.
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Fig. 6.49 Performance characetirisfic against rotor slot number of 60S/10P IM: (a) average torque and

torque ripple, and (b) rotor copper loss and efficiency.

The bar current waveforms with the optimal rotor slot number is shown in Fig. 6.50(a). As seen in
the figure, under the specified operation conditions (176.6Arms @ 950rpm), none of the waveforms are
sinusoidal. It can be observed that as the S/P number is increased, the fundamental amplitude of the bar
current is reduced. The harmonic spectra of the bar currents, showing the low- and high-order harmonics,
are illustrated in Fig. 6.50(b) and (c), respectively.
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Fig. 6.50 Bar currents of IMs with different S/P combinations: (a) waveform, (b) the low-order

harmonics, and (c) high-order harmonics.

As seen in the figures, the lower the pole number, the higher the bar current distortion. Moreover, it can

be concluded that the bar current distortion level of IMs, designed with the optimal rotor slot number,

is lower than those with arbitrary rotor slot numbers (see Fig. 6.42). It is also obvious that the high-

order harmonics are reduced significantly thanks to designation of the optimal rotor slot number for 6P
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IM (see Fig. 6.42(c)). On the other hand, when compared to design with the 52-rotor slots, the high-
order bar current harmonic amplitudes of the 10P IM is increased considerably with the 64-rotor slots.
In addition, the level of the flux density on the stator and rotor tooth parts are reduced substantially (see
Fig. 6.43 and Fig. 6.51). Therefore, it can be concluded that the flux leakage (see Table 6.3) and
consequently the saturation level of the machines are reduced by designing the IMs with optimal rotor
slot number. Electromagnetic performance comparison of IMs having optimal rotor slots is given in
Table 6.2. It can be concluded that the key performance characteristics; such as average torque, copper
losses, output power, and efficiency are improved thanks to the determination of the optimal rotor slot
number.
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Fig. 6.51 Flux density distributions of different S/P and optimal rotor slot number.

In Table 6.2, Pscy in and Pgqy, ong are the stator copper loss of the slot windings and the end-
windings, respectively. Since the coil pitch (in mm) and consequently the end-winding radial length of
the 10P is the shortest, its stator copper loss is the minimum. As shown, the average torque level of the
10P IM with the optimal rotor slot number is increased remarkably. In order to make a fair comparison,
the number of turns per phase of the 10P is reduced from 6 to 5@ (see Table 6.2). Although the 10P
IM is favorable in terms of torque and efficiency at the constant-torque region, the poorer flux-
weakening capability than those of the 6P and 8P IMs can be predicted since its pole number is the
highest. In the same manner, the highest torque and power at the high-speed operation region might be
expected for the 6P IM.

Table 6.2 Performance characteristics of IMs with optimal rotor slot number

T AT PScu_in PScu_end PRcu PC Pout n
(Nm) (%) (kW) (kW) (kW) (kW) (KW) (%)
36S/40R/6P 228.83 7.67 2.16 6.17 1.17 0.088 22.76 69.92
48S/52R/8P 227.5 13.7 2.07 4.48 1.16 0.103 22.63 73.78
60S/64R/10PM 242.9 6.02 247 431 1.25 0.12 24.16 74.21
60S/64R/10P® 228.4 4.64 1.77 3.13 1.14 0.11 22.72 78.06
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6.4.4 Investigation of Tooth Flux Density

As explained in previously, there is a linear correlation between the bar current waveform and the
rotor tooth flux density.
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Fig. 6.52 Rotor tooth tip flux densities for different S/P combinations: (a) waveform and (b)
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Fig. 6.53 RTM flux densities for different S/P combinations: (a) waveform and (b) harmonic spectra.

Therefore, in order to investigate this correlation, the flux densities on the rotor tooth tips and middle
of the tooth parts have been calculated and the influence of the stator slot/pole number combination has
been examined as follows. Variation of the flux densities on the rotor tooth tips with respect to rotor
position and harmonic spectra are illustrated in Fig. 6.52. As clearly seen the rotor tooth tip flux
densities have been highly distorted due to the combined effect of stator and rotor MMFs and
permeances, saturation, and slotting. Among the designed IMs, while 60S/10P IM has the least distorted
flux density on the tooth tips, the 36S6P IM has the most distorted waveform since it is the most
saturated one (see Fig. 6.52(b)). Flux density variation in the middle of the rotor tooth bodies and their
harmonic spectra are illustrated in Fig. 6.53. As seen in Fig. 6.53(b), the 3™ harmonic is the most
dominant harmonic in the bar current. Considering Fig. 6.42 and Fig. 6.53, the close correlation between
the bar current and flux density in the middle of the rotor tooth can be noticed easily. Furthermore, as
explained in Chapter 5, due to the filtering (average) effect of the tooth body, the flux density is more
distorted on the tips and it diminishes to minimum on the root of the tooth. However, as noticed, even
if the higher order flux density harmonics are gradually disappear, the 3 harmonic cannot be cancelled.

The reason behind this phenomenon will be explained in the following section.
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6.4.5 Influence of Core Saturation

As known, the air-gap flux density is generated due to the interaction between the stator and rotor
magnetic fields and the radial component of the air-gap flux density is the torque producing flux density
[BOL10], [LIP17]. On the other hand, the tangential component of the rotor and stator fields are the
rotor and slot leakage components, respectively, and they depend on the slot geometries and the currents
of the stator and rotor. Since the saturation is directly related with the leakage flux, the permeability of
iron cores together with the slot leakage flux should be investigated in order to reveal the reasons behind
the non-sinusoidal bar current. Therefore, in order to analyze the effect of the saturation and leakage
flux, in addition to design by using non-linear material in both of the stator and rotor, another design is

performed by using a linear material in the rotor only for the investigated IMs.

Non-Linear Core Material

Linear Core Material

[Re1_perm [H/n] I 200 55.60 [ 149.00 N 300.00 |

Fig. 6.54 Flux line and relative permeability distributions of IMs with non-linear core materials in

both stator and rotor and with rotor only linear (1, = 10°) material.

The BH curve of the non-linear and linear material is given Chapter 5 (see Fig. 5.2). Flux line and
relative permeability distributions of the IMs designed by using non-linear materials for stator and rotor
and linear material for only rotor core are illustrated in Fig. 6.54. As seen in the figure, the permeability
of the iron cores from the highest to lowest are 60S/10P, 48S/8P, and 36S/6P, respectively. As seen, the
permeability of the tooth tips are almost zero. On the other hand, in the case of linear material usage in
the rotor only, there is no saturation in the rotor and the flux lines coming from the rotor tooth tips never
pass to the tooth bodies as shown in Fig. 6.54. As shown previously, these fluxes at the tips are highly
distorted. When these highly distorted fluxes at the tooth tips flow directly to the adjacent tooth body,

a lot of extra harmonics are transferred to the main flux at tooth body. That is why the filtering action
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of the tooth body cannot filter the some certain harmonics. Owing to the fact that the highly saturated
parts cannot carry any more flux, the highly distorted fluxes of the tips pass through to less saturated
parts of tooth bodies (see Fig. 6.54). On the other hand, these fluxes never pass to the adjacent tooth
bodies in the linear material rotor case. Therefore, extra harmonics are never produced on the tooth
body. Furthermore, since each combination has different saturation level, they have different slot
leakage flux magnitudes and hence different bar current distortions. The tangential components of the
rotor slot flux density (leakage flux density) while both of the stator and rotor cores are assigned with
non-linear material and their harmonic spectra are illustrated in Fig. 6.56. Since there is no filtering
effect in the slot all the flux densities are distorted significantly. Among the IMs, the 36S/6P IM has the
highest leakage flux density amplitude as seen in Fig. 6.56(b) and Table 6.3. Thus, its rotor bar current
waveform is the most distorted one. It is also obvious that the more saturation on the teeth, the more
leakage in the slots. Furthermore, independently of the S/P combination, the optimal rotor slot number

leads to obtain low leakage flux density as given in Table 6.3.
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Fig. 6.55 Tangential components of the rotor slot flux densities for different S/P combinations whilst

all the core materials are non-linear: (a) waveform and (b) harmonic spectra.

Table 6.3 Magnetic Flux Density Components of Rotor

Slot Leakage Flux Tooth Flux Tooth flux 3™ Tooth Flux THD
Density Amp. (T)  Density Amp. (T) Harm. (%) (%)
36S/52R/6P 0.086 2.496 13.338 14.229
36S/40R/6P 0.074 2.154 7.391 12.845
48S/52R/8P 0.057 2.132 9.455 13.138
60S/52R/10P 0.049 2.085 6.585 10.983
60S/64R/10P® 0.042 2.131 6.284 7.956

Rotor slot leakage flux density variations with respect to rotor position and harmonic spectra while
the rotor core is assigned with the linear material are illustrated in Fig. 6.56. It has been revealed that
although the level of the leakage flux depends of the level of the saturation, there are still leakage flux
even if there is no saturation. This might be due to the effect of slot geometries including the slot opening
and permeance. In addition, these effects are more dominant than the saturation in the 10P IM and it is

obvious these effects are lower in the IMs which has lower pole number. Considering Fig. 6.55 and Fig.
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6.56, the influence of saturation on the level of the leakage flux is significant. When compared the slot
leakage percentages of the non-linear case with linear case, 82.67%, 63.22%, 48.71% more slot leakages
have occurred for the 36S/6P, 48S/8P, and 60S/10P IMs, respectively.
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Fig. 6.56 Tangential components of the rotor slot flux densities for different S/P combinations whilst

only the rotor core material is linear: (a) waveform and (b) harmonic spectra.
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Fig. 6.57 Flux densities at the middle of the rotor tooth body whilst only the rotor core material is

linear: (a) waveform and (b) harmonic spectra.
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Fig. 6.58 Rotor bar current whilst only the rotor core material is linear: (a) original waveform, (b)

reconstructed waveform, and (c) harmonic spectra.

In case of the saturation at the rotor, the obtained flux density waveform at the middle of the rotor
tooth body and its harmonic spectra are illustrated in Fig. 6.57. Considering Fig. 6.53(b) and Fig. 6.57(b),
it can be concluded that if there is no saturation in the rotor tooth body, the levels of the flux density
waveform distortions have reduced significantly for all IMs. Similarly, as seen in Fig. 6.58, the
distortion levels of the rotor bar currents have also reduced remarkably. The 3™ harmonic reduction
percentages in case of preventing the saturation are 60.3%, 70%, 67.9% for 36S/6P, 48S/8P, and
60S/10P IMs, respectively.

Under the design considerations given in Section 6.4.1, the key findings can be summarized as
follows:

(1) Stator slot/pole number combination has an indirect effect on the bar current waveform;

(2) The lower the pole number, the higher the saturation level and hence the higher the distortion
of the bar current;

(3) The lower the pole number, the lower the core losses;

(4) If the saturation of rotor core is prevented or ignored, the higher the pole number, the higher

the slot leakage flux;

(5) Non-sinusoidal rotor bar current phenomenon occurs if the rotor tooth bodies are saturated.
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6.5 Stator and Rotor Slot Geometric Parameters

In this section, in order to reveal the influence of stator and rotor slot geometric parameters on the
machine characteristics, a conventional squirrel-cage IM with 48S/8P/52R is designed by using the
same geometric and operational parameters as the Toyota Prius 2010 IPM. The investigated geometric
parameters are indicated in Fig. 6.66.
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Fig. 6.59 Investigated stator and rotor slot geometric parameters.

As indicated in the figure, since parallel tooth structure is used for both the stator and rotor, slot width
parameters b, and b, are functions of b, and b,, respectively. Therefore, in order to simplify the
analyses and retain the parallel tooth structure, parameters bg,, and b,.,, are used. Individual effect of
each parameter illustrated in Fig. 6.66 is investigated by performing 2-D FEA under steady-state
operation condition. While investigating the influence of any geometric parameter, other parameters are
kept at their optimal values. It has been revealed that the rotor slot depth h,.; and stator slot width by,
have the most dominant effect on the performance characteristics. They cause the bar current waveform
to become non-sinusoidal. The parameters b5, h.o, hgo, and hg; also have significant effect on the
both distortion level of the bar current and performance characteristics while the slot opening
parameters b,, and by, have the least effect. The influence of each geometric parameter on the
electromagnetic characteristics of the IM is examined in depth. Moreover, in order to explain the reason
behind the non-sinusoidal bar current waveform, the harmonic content of air-gap flux density, saturation

levels of the rotor and stator parts as well as flux density distributions are also presented in detail.

6.5.1 Influence of Stator Slot Geometric Parameters

The influence of the stator slot parameters on the bar current, torque, power losses, and efficiency
has been investigated in this part. The IM specifications including the optimum slot geometric

parameters are given in Appendix D.
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A. Stator Slot Opening Width b,

The variation of the bar current waveform, the bar current fundamental and 3™ harmonic amplitudes,
THD percentage, average torque Tg, 4, torque ripple AT, stator copper loss Py, rotor bar copper
loss B, total core loss P.,,.., and efficiency with respect to by, is shown in Fig. 6.60 and Fig. 6.61.
Note that 1% of the output power is taken into account as additional losses for the more accurate
calculation of the efficiency. The influence of by, on the bar current waveform, power losses, and

efficiency is very small. However, b, has a slight effect on the torque ripple as seen in Fig. 6.61(a).

B. Stator Slot Width by,

The influence of the stator slot width parameter bg;, on bar current waveform, harmonics and THD,
torque, torque ripple, losses, and efficiency is shown in Fig. 6.62 and Fig. 6.63. Among the other stator
slot parameters, b4, is the most dominant parameter for the characteristics of the IM. The bar current
waveform starts to become sinusoidal after 10mm of bg,,. As seen in Fig. 6.63, the peak torque can be

achieved at 2mm of b, whilst the peak efficiency can be achieved at 7.2mm.
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Fig. 6.60 Bar current for different bg,: (a) waveform and (b) variation of harmonics and THD with

respect to bgg.
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Fig. 6.61 Performance characteristics against by,: (a) average torque and torque ripple, and (b) power

losses and efficiency.
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Fig. 6.62 Bar current for different b,,: (a) waveform and (b) variation of harmonics and THD with

respect to bg;,.
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Fig. 6.63 Performance characteristics against by, (a) average torque and torque ripple, and (b) power

losses and efficiency.
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Fig. 6.64 Bar current for different hyy: (a) waveform and (b) variation of harmonics and THD with

respect to hyg.

C. Stator Slot Opening Height hg,

The influence of hy, on the bar current waveform and performance characteristics is illustrated in
Fig. 6.64 and Fig. 6.65, respectively. The bar current waveform is always non-sinusoidal for any value
of hyy. The higher the h, the lower the bar current amplitude. The lowest bar current THD is obtained

at 6mm of hg, while the highest is obtained at 18mm. As seen in Fig. 6.65(a), the torque is very
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sensitive to hgy. In terms of high average torque, low torque ripple, and high efficiency, it is favourable
to keep hg, as small as possible.

D. Stator Slot Height hy,

The influence of hg; on the bar current waveform and performance characteristics is illustrated in
Fig. 6.66 and Fig. 6.67, respectively. It is obvious that the change in the characteristics with respect to
hg, is quite similar to that of hy,. As seen in figures, the torque, torque ripple, copper losses, and
consequently the efficiency is very sensitive to hy,. Considering Fig. 6.63, Fig. 6.65, and Fig. 6.67, it
can be concluded that by, , hyy, and hg, are the most dominant stator slot parameters for the
performance characteristics of the IM.
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Fig. 6.65 Performance characteristics against hg,: (a) average torque and torque ripple, and (b) power

losses and efficiency.
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Fig. 6.66 Bar current for different hy;: () waveform and (b) variation of harmonics and THD with

respect to hy;.

254



220 50 8 T 80
e S 6-® B RS

£19°7 AT 2g ¥ . tn<
< - 30 & X >
o 110 - S 4 Sea x 65 g
=) L 205 8 066 2
5 s s 3 5 | -e-Pscu «—Prcu” 9%« 60 =
= 95 1 \ 10 5 o—Pcore x— Efficiency \\ 55 LI

\ = ..AAAAAAAAAAAAAAAA A4 Ahh
0o +—r—+—r—+——+—0 0 4y 50
8 10 12 14 16 18 20 22 24 26 28 8 10 12 14 16 18 20 22 24 26 28
hs1 (mm) hs1 (mm)
(@) (b)

Fig. 6.67 Performance characteristics against hg;: (2) average torque and torque ripple, and (b) power

losses and efficiency.

6.5.2 Influence of Rotor Slot Geometric Parameters

In this part, the influence of the rotor slot parameters, illustrated in Fig. 6.59, on the bar current,
torque, power losses, and efficiency will be investigated parametrically. Note that as conducted in the
analyses of the influence of the stator slot geometric parameters, the individual effect of any rotor slot

parameter is investigated by keeping the other parameters at their optimal value given in Appendix D.

A. Rotor Slot Opening Width b,.,

The influence of b, on the bar current, torque, power losses, and efficiency is illustrated in Fig.
6.68 and Fig. 6.69, respectively. Considering Fig. 6.60 and Fig. 6.61, it can be realized that b,., has the
same effect as b,. The influence of b,, on the bar current waveform, power losses, and efficiency is
insignificant. However, it has a considerable effect on the average torque and torque ripple as shown in
Fig. 6.69(a).

B. Rotor Slot Width b,

The variation of bar current waveforms, bar current harmonics, and distortion level with respect to
b1, is shown in Fig. 6.70. As seen, even though the bar current waveform never becomes sinusoidal
for any value of b,.,,, it has a significant effect on the bar current harmonics. It is observed that even if
b1, takes its minimum value (the possible largest tooth body width), because of the high speed (950rpm)
and high electric loading (250Apeak) operation conditions, the tooth body is saturated heavily.
Therefore, under these conditions, the bar current waveform cannot be sinusoidal as shown in Chapter
5. The variation of the average torque, torque ripple, power losses, and efficiency is illustrated in Fig.
6.71. As seen in the figures, these characteristics are very sensitive to b,.q,. The maximum torque,

relatively low torque ripple, and maximum efficiency have been achieved at 4.35mm of b, ,.
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Fig. 6.68 Bar current for different b,.,: (a) waveform and (b) variation of harmonics and THD with

respect to b,q.
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Fig. 6.69 Performance characteristics against b,.,: (a) average torque and torque ripple, and (b) power

losses and efficiency.
C. Rotor Slot Opening Height h,.o

The influence of h,, on the bar current waveform and variation of the bar current amplitude, the 3™
harmonic, and THD are shown in Fig. 6.72. As seen, the bar current waveform never becomes sinusoidal
for any value of h,,. The fundamental amplitude, the 3’ harmonic, and THD decrease until h,.q=19mm
and they dramatically increase after this value. The variation of the average torque, torque ripple, power
losses, and efficiency is shown in Fig. 6.73. The larger the h,y, the lower the average torque, the higher
the torque ripple, the lower the bar copper loss, and the lower the efficiency. The reduction in the
efficiency is due to remarkable reduction of the output power. In order not to sacrifice the average
torque and efficiency, h,, should be chosen as small as possible. From Fig. 6.70 to Fig. 6.73, it can be
concluded that among the other rotor slot parameters, b,,, and h,., are the most dominant parameters

for the electromagnetic performance characteristics of the IM.

D. Rotor Slot Height h,,

The effect of the rotor slot height parameter h,., is investigated and the obtained results are illustrated
in Fig. 6.74 and Fig. 6.75. As seen in the bar current waveform (see Fig. 6.74(a)), the rotor bar current

waveform becomes non-sinusoidal for the values of h,, lower than 30mm (see Fig. 6.74(b)) since the
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3 harmonic, which is responsible for the flat-topped curves as explained in [5-8], reduces sharply. As
illustrated in Fig. 6.75, the influence of h,; on Taw, AT, Pscy, Prcus Peore, @nd efficiency is considerable.
As can be realized, h,., is the most dominant parameter for the bar current waveform of the IM among
the other rotor slot parameters. The highest torque and efficiency can be obtained between 11-15mm
of hyq.
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Fig. 6.70 Bar current for different b,.,: (a) waveform and (b) variation of harmonics and THD with
respect to b4 ,.
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Fig. 6.71 Performance characteristics against b,.,: (a) average torque and torque ripple, and (b) power

losses and efficiency.
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Fig. 6.72 Bar current for different h,: (2) waveform and (b) variation of harmonics and THD with

respect to h,q.
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Fig. 6.73 Performance characteristics against h,: (a) average torque and torque ripple, and (b) power

losses and efficiency.
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Fig. 6.74 Bar current for different h,.,: (a) waveform and (b) variation of harmonics and THD with

respect to h,..
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Fig. 6.75 Performance characteristics against h,.: (a) average torque and torque ripple, and (b) power

losses and efficiency.

6.5.3 Investigation of Magnetic Saturation

As explained in previously, the main reason behind the non-sinusoidal bar current waveform is the
saturation of the rotor tooth body parts. Therefore, it can be predicted that the influence of b,.1, on the
bar current waveform should be significant. However, since the saturation level of the rotor tooth body
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parts cannot be reduced sufficiently even if b, takes its minimum value, the bar current waveform is
always non-sinusoidal for any value of b,.;, parameter. Nevertheless, it is shown that the higher the b, 5,
the higher the 3 harmonic of the bar current. It has been revealed that among the investigated slot
parameters, bg,, and h,; have the most significant effect on the bar current waveform. As clearly seen
from the reconstructed bar current waveforms (see Fig. 6.76), the bar current can become sinusoidal for
some values of bg,, and h,.,. Therefore, the influence of bg;, and h,, onthe air-gap flux density, tooth

body flux density, and saturation factor are investigated as follows.
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Fig. 6.76 Reconstructed bar current waveforms: (a) for various b, and (b) for various h,.;.

The air-gap flux density waveforms for various bg,, and h,; and the variation of the dominant air-
gap flux density harmonics are illustrated in Fig. 6.77 and Fig. 6.78. As seen in Fig. 6.77, as bg;, IS
increased, the fundamental amplitude of the air-gap flux density decreases because of increasing
saturation level of the stator tooth parts (see Fig. 6.79). In the same manner, as shown in Fig. 6.78, as
h,4 is increased, the fundamental amplitude of the air-gap flux density decreases because of increasing
saturation level of the rotor yoke (see Fig. 6.80). As the slot parameters change, the air-gap flux density
harmonics vary, some in a linear manner, others such as 3", 5™, 7" etc. in a non-linear manner as seen
in Fig. 6.77(b) and Fig. 6.78(b). The air-gap flux density distortion level does not change noticeably
for bg,,, it increases remarkably as h,., is increased.
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Fig. 6.77 Air-gap flux density for various by, ,: (a) waveform and (b) variation of the dominant

harmonics and THD with respect to by ,.
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Fig. 6.78 Air-gap flux density for various h,.,: (a) waveform and (b) variation of the dominant

harmonics and THD with respect to h4.
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Fig. 6.79 Flux density distributions for various values of by, ,.

In Fig. 6.79, it can be observed that as by, is increased, the saturation level of the stator parts
increases while the saturation level of the rotor parts decreases. On the other hand, as h,., is increased,
the saturation level of the stator parts and rotor tooth parts decreases while the saturation level of the
rotor yoke part increases. If the stator tooth body part is saturated before the rotor tooth body part, i.e.
the saturation level of the stator tooth body part is higher than that of the rotor tooth body part, then the
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bar current waveform may become sinusoidal since the total flux level and consequently the saturation
level of the rotor tooth body part is reduced. In the same manner, if the saturation level of the rotor yoke
is saturated first, then again the bar current waveform may become sinusoidal as shown in Fig. 6.76.
This phenomenon can be observed much clearer from Fig. 6.81. As seen in the figures, once the flux
density of the rotor tooth body part is increased beyond the knee point of the core material BH-curve,
the bar current waveform starts to take the form of non-sinusoidal wave (see Fig. 6.76). Therefore, it
can be concluded that the critical width and height values of by, and h,; are 10mm and 30mm,

respectively.

As explained previously, there is a close relationship between the rotor tooth body flux density and
the bar current waveforms. This close relationship can be observed from Fig. 6.76, Fig. 6.82, and Fig.
6.83. As seen in Fig. 6.82(a), as by, is increased, the rotor tooth body flux density waveform starts to
change from sinusoidal to non-sinusoidal. As seen in Fig. 6.82(b), the most dominant harmonic order
is the 3™, After 8mm, the 3@ harmonic and consequently THD level decrease dramatically. In the same
manner, as illustrated in Fig. 6.83(a), as h, is increased from 6mm to 36mm, the rotor tooth body flux
density waveform changes from non-sinusoidal to sinusoidal due to the reduction of the tooth body
saturation level. The reduction of the 3" harmonic and hence the THD percentage stops at 30mm of h,.;
as seen in Fig. 6.83(b).
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Fig. 6.80 Flux density distributions for different values of h,.

261



3 3
—o— Stator —e— Stator
E 2.5 4A--Rotor = 2.5 ----Rotor
2 2° 4 A > 29
% / A g ‘‘‘‘‘
I 15 - i 8 15 ]
X 1 A 5 1
[ y ST
05 T T T T 05 T T T T T
2 4 6 8 10 12 6 12 18 24 30 36
bs12 (mm) hrl (mm)
(a)* (b)*

Fig. 6.81. Stator and rotor tooth body flux densities: (a) against b, and (b) against h,.;.
*The light green dots indicate the knee point of the BH-curve (~1.48T).

To be able to reveal the level of the saturation at the stator and rotor parts analytically, the saturation
factors are calculated and the variation of the stator and rotor saturation factors are illustrated in Fig.
6.84. Note that the details related with the calculation of the saturation factor has been given in Chapter
5 and Section 6.3. The saturation factor of the stator increases considerably as by, is increased whilst

the saturation factor of the rotor decreases dramatically as seen in Fig. 6.84(a).
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Fig. 6.82 Rotor tooth body flux density for various by, ,: (a) waveforms and (b) variation of the

dominant flux density harmonics with respect to by, ,.
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Fig. 6.83 Rotor tooth body flux density for various h,.;: (a) waveforms and (b) variation of the

dominant flux density harmonics with respect to h,., .
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Fig. 6.84 Variations of stator and rotor saturation factors”with respect to (a) b;, and (b) h,;.

K, stator saturation factor; K,.: rotor saturation factor.

On the other hand, the saturation factor of the stator decreases whilst the saturation factor of the rotor
increases as h,., increases as seen in Fig. 6.84(b). It can be realized that there has been notable saturation
factor changes at the 10mm of by, and the 30mm of h,;. These changes in the saturation factors
indicate that the bar current waveforms become sinusoidal at these points. In addition, the waveforms
retain sinusoidal for the larger values than those of the indicated values while they are non-sinusoidal

for all the smaller values than those of the indicated values.

As evidenced by the magnetic analysis results, the verification of the reason behind the non-
sinusoidal bar current phenomenon has been substantiated by different ways, i.e. variation of rotor tooth
body flux density amplitudes with respect to stator slot width and rotor slot height parameters, rotor

tooth flux density waveforms, and saturation factors of stator and rotor parts of the IM.

6.6 Rotor Skew

As well known, in order to improve the starting characteristics of grid connected IMs and reduce the
torque ripple level, skewed rotors are employed [OST86], [DOR95], [NAU97], [MCC98], [WAN16].
In this section, the influence of the rotor skew angle on the bar current waveform and performance
characteristics are investigated for IM with 48S/52R/8P designed by using the same operating and
geometric specifications as the Toyota Prius 2010 IPM machine. The effect of rotor skew angle is
investigated by performing 2-D FEA under steady-state operation condition. While investigating the
influence of the skew angle, all other operating and geometric parameters are kept at their optimal

values.

6.6.1 Rotor Skew Angle

In order to investigate the influence of rotor skew angle on the bar current waveform and
performance, several parametric analyses have been conducted with different skew angles changing
from 0° to 90°. The transient solver of the time-stepping, non-linear, 2-D FEA program can take into
account the effects of skewed rotor slots by using a single- or multi-sliced model. However, since the
2-D models cannot account for the axial flux, the solver uses only the approximations for the calculation
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of the magnetic field in the skewed slot modes. Therefore, the presented results in thise section has been
calculated by neglecting the 3-D effects such as end-effects, axial flux effects, etc. In addition, only
single-sliced rotor model has been used in this thesis. Skewing of the rotor slots is illustrated in Fig.
6.85. Note that since the axial slots turn into tangential slots, the 90° skewing is practically not possible.
It has been calculated theoretically for only completeness purpose.

Skew Angle
(°m)

Fig. 6.85 Rotor skewing and skew angle in mechanical degree (°m).

6.6.2 Influence of Rotor Skew on Performance Characteristics

The air-gap flux density waveforms for various rotor skew angle and variation of the air-gap flux
density dominant harmonics and THD rate are shown in Fig. 6.86.
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Fig. 6.86 Air-gap flux density for various skew angle (a) waveform and (b) variation of the dominant

air-gap flux density harmonics and THD with respect to skew angle.
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As seen, the air-gap flux density waveform is highly distorted because of the combined effect of the
slotting and winding MMF harmonics. The influence of the skew angle on the air-gap flux density
harmonics is considerable. It can be seen that the minimum air-gap flux density THD is obtained at 15°
of the skew angle. The variations of the air-gap flux density B, bar current fundamental amplitude 1,
and bar resistance are illustrated in Fig. 6.87. As seen, although the air-gap flux density amplitude is
reduced slightly, the bar current amplitude is reduced dramatically with increasing skew angle. The one
of the reasons for this is that the higher the skew angle, the lower the interaction between the conductor
bars and air-gap flux (armature reaction) and consequently the lower the induced EMF on the bar
conductors. Another reason is that the bar resistance increases as the skew angle is increased as shown
in Fig. 6.87(b). This phenomenon can be observed from Fig. 6.88. It is obvious that the higher the rotor

skew angle, the lower the flux density in both stator and rotor parts of the IM.
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Fig. 6.87 Air-gap flux density By, bar current amplitude I,,4, and bar resistance against skew angle.
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The variation of the rotor bar current waveform with respect to skew angle is shown in Fig. 6.89. As
clearly seen, the skew angle has a significant effect on the bar current low- and high-frequency
harmonics (see Fig. 6.90). Each skew angle affects the different harmonic order of the bar current. For
instance, while the 15° of the skew angle is reduced the high order harmonics, the skew angle of 75° is
increased the high order harmonics in the bar current. In addition, as seen in Fig. 6.91, the low-frequency
harmonics and the THD level of the bar current became relatively low at the 30° of the skew angle. It
can be observed that the higher the skew angle, the lower the fundamental amplitude of the bar current
(see also Fig. 6.87).
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Fig. 6.89 Rotor bar current waveforms for various rotor skew angles.

The 3" harmonic, which depends on the level of the magnetic saturation, becomes relatively low at the
15° and 30° of the skew angle. It can be concluded that the 30°, corresponding to 4 stator slot pitches,

is the optimal skew angle in terms of the THD of the bar current. The variation of the average torque,
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torque ripple, rotor bar copper loss, and efficiency with respect to skew angle is shown in Fig. 6.92. As
seen in the figure, the average torque reduces slightly whist the torque ripple reduces remarkably with
the increased skew angle. On the other hand, the efficiency reduces slightly because of increasing rotor
bar copper loss. It can be concluded that depending on the skew angle, the bar current harmonic
distortion and torque ripple do not change linearly. In order to minimize the distortion level and torque

ripple, an optimal skew angle should be calculated.

Fig. 6.90 Harmonic spectra of bar current for various rotor skew angle.
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6.7 Stator Coil Pitch

In this section, influences of stator coil pitch on the electromagnetic performance of squirrel-cage
IMs, designed by using the Valoe’s specifications (see Chapter 2 and Appendix C), are investigated.
Various coil pitches varying from 1 to 9 are studied considering the number of winding layers and
slot/pole number combinations. Note that all the considered IMs have been globally optimized for
maximum torque and minimum power losses by keeping the outer diameter and stack length fixed. In
addition, optimal rotor slot number for g = 1 combinations have been estimated by (6.9). In addition,

the optimal rotor slot number is estimated parametrically as for the g = 0.5 combination.

6.7.1 Design of IMs with Various Coil Pitches

In order to investigate the influence of coil pitch y. on the bar current waveform and key
performance characteristics, different S/R/P combinations and winding layers, namely single-layer SL
and double-layer DL 2-D, has been studied. In addition, newly developed winding topology has also
been investigated together with the conventional winding topologies. The 2-D cross-sections of the
designed IMs are illustrated in Fig. 6.93. Note that the key specifications of the considered IMs are
given in Table 2.4 (Chapter 2). It can be realized that the winding layout of the advanced IM is similar
to the conventional IM with the 18S/6P/20R-DL (y. = 2).

(d) 18S/6P/20R-DL (y, =2)  (€) 36S/6P/40R-SL (y, =5)  (f) 36S/6P/40R-DL (y, = 5)

268



(9) 54S/6P/44R-DL (y, = 9) (h) 18S/6P/20R-DL (y. = 2-ANW)
Fig. 6.93 2-D view of designed IMs with various slot/pole numbers and winding layouts.

The MMF harmonic spectra of the considered winding topologies are illustrated in Fig. 6.94. As
seen, the 54S/6P-DL configuration has the least MMF whist the 9S/6P-DL configuration has the most.
In addition, although the 18S configurations have different fundamental MMF amplitudes, their THD
levels are the same. Considering Fig. 6.94, it can be predicted that the bar current distortion level of the
9S/6P-DL will be the highest whist the 54S/6P-DL will be the lowest. Consequently, the rotor bar
copper losses of the 9S/6P-DL will be the maximum whilst as for the 54S/6P-DL it will be the lowest.
In addition, as seen Fig. 6.94, the THD level of the double-layer configuration is lower than that of its
single-layer counterpart.
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Fig. 6.94 Comparison of normalized MMF harmonics according to 18S/6P-SL and the MMF THDs.

6.7.2 Influence of Stator Coil Pitch on Performance Characteristics

The bar current waveforms for the considered IMs having different winding configurations are
illustrated in Fig. 6.95. It is obvious that all the combinations have non-sinusoidal bar current waveform
and all contain higher order harmonics. However, the amplitudes of these higher order harmonics are
the minimum for the 36S/6P-DL IM having 5-slot pitch whist it is maximum for the 9S/6P-DL 1M
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having 1-slot pitch. It is clear that, all rotor bar current waveforms are non-sinusoidal. As explained in
Chapter 5, depending on the saturation level of rotor tooth body parts, the rotor bar current waveform
becomes non-sinusoidal. Therefore, as illustrated in Fig. 6.98, the 9S/6P-DL IM has the highest flux
density in the rotor tooth body part whist the 54S/6P-DL has the minimum.
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Fig. 6.95 Comparison of bar current waveforms.

The harmonic spectra of the bar currents showing the high-order and low-order harmonics are
illustrated in Fig. 6.96 and Fig. 6.97, respectively. As seen in Fig. 6.96(a), the fundamental bar current
harmonic amplitude is lower than that of the high-order harmonic. Therefore, as seen in Fig. 6.97, its
distortion level is the highest one. As explained before, these harmonics, originated from the winding
MMF harmonics, are induced in the bars. The amplitudes of these high order harmonics have been
reduced as the stator coil pitch is increased. Therefore, it can be noticed that the bar current THD levels
of the 36S combinations are almost 1/2 and 1/6 of the 18S and 9S combinations, respectively. As

predicted previously, this highly distorted bar current causes a significant increase in the bar copper loss
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as given in Table 6.4. In addition, as the coil pitch is increased, the magnitude of the low- and high-

order harmonics are diminished to minimum. Moreover, the IMs designed with double-layer winding

configurations have lower bar current distortion level than that of their single-layer winding

counterparts.
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Fig. 6.96 Comparison of bar current harmonic spectra.

The key electromagnetic performance characteristics, including fundamental winding factor

k,,1, total axial length [,, average torque T, torque ripple AT, stator copper losses in the slots Pscy, i,

stator copper losses in the end-windings Pg.y, onq, total stator copper loss Ps.,,, rotor bar copper loss

Pgcu, total core loss P, output power P,,,;, and efficiency n, are listed Table 6.4 for the IMs designed

with various coil pitches. As seen, the overall performance characteristics of IMs with y. = 5 are the
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best whilst IMs with y. = 1 winding configurations are the worst. As expected, the higher the

fundamental winding factor, the higher the average torque.
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Fig. 6.97 Comparison of the bar current low-order harmonics and bar current THDs.
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Fig. 6.98 Flux line density distributions of IMs with various winding topologies.
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Even though, more number of turns per phase has been used in order to tolerate the low winding,
comparable torque cannot be achieved for y. = 1 winding configurations because of the significantly
high leakage flux and small split ratio. In addition, because of the more number of turn requirements of
the y. = 1 winding configurations, the more stator copper losses are obtained. As seen in Table 6.4,
since the coil pitch of 54S/6P combination is 1.8 times longer than that of the 36S/6P combinations, its
Pgcy ena 1S also ~1.8 times higher. Moreover, as predicted, because of the very high MMF harmonics
induced in the bar current, the bar copper losses of the IMs designed with y. =1 winding
configurations are significantly high. Thus, the efficiency of the IMs designed with y,. = 1 winding
configurations are relatively low. Furthermore, it has been shown that the higher the coil pitch, the lower
the torque ripple rate. The performances of the IMs designed with y. = 2 winding configurations are
between the IMs designed with y. = 1 and y, = 5. On the other hand, it has been revealed that the IMs
designed with double-layer windings instead of single-layer windings have lower power losses,
especially they have lower rotor bar copper losses because of the lower MMF harmonics. It can be also
seen that thanks to the newly developed NW topology 27.1% shorter machine with 3.2% and 3.03%
high torque and efficiency is obtained respectively, when compared to its conventional counterpart
(18S/6P-DL).

Table 6.4 Performance comparison between IM with different winding topologies

9S/6P 18S/6P 18S/6P 18S/6P  18S/6PDL  36S/6P 36S/6P 54S/6P

DL DL SL DL (v, = 2- SL DL DL
Oe=1) (=1 (e = 3) Ve = 2) ANW) e=5) (=5) e =9)

k.1 0.866 0.5 1 0.866 0.866 0.966 0.933 0.96

l, (mm) 94.02 82.69 133.71 114.24 83.28 118.46 111 122
T (Nm) 43.613 37.953 55.12 52.33 54.01 55.78 54.104 52.21

AT (%) 28.792 20.528 10.667 9.112 18.145 6.605 3.887 4

sz(c\}l\isn 1.88 2.24 1.33 1.59 13 1.2 1.2 1.2
P‘zlc(l\l/-\;”;d 0.94 0.59 1.74 1.36 0.66 1.25 1.26 2.27
P, (kW)  2.82 283 3.07 2.95 1.96 245 245 3.46
Pgeu (KW) 2.778 0.693 1.074 1.026 0.86 0.557 0.506 0.501
P (kW) 0.061 0.016 0.064 0.062 0.021 0.014 0.013 0.013
Pyt (KW) 8.541 7.512 10.91 10.357 10.69 11.127 10.793 10.42
1 (%) 59.8 67.5 71.64 71.42 74.96 78.04 77.78 71.83

6.8 Discussions and Conclusions

In this chapter, the influences of a number of design parameters; such as air-gap length, rotor slot
number, stator slot/pole number, stator and rotor slot geometric parameters, rotor skew, and stator coil
pitch on the bar current waveform and performance characteristics are investigated systematically. It is
found that each design parameter has a substantial effect on the bar current waveform and performance

characteristics. It has been verified though the parametric analyses for each design parameter that the
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reasons behind the non-sinusoidal bar current of squirrel-cage IMs is found as the saturation of the rotor

tooth body parts. The discussions and the key findings of this chapter are given as follows.
A. Air-Gap Length

In this section, the influence of air-gap length on performance characteristics including the rotor bar
current waveform of a squirrel-cage IM with 48S/52R/8P has been investigated for different air-gap
lengths. Based on the obtained results, important conclusions drawn from this work include:

e Under the fixed current excitation operating condition, the shorter the air-gap length, the higher
the level of saturation (see Fig. 6.3(b) and Fig. 6.8);

e The high saturation due to the short air-gap causes more slot leakage flux especially in the slot

openings;

o The flux density of the tooth tips contain highly distorted high frequency flux components and
those harmonics diminish to minimum due to the filter effect of the teeth;

e The shorter the air-gap length, the more distorted performance curves is due to the saturation
of the teeth;

e There is a critical air-gap length that causes to change some performance characteristics of the

machine, i.e. rotor bar current waveform has become non-sinusoidal after these specific points;

e The larger air-gap length causes to decrease in efficiency by increasing the amplitude of the

magnetizing current;

e The large air-gap length causes reduction in maximum achievable power and torque density,

efficiency and also power factor by increasing the magnetizing current requirement of the IM.

In order to avoid lower efficiency, power and torque density, the air-gap length should not be designed
very large. The harmonics of the air-gap flux density and hence the other parameters which depend on
the air-gap flux density, such as stator current and induced voltage, rotor induced voltage and current,
can be minimized by choosing a proper air-gap length. Furthermore, the distortion effect can be reduced

effectively by enlarging the air-gap.

B. Rotor Slot Number

The influence of rotor slot number on the performance characteristics including the stator and rotor
bar currents, torque, torque ripple, electromagnetic force acting on the stator core, machine losses,
power factor, efficiency etc., of squirrel-cage IMs with 48S/52R/8P has been investigated in this part.
It is shown that the number rotor slots has a significant effect on the performance characteristics of the

IM. In order to avoid the disturbance caused by interacting fields of the rotor and stator, the rotor slot
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number should be selected with a special care. Under the design considerations given in the Appendix

D, the key findings can be summarized as follows:

o ltis revealed that there is an optimal rotor slot number estimating by R = S + 2q, which is 52
for 48S/8P 1M, at which the maximum torque, relatively low torque ripple, minimum saturation

level, maximum power factor, and efficiency are achieved,
e The lower the rotor slot number, the lower the distortion on the rotor bar current waveform;
e The minimum slot leakage flux and saturation factor can be achieved for 52 rotor slots;

e The higher the rotor slot number, the lower the electromagnetic force acting on the stator core

surface.

Moreover, it is also shown that the flux density at the rotor tooth tips contains a large number of high
frequency harmonics depending on the rotor slot number and those harmonics have completely
cancelled due to the filtering effect of the teeth. Because of the excessive flux leakage increases with
the saturation in the rotor tooth parts, the flux density waveform of the rotor tooth becomes non-
sinusoidal. Since the lower order harmonics, particularly the 3™ harmonic, cannot be cancelled by the
filtering effect of the teeth, it is induced in the bar current and makes the bar current waveform non-

sinusoidal.
C. Stator Slot/Pole Number Combinations

In this section, the influence of stator slot/pole number combinations on the performance
characteristics including the stator and rotor bar currents, torque, torque ripple, losses, power factor,
and efficiency of squirrel-cage IMs with 36S/6P, 48S/8P, and 60S/10P, all having 52 rotor slots, has
been investigated. Furthermore, the levels of saturation and slot leakage flux and their influences on the

bar current waveform have been examined in depth.

It is concluded that at the given operation conditions (at 176.6Arms stator current and 5% slip) the
rotor bar current of all machines are non-sinusoidal. Besides, there is an indirect correlation between
the pole number and the distortion level of the rotor bar current waveform and if the rotor core material
is saturated then the higher the pole number, the lower the slot leakage flux and hence the lower the
distortion on the rotor bar current. However, this relation is vice-versa in case of the rotor core material

is un-saturated (linear).

This study has also revealed that depending on the pole number, the flux density of the tooth tips
contains highly distorted flux components. The level of this distortion is higher in the IMs whose pole
number is low. In addition, independent of the pole number, the higher order harmonics are completely
cancelled due to the average effect of the teeth. Moreover, it has been revealed that it is possible to
reduce the bar current distortion level and improve the performance characteristics simultaneously by

selecting the optimal rotor slot number for any S/P combination.
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D. Stator Slot and Rotor Slot Geometric Parameters

The influence of stator and rotor slot (corresponding to tooth) geometric parameters on the bar
current waveform and performance characteristics of a squirrel-cage IM with 48S/8P/52R has been
investigated in this section. It is concluded that while some of the geometric parameters have significant
effect, some have negligible effect on the performance characteristics and the bar current I, as given
in Table 6.5. Note that the fractional degrees indicate that the influence of the geometric parameters is
between the closed integer levels. As shown, the reason why different geometric parameters have
different effects on the characteristics is due to change of the working point on the BH-curve of the core

material.

Table 6.5 Comparison of the influence of geometric parameters on performance characteristics of the
squirrel-cage IM

IBar Taug AT Pscu Prcu Eff.

b, 1 1 1.5 0.5 1 1

b1, 3 3 3 3 2 3

hyo 2.5 3 3 0 3 3 0-Negligible
hy, 2.5 3 3 3 3 3 1-Slight

b, 1 1 1.5 1 1 1 2-Moderate
b,1, 2.5 3 3 0 2 3 3-Significant
hyo 2.5 3 2 0 3 3

h,q 3 2 1.5 0 1.5 1.5

Based on the obtained results, the important key findings drawn from this study include:

e Among the other rotor slot parameters, b,.,, and h,, are the most dominant parameters in terms
of electromagnetic performance while h,.; is the most dominant parameter in terms of the bar

current waveform.

e Among the other stator slot parameter, hgo, and hg, are the most dominant stator slot
parameters for the electromagnetic performance while by, is the most dominant parameter in

terms of both electromagnetic performance and the bar current waveform.
In order to avoid lower efficiency, power and torque density;

e by and b, should not be very small,
e The optimum bg4,, hgq, b1, and h,q should be calculated;

e hyand h,q should be as small as possible.
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The average torque, output power, and efficiency can be maximized and the torque ripple and power
losses can be minimized simultaneously by choosing the proper slot geometric parameters. This can be

easily done by conducting a multi-objective global optimization.
E. Rotor Skew

In this section, the influences of rotor skew on the bar current waveform and key performance
characteristics are investigated. It has been found that the rotor slot skew angle has a significant effect
on the bar current waveform and performance characteristics. It is revealed that there is a critical skew
angle making the torque ripple minimum and diminishing the bar current harmonic content to a
minimum. It is found that with the critical skew angle of the studied IM, which is 30°, the 3" harmonic
content of the bar current, which is responsible for the flat-topped waveforms, become minimum. In
addition, it is also shown that the higher the skew angle, the lower the saturation in machine cores, the

lower the average torque and efficiency.

Although skewing of rotor slots in IMs helps to improve some performance characteristics such as,
improve the starting characteristics of grid connected 1Ms, reduce the torque ripple level and permeance
harmonics caused by slots, it is not preffered for the IMs used in the EV/HEV applications in order not
to sacrifice the performance characteristics such as torque, power and effciency. Because, as evidenced
from Fig. 6.87(b), skewing causes an increase in the rotor resistance. As the rotor resistance increases,
the torque and power will be drop. In addition, because of the increase in the rotor resistance, the bar
copper loss will be increase and consequently the efficiency will decrease. Since the high power and
efficiency are very challenging characteristics for IMs designed for the EV/HEV applications, the rotor

slots are not skewed.
F. Stator Coil Pitch

The influences of stator coil pitches varying from y. = 1 to 9 and number of winding layers on the
electromagnetic performance are investigated with particular reference to the bar current waveform. It
has been revealed that the stator coil pitch has also significant effect on the bar current waveform and

performance characteristics. Some other key findings of this study is summarized as follows.

e The longer the slot pitch, the lower the bar current distortion level: The bar current THD of the
54S/6P-DL (y, = 9) is 85.7% lower than that of the 9S/6P-DL (y, = 1);

e The longer the slot pitch, the lower the rotor bar copper loss: The bar copper loss of the 54S/6P-
DL (y. = 9) is 81.67% lower than that of the 9S/6P-DL (y. = 1);

e [For g < 2 combinations, the longer the slot pitch, the lower the parasitic effects and the better
the performance characteristics such as higher torque, higher efficiency, lower torque ripple

etc. The average torque, torque ripple, and efficiency of the IM with 36S/6P-DL (y. = 5) are
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+24.05%, -86.5%, and +29.05%, respectively when compared to the IM with 9S/6P-DL (y, =
1);

e The double-layer winding configurations lead to lower parasitic effects, such as lower torque

ripple and lower bar current distortion rate, etc.

e The bar current distortion levels and performance characteristics of the IMs with (y, = 2) are
between the IMs with (y, = 1) and (y, = 9);

e Among the IMs with y,. < 3 configurations, the newly developed 18S/6P-DL (y, = 2-NWW)
is favourable in terms of total axial length, average torque, output power, and efficiency.

In Chapter 7, the influences of operating parameters on the rotor bar current waveform and the key

performance characteristics will be further investigated in detail.
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7 Influence of Operating Parameters on Non-Sinusoidal Bar Current

Waveform

In this chapter, the influences of operating parameters, including slip and electric loading on the
electromagnetic performance characteristics of conventional squirrel-cage 1Ms, designed by using the
same stator outer diameter, stack length, air-gap length, output power and rated speed as the Toyota
Prius 2010 IPM machine, is investigated in detail with particular reference to the bar current waveform.
It is observed that after exceeding the certain slip rate and electric loading level, the rotor bar current
waveform becomes non-sinusoidal even if the stator windings are fed with a sinusoidal source. The
conditions for such non-sinusoidal rotor bar current to occur and the reasons behind this phenomenon
are investigated by FEA, with particular reference to the numerical verification of the obtained non-
sinusoidal bar current waveforms by locked-rotor analyses.

7.1 Introduction

In Chapter 5, the main reason behind the non-sinusoidal bar current phenomenon, i.e. magnetic
saturation of rotor teeth, has been explained. In Chapter 6, the design parameters causing the bar current
waveform to become non-sinusoidal have been investigated in detail. In this chapter, influence of
operating parameters, including slip and electric loading, on the bar current waveform will be

investigated systematically.

In literature, although there are a large number of studies on the influence of some operating
parameters on the stator current waveform, there are only a few studies on the influence of some
operating parameters on the rotor bar current waveform of a squirrel-cage IM [HOO11], [WEI11],
[DONO05], [GAU41], [BUC72], [BRA74], [MUKA&9], [DONO5], [PRES&9], [BOGO03], [BOTO5],
[BELO6], [BLAQ9], [GRAOQ9]. Nevertheless, in these studies, the explanations related to the non-
sinusoidal bar current have not given or are insufficient. It is possible to divide the studies on the rotor

bar current waveforms into four cases, i.e. the performance of IM under:

(a) Sinusoidal supply fed [WEI11], [HOO11], [GAU41], [BUC72], [BRA74], [MUKA&9],
[DONO5], [PRES89], [BOGO03], [BOTO05], [BELO6], [BLAOI], [GRA0D9], [DAJ13a];

(b) Non-sinusoidal supply fed [GYSO00], [BOTO04], [KUN12];
(c) Faulty operating condition [BRUQO7], [SUN13], [MES14];
(d) Saturated core operating condition [LEE61], [CHAT71], [MOR92], [PER12].

Under both non-sinusoidal and sinusoidal supply conditions, the rotor bar current analysis has been
performed by using the equivalent circuit of the IIM [PRE89]. In order to numerically calculate the rotor
bar current waveform and its harmonic spectrum, a study on electromagnetic design workflow for

squirrel-cage 1M has been conducted [GRAO9]. To be able to determine the flux pattern accurately, a
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method has been introduced to predict the instantaneous current distribution in a squirrel-cage IM of
known geometry and winding design, based on a direct method of simulation [MUK®89]. A similar
method has been developed in [BELO6] in order to model the behaviour of the rotor quantities such as
rotor frequency and current accurately by taking into account the magnetic and electric machine

properties.

The stator current waveforms of a single phase IM are investigated and some analytical expressions
have been derived for rotor bar currents taking into account the saturation effect [BRA74]. A similar
study [BOGO3] which presents a detailed analysis method, taking into account the hysteresis of
magnetic material, the saturation effect, the induced currents in different rotor bars and the eddy currents

in the laminations, has been introduced in order to calculate the machine losses accurately.

For different IMs which have different numbers of poles, coil slot pitches, different speeds and
phases, the rotor bar current waveforms at the four different regions of the bar (top, quarter, half and
bottom) has been analyzed in order to find out the components of the rotor bar current and the effect of
the rotor bar current harmonics upon the efficiency of the motor [GAU41]. Another study on the
components of the rotor bar current has been presented in [WEI11] for a single phase IM. In this study,

the rotor bar current components have been determined as magnetizing, working and slip components.

In order to measure the rotor bar current online, a squirrel-cage IM has been built and some
experimental data has been collected from the bars by using a type of current sensor assembled by soft
ferrite rings wounded with a thin coil inserted in the rotor bars in order to measure the bar currents
[DONO5], [BOTO5]. In [BLAQ9], in order to measure the rotor bar current of a special IM, the same
measurement method has been used. In both of these studies only the waveforms have been showed but

no explanation has been made on the origins of the non-sinusoidal waveforms.

The rotor bar current waveform has also been investigated under unconventional winding layout
designs of IMs. By using Fractional Slot Concentrated Winding (FSCW) technique, an IM has been
designed [DAJ13a] and according to the obtained analysis results the rotor bar current is not sinusoidal

because of the very large rotor EMF harmonics due to the winding space harmonics.

Under non-sinusoidal voltage fed operating condition, an investigation has been conducted by
[KUN12] on the impact of the voltage fluctuations on the performance of an IM, particularly the stator
and rotor current variation characteristics by using a dynamic model. In a similar study [BOTO04], it has
been revealed that the Joule power loss, whose contribution is 10% of the total losses under the
sinusoidal supply fed operating condition, increases dramatically under the non-sinusoidal operating
condition because of the magnetic flux pulsations. The stator current has been calculated and compared
with the measured stator current in order to verify an improved analytical method which has been used

for the evaluation of the rotor bar current under non-sinusoidal supply fed condition [GY SQ0].

The rotor faults greatly affect the currents in the bars and in the end rings both in amplitude and in

harmonic content depending on the relative position of the fault [MES14]. Generally, the rotor faults
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consist of broken bars of the rotor cage. If the number of the broken bars decreases, the magnitude of
the normalized stator current decreases while it is almost equal to unity under healthy operating
condition [SUN13]. To be able to measure the bar current waveform under broken bar condition, IM
with stranded isolated cables on the rotor has been prototyped and fed by sinusoidal voltage [BRUO7]
and the rotor bar current waveforms have been compared under healthy and broken bar operating
conditions [SUN13] by performing different faulty scenarios in order to investigate the effects of broken
bars on the performance of the IM [MES14]. In addition, some predictions have been made for the rotor
circuit of the IM under saturated operating conditions [LEE61], [MOR92], [BOL10], [PER12].

In this chapter, previously designed IM by using the same stator outer diameter, stack length,
slot/pole number, winding layout and rated operating parameters such as stator voltage, current and
speed of Toyota Prius 2010 IPM machine (for the specifications see the Appendix D) has been
employed in order to investigate the influence of slip and electric loading. Furthermore, the numerical
verification of the non-sinusoidal bar current waveform by locked-rotor analyses has also been done on
the same IM. Since the bar current plays a very important role in the torque production, the power
density, and the efficiency of the 1M, its accurate prediction is essential. Therefore, to be able to predict
the rotor bar current accurately, the operating parameters such as slip and electric loading, which should
be taken into account, has been investigated in depth in this chapter. Many different cases, such as
different loading, slip, and saturation, have been conducted. It has been revealed that, the rotor bar
current waveform does not only become non-sinusoidal under non-sinusoidal source fed or faulty bar
operating conditions, but it also becomes non-sinusoidal after exceeding a specific slip and an electric
loading operating range under sinusoidal operation. Moreover, the obtained non-sinusoidal bar current
waveforms have been verified numerically by the locked-rotor analyses.

7.2 Electric Loading

The influence of electric loading on the bar current waveform is investigated by 2-D FEA under
steady state operating condition. During the analysis, all other machine specifications (see Appendix E)
are fixed except for the stator winding voltage and hence winding current (under 950 rpm imposed

speed operating condition).

7.2.1 Influence of Electric Loading on Performance Characteristics

The variation of induced voltage of Phase ‘A’ winding with respect to stator current and the variation
of their percentage of dominant harmonics and THD rate are shown in Fig. 7.1 and Fig. 7.2,
respectively. These harmonics are due to the winding MMF harmonics (see Fig. 7.3), saturation and
slotting effect. As seen from Fig. 7.1, the rms value of the induced voltage increases as expected. Whilst
the high order harmonics (20", 22, and 24™) decrease with the increasing stator current, the low order
harmonics (3 and 5™) increase. Furthermore, whilst the THD of the induced voltage changes

significantly before 175A, it does not change after exceeding 175A of phase current. Bar current
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waveforms for various stator currents are shown in Fig. 7.6. The bar current becomes non-sinusoidal
after exceeding 175A of stator current. The variation of the air-gap flux density with respect to rotor
position for various stator current operating condition is illustrated in Fig. 7.4(a). Considering the
variation of the low order harmonic percentages of the induced voltage (see Fig. 7.2) and air-gap flux
density shown in Fig. 7.5, it can be deduced that the higher the electric loading, the higher the low order
induced voltage harmonics and hence the air-gap flux density harmonics, and the lower the higher order
harmonics. It is also predicted that these lower order harmonics in the air-gap field will pass through to
the rotor side.
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Fig. 7.1 Induced voltage waveforms for various stator currents.
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Fig. 7.2 Variation of induced voltage harmonics and THD with respect to stator current.
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Fig. 7.3 Normalized MMF space harmonics of the designed 48S/52R/8P IM.
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Fig. 7.4 Air-gap flux density: (a) waveforms for various stator currents and (b) variation of
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Fig. 7.5 Air-gap flux density for different stator currents: (a) waveforms and (b) variation of the

percentage of the dominant harmonic magnitudes and THD with respect to stator current.

The higher order harmonics always exist in the bar currents because of the high frequency flux
harmonics induced at the top of the rotor teeth. However, lower order harmonics change due to the
stator current. The correlation between these lower order harmonics and stator current is shown in Fig.
7.6(e). The slope of the THD percentage increases significantly after exceeding 175 A which is the
point where the sinusoidal bar current becomes non-sinusoidal. Therefore, considering the figures from

Fig. 7.1 to Fig. 7.6 it can be concluded that after exceeding 175 A, the performance characteristic of
the IM has changed.
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Fig. 7.6 Rotor bar current for different stator current: (a-d) waveform and (b) variation of harmonic

amplitude percentages and THD with respect to stator current (e).

7.2.2 Influence of Electric Loading on Magnetic Characteristics

To be able to reveal the reason behind this phenomenon, the magnetic characteristics of the designed
IM have been investigated. It is obvious that with increasing loading the magnitudes of the magnetic
circuit parameters change. It is very well known that the magnitude of the leakage flux increases with
saturation of the magnetic cores. Therefore, by using (5.1), expressed in Chapter 5, the rotor slot leakage
flux densities have been calculated and illustrated in Fig. 7.8. In the case of electrical loading, the slot
leakages especially the rotor slot leakages increase considerable with the increasing stator current (see
Fig. 7.8) due to the saturation of the rotor teeth as seen inFig. 7.7. Fig. 7.8 shows that the leakage flux
density magnitude is higher at the slot opening of both the rotor and the stator. In addition, there is an

inverse correlation between saturation and equivalent rotor flux density as already proven in [BUC72].

The influence of the loading on the torque density and ripple has also been investigated. Variation
of the torque density and its ripple with respect to stator current is illustrated in Fig. 7.9. Torque density
shows linear growth while the torque ripple shows exponential decay, especially before the 175 A, this
decay is very sharp. As mentioned previously, the magnetic saturation plays a very important role on
the air-gap field [BOL10] and hence performance characteristics of the machine. Furthermore, the effect
of the saturation can be determined by the saturation factor which is defined by the MMF in the total

mutual flux path divided by MMF in air-gap as given in by using (5.8) expressed in Chapter 5 [BUC72].
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By using this definition, it is possible to determine when the bar current waveform becomes non-
sinusoidal. Fig. 7.10 shows the calculated saturation factor for various stator currents. As can be seen,
as the load increases the saturation factor exhibits a peak, i.e. it increases first and then starts to decrease.
Here, the current value associated with the peak value of the saturation factor indicates that the
saturation starts after exceeding that point, and the bar current waveform starts to become non-
sinusoidal, whilst the distortion of the air-gap flux increases as the current increases (see Fig. 7.5).
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Fig. 7.7 Flux density distributions for various electric loadings.
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7.3 Slip

The influence of slip on the bar current waveform has been investigated by keeping all the
parameters constant except for the rotor speed. The steady state results have been investigated under

the peak injected voltage operating condition (102 V which generates 250 A).

7.3.1 Influence of Slip on Electromagnetic Performance Characteristics

With the increasing speed (decreasing slip), variation of the induced voltage in Phase ‘A’ winding
is shown in Fig. 7.11. There is an inverse correlation between the slip and the induced voltage
fundamental amplitude. The variation of the amplitudes of the lower and higher order harmonics of the
stator induced voltages with respect to slip is shown in Fig. 7.12. The 3" and 22" harmonics are the
most dominant ones and the amplitudes of harmonics have changed after exceeding 0.08 (920 rpm) of

slip rate.

The influence of the slip on the air-gap flux density is shown in Fig. 7.13. Note that the air-gap flux
density waveform is reconstructed due to the first 7 harmonic components. As seen in air-gap flux
density variation which is reconstructed by using the first 7 harmonics, peak value of the flux density
decreases with slip. Considering the variation of the amplitude percentages of the air-gap harmonics
given in Fig. 7.14, the magnitude of the lower and higher frequency harmonics increase with increasing
slip. As seen in Fig. 7.14, on the amplitude variation of the lower and higher order harmonics a deviation

has been occurred near the 0.08 slip region again. Therefore, it is obvious that around this operating
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point the performance characteristic of the IM has changed. To investigate the influence of the slip on
the IM performance characteristics such as torque density, torque ripple, losses and efficiency, the bar

current should be investigated in depth.
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Fig. 7.11 Induced voltage waveforms for various slips.

N
(&)

=2 ——
. +5 o--18
8\0/20 1
(<5}
S 15 A
510
<
5 .
0 m

0 0.02 0.04 006 008 0.1 0.12 0.14 0.16
Slip

Fig. 7.12 Variation of the dominant induced voltage harmonics and THD with respect to slip.
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Fig. 7.13 Air-gap flux density: (a) Reconstructed air-gap flux density waveforms for various slip rates

and (b) variation of fundamental air-gap flux density amplitude with slip.

The bar current waveforms have been evaluated by using (5.5). In order to calculate the bar current, the
inter-bar ring currents have been calculated first as shown in Fig. 7.15 (see Fig. 5.1 for squirrel-cage
construction and current components). Under 0.04 slip operating condition, by summing up the inter-
bar ring currents point by point as given in (5.5), the bar current waveform which is non-sinusoidal at
0.04 slip has been obtained. By using this method, the bar current waveforms for various slips have
been obtained in Fig. 7.16(a)-(f). The waveform of the bar current has become non-sinusoidal after
exceeding 920 rpm (slip= 0.08), and the distortion level has increased with increasing speed. The
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variation of the harmonic percentages of the bar current and THD value with respect to slip is shown in
Fig. 7.16(Q).
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Fig. 7.14 Variation of the air-gap flux harmonics and THD with respect to slip.
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Fig. 7.16 Bar current waveforms for various slip values (a)-(f) and their harmonic amplitude

percentages with reference to fundamental component and THD of the bar currents (g).

The dominant harmonic is the 3" and after the 0.08 slip value the slope of each curve has changed
significantly. Especially, the amplitude of the THD has doubled. It shows that the lower the slip, the
higher the harmonic amplitude. It is very interesting that although the induced voltage in the stator
windings increases and also the value of the rotor bar resistance decreases with increasing speed (see
Fig. 7.11 and Fig. 7.16), the magnitudes of the bar currents decrease.

This phenomenon is due to the considerably increasing slot leakage with decreasing slip as seen in
Fig. 7.19. The reason behind the increasing flux leakage is due to the saturation of the iron cores of the
IM and the decreasing equivalent slot leakage and magnetizing reactance. As seen in Fig. 7.19, after
exceeding the peak point of the saturation factor all reactances have decreased. To reveal the effect of
the magnetizing reactance, (5.4) has been derived in terms of magnetizing reactance as expressed in
(5.7). The bar current has a linear correlation with magnetizing reactance [BUC72]. As seen in Fig.
7.20, the saturation level of the iron cores has increased with the increasing speed due to the increase in
the magnitude of the air-gap flux density (see Fig. 7.13(b)). As explained previously, since the magnetic
core material of the IM cannot carry more flux than the amounds higher than its knee point in the BH
curce (see Fig. 6.8(d)), the magnetic cores, particularly stator and rotor tooth parts, go to the saturation
and the level of saturation increases as the magnitude of the air-gap flux increases (see Fig. 7.13(b) and

Fig. 7.20). The saturation limits the fluxes on the rotor and stator teeth and causes more leakages. The
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influence of the slip on the bar self-inductance and its ripple is shown in Fig. 7.19. As seen, there has

been a considerable increase in the magnitude of the self-inductance ripple near the 0.08 slip region.
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Fig. 7.17 Variation of torque and torque ripple rate with respect to speed.
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Fig. 7.18 Variation of power losses and efficiency with respect to slip.

The influences of slip on the torque-speed characteristic and efficiency performance are illustrated
in Fig. 7.17 and Fig. 7.18, respectively. As seen in Fig. 7.17, the maximum torque (212 Nm) and the
minimum torque ripple (15.5%) have been achieved at 950 rpm with 0.05 slip. However, the maximum
efficiency 7 (86.5%) has been achieved at 960 rpm with 0.04 slip (see Fig. 7.18). Note that, during the
calculation of efficiency the windage, friction and stray load losses were assumed to be 1% of the output
power [BOL10], [LIP17]. Since the stator current is fixed at 250 A for each imposed speed by changing
the amplitude of the injected voltage, the stator copper loss Psc, has not changed. However, the rotor
bar copper loss Prcy decreases as the slip decreases due to the decrease in the bar conductor impedance
(see Fig. 7.19) and also the rotor frequency. Furthermore, the slope of Prey has changed significantly
after 0.08 slip rate. There is a slightly increase in the total magnitude of the iron core losses Pc due to

increased eddy currents which increase with the total flux leakage of rotor side.

7.3.2 Influence of Slip on Magnetic Characteristics

The variation of the magnetic characteristics such as flux density, leakage reactance, saturation
factor, etc. with respect to slip have been examined in this section. Considering (5.7) given in Chapter
5, and Fig. 7.19, it can be concluded that although the total impedance of the bar conductor decreases
as the leakage and magnetizing reactance decrease the magnitude of the bar current also decreases
because the decrease rate of the magnetizing reactance is higher than the bar impedance. Therefore, it

can be concluded that considering the previous sections and obtained results, all evidences support each
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other. It means, if saturation occurs, whole machine performance characteristics are affected.
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By calculating the saturation factor it can be realized that when the saturation occurs by performing an
electrical loading or slip analysis. It is proven that the saturation increases the magnitude of the 3"
harmonics of air-gap flux density and consequently the bar current. Therefore, for the sake of accuracy,
during the design and analysis stage, the rotor current of an IM should not always be considered as
sinusoidal. Usually, not such assumpsion is made in the FEA but it is made in some other model based
analysis and control design softwares such as Matlab/Simulink.

7.4 Verification of Non-Sinusoidal Bar Current Waveform by Locked-Rotor Analysis

In order to validate the non-sinusoidal bar current waveform in IMs, a numeric method has been
presented in this section. Based on the transformer operating principle of the IM (locked-rotor (short-
circuited rotor) operation condition), it is possible to observe the bar current waveform easily. In that
case, the rotor frequency would be equal to the synchronous frequency since the slip is equal to one as

expressed in (7.1),
f = sf; (7.1)

where f,., s, and f; are the rotor frequency, the slip, and the synchronous frequency, respectively.
Therefore, by applying exactly the same excitation (current amplitude and frequency) of the rotor to the

stator windings when the bar current is non-sinusoidal, it is possible to observe the same phenomenon.

In terms of the bar current waveform, only the difference between the rated and locked-rotor
operating conditions will be the absence of the high-frequency harmonics due to the absence of the
slotting effect and slip harmonics. In other words, both space and time harmonics will still present but
there will be no high-frequency harmonics because of the absence of slotting effect and slip harmonics
as a consequence of the stationary rotor. Therefore, by either varying the phase current or synchronous
frequency, it is possible to observe the non-sinusoidal bar current waveform. Furthermore, as verified
in Sections 7.2 and 7.3, the high-order harmonics are not involved, but only the low-order harmonics
are involved while investigating the non-sinusoidal bar current phenomenon. It is shown in Chapter 5
and Chapter 6 that the bar current waveform became non-sinusoidal because of the saturation of the
rotor tooth body parts. In addition, this affects only the 3™ harmonic. As a consequence, neglecting of

the space harmonic would not affect the non-sinusoidal bar current phenomenon in IMs.

7.4.1 Constant Frequency and Variable Current

In order to observe the bar current waveform variation under the short-circuited rotor operating with
constant synchronous frequency and variable current, several parametric analyses are performed. The
obtained bar current waveforms for low- and high-frequency operations are illustrated in Fig. 7.21 and
Fig. 7.23, respectively. As seen in Fig. 7.21, for 1 Hz synchronous frequency, the bar current waveform

starts to become flat-topped after exceeding 100 A stator current. It can also be observed from Fig. 7.22.
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As seen, the most dominant harmonic is the 3" harmonic and it increases dramatically after exceeding
100A of electric loading. Moreover, as predicted previously, there is no high frequency harmonics in

the bar current waveforms.
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Fig. 7.21 Bar current waveforms for various phase currents at 1 Hz synchronous frequency.
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Fig. 7.23 Bar current waveforms for various phase currents at 45 Hz synchronous frequency.

If the frequency is increased from 1 Hz to 45 Hz, the phase current range should be increased

dramatically in order to observe the non-sinusoidal bar current waveform as illustrated in Fig. 7.23. As

293



seen Fig. 7.23 and Fig. 7.24, even if the 1 kA phase current is not enough to make the bar current non-
sinusoidal for the 45 Hz frequency. Note that the fundamental amplitude of the bar current is decreased
considerably during the locked rotor operation when compared to 250A at 950rpm operating condition
(see Fig. 7.6(d)). This is because of the frequency drop of the stator circuit causing the voltage to drop
in stator circuit and consequently in rotor circuits. However, as shown before, even if the fundamental

amplitude of the bar current is reduced, the waveform has not changed.
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Fig. 7.24 Harmonic spectra of the bar currents for various stator currents at 45 Hz synchronous

frequency.

7.4.2 Constant Current and Variable Frequency

In order to investigate the influence of the frequency on the bar current waveform under the short-
circuited rotor operation with maximum phase current (250A), several parametric analyses are
performed and the obtained bar current waveforms are illustrated in Fig. 7.25. At 250A and 950rpm
operating, the rotor frequency is ~3.33Hz and the bar current waveform is non-sinusoidal (see Fig.
7.16(e)). As shown in the Fig. 7.26, the waveform starts to become non-sinusoidal at ~3.4Hz
(THD = ~5%). Thus, the non-sinusoidal bar current phenomenon has been validated by performing

the locked-rotor analyses.
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7.5 Conclusion

In this chapter, influence of the slip and electric loading on the performance characteristics have
been examined with particular reference to bar current waveform and the reason behind the non-
sinusoidal bar current of a squirrel-cage IM is explained in detail. It is concluded that, the electric
loading and the slip have a significant influence on the bar current waveform. After exceeding the
specific stator current and the imposed speed, the bar current becomes non-sinusoidal. The main reason
for all cases is the slot leakages due the saturation of the rotor tooth parts. Moreover, the non-sinusoidal
bar current phenomena have been validated numerically by locked-rotor simulations.

It is demonstrated through Chapters 5, 6, and 7 that the magnetic saturation of the tooth parts
increases the amplitudes of the low-order harmonic components, particularly the amplitude of the 3"
harmonic, which is the dominant harmonic component of the air-gap flux density and consequently the
bar current. In the circumstances, since the bar current waveform is not sinusoidal (flat-topped), the
amplitude of the bar current is different from that of the sinusoidal bar current. Consequently, the
average torque, torque ripple, output power, efficiency, bar current density, etc. cannot be calculated
accurately. Therefore, for the sake of accuracy, the rotor current of an IM should not always be

considered as sinusoidal during the design and analysis stages.
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8 General Conclusions and Future Work

8.1 Summary

This thesis investigates the advanced IM topologies with reduced size, cost, and improved
performance, with particular reference to the non-sinusoidal bar current phenomenon in squirrel-cage
IMs. Firstly, alternative methodologies for the size reduction of IMs have been investigated. The most
promising topology is identified as FSCW technique due to its significantly short-end windings.
However, it is found that due to the highly distorted MMF created by the FSCWs, adopting FSCWs
into the IMs results in a large amount of rotor bar copper losses. In order to reduce the MMF harmonics
without increasing the size of the machine, a new technique, called “non-overlapping winding”, is
developed. Basically, this technique consists of the combination of the auxiliary tooth (doubled stator
slots) technique and phase shifting technique, i.e. short-pitched windings with a coil pitch of two slot
pitches together with an adapted non-overlapping technique. Thanks to this method more than 42% of
the MMF harmonics are cancelled. As an inevitable consequence of non-overlapping winding technique,
half of the stator slots left unfilled. In order to improve the performance of the machine, half of the
unfilled slots are utilized by core material and a unique slot shape with lower leakage flux has been
obtained as a result of multi-objective global optimization by genetic algorithm. As a consequence, a
unique stator structure with non-overlapping windings has been obtained. Thus, a 25% axially shorter

IM with improved performance is designed when compared to its conventional counterpart.

The influences of a number of design parameters; such as number of turns, rotor slot number, stator
slot/rotor slot/pole number combinations, stator and rotor slot geometric parameters, and stack length
on the performance and flux-weakening characteristics have been investigated. It is shown that each
design parameters has a significant effect on the performance characteristics of the AIMs. It is also
found that increasing the stack length from 70mm to 105mm leads to 41.55% increase in the peak power
in the constant power region. Furthermore, the peak power has been increased up to 408% in the deep
flux-weakening region (i.e. 20krpm). It is found that to be able to mitigate the parasitic effects and
overall performance of AlMs, simultaneously, the rotor slots with closed slots, particularly with u-
shaped bridges can be adopted. By adopting the u-shaped rotor slot bridges to a AIM, ~30% and ~50%
reductions in bar copper loss and torque ripple have been achieved, respectively. In addition, ~1.08
increase in the maximum efficiency and ~6% reduction in the rotor bar current density are obtained.
However, since some of the flux are short-circuited through the bridges, it has a 3.8% reduction in the

average torque.

The comparative analysis between the CIM and AlMs shows that the overall performances of the
AlMs are competitive and even better than CIM under high electric loadings and mid-constant power

operation region, in terms of torque, power, and efficiency. In addition, in the deep flux-weakening
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region, although the flux-weakening performance of the AIM is poorer than that of the CIM, it is

possible to increase it significantly by appropriately increasing the stack length of the AIM.

In this thesis, the rotor bar current waveform, which is usually assumed to be sinusoidal, has also
been investigated in detail. It is shown that the bar current waveform can become non-sinusoidal under
some certain design and operating conditions; such as very low slip operating, very high electric loading
operating, very narrow air-gap length designs, design with inappropriate stator slot/rotor slot/pole
number combinations, design with inaccurate rotor skew angle, and design with inappropriate stator
slot and/or rotor slot geometric parameters. Moreover, the iron saturation levels in different parts of the
IM are examined and their influences are also investigated, while the dominant part causing the non-
sinusoidal rotor bar current waveform is identified. It is found that the magnetic saturation, particularly
in the rotor tooth tip parts and rotor tooth body parts, has a significant effect on the bar current waveform;

and the phenomenon has been explained in detail.

8.2 Importance of MMF Harmonics for Squirrel-Cage IMs

Since the air-gap flux density is mainly produced by the stator windings, their influence on the
performance of IMs is of great importance. The quality of the air-gap flux density depends on the
distribution of the phase windings and consequently the quality of the MMF waveform. This
distribution may be integer or fractional and the windings can be concentrated or distributed. Each
winding configuration has its own merits and demerits. However, as shown in Chapter 2, the FSCW
topologies are not suitable for the EV/HEV applications because of their insufficient performance and
low efficiency due to the highly distorted MMF waveform. Some key properties corresponding to the

importance of the MMF harmonics can be summarised as follows:

e Although the FSCWs provide quite shorter axial end-winding lengths, which is favourable in
terms of compactness and lower stator copper loss, their MMF waveforms are highly distorted,
causing a significant increase in the bar copper loss and parasitic effects, such as torque ripple,

acoustic noise, vibration, etc.

¢ Although compactness is essential for the EV/HEV applications, it is not appropriate to employ

FSCWs in the IMs because of the insufficient performance and unwanted parasitic effects.

e Increasing the stator slot number and pole number of any g family leads to a reduction in the

magnitude of the MMF harmonics.

o Utilizing double-layer windings rather than single-layer windings leads to low parasitic effects
since the harmonic winding factors and MMF harmonic contents of the double-layer

configurations are lower than those of the single-layer configurations.
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8.3 Developed Non-Overlapping Winding Topology

8.3.1 MMF Harmonic Reduction Method

An adapted non-overlapping winding configuration with an unconventional stator has been
developed for a squirrel-cage IM in order to reduce the total axial length and improve the performance
characteristics at the same time. Basically, the developed method consists of the combination of
auxiliary/doubled stator slot approach and correspondingly the phase shifting method. As presented in
Chapter 3, if the second set of winding is shifted by 3 stator slots and the polarization of the windings
are reversed according the first set of winding, the resultant stator being short-pitched windings with a
coil pitch of two slot pitches, it is possible to cancel the 6" and 12" winding harmonics. Therefore,
comparing to initial FSCW topology, it is possible to reduce the winding harmonic index by ~42.6%
by adopting the proposed ANW technique. Since the coils of the phases are non-overlapped, half of the
stator slots cannot be fully filled. However, in order to improve the effectiveness of the proposed
winding topology, the unfilled stator slots have been utilized with iron core material and the slot

geometry has been optimized for achieving the minimum slot flux leakage by genetic algorithm.

8.3.2 Key Properties of the Developed Winding Topology

The primary function of the proposed methodology is to reduce the harmonic content of the MMF
waveform without increasing the total axial length and sacrificing the performance characteristics. The
key properties of the proposed ANWSs are compared with ISDW and FSCW configurations in Table 8.1.

Table 8.1 Comparison of properties of different winding configurations

Characteristic Relation ISDW ANW FSCwW
MMF harmonic content Lowest Low Highest
Number of stator slot/phase/pole (q)
Magnitude of -pi . .
g Slot-pitch number (yc) Highest High Lowest

fundamental MMF

Rotor copper loss
Eddy current loss MMF harmonics Lowest Low Highest
Parasitic effects

Contact among the phases through the

Leakage inductance coil Low Moderate  High
Space requirement More Less Less
Axial end-winding length Long Short Short

End-winding
Stator end-winding copper loss High Low Low
Easy of assemble Difficult Easy Easy
Efficiency

Stator slot fill factor Current Density Low High High

Thermal conductivity
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Other important properties of the proposed winding topology can be listed as follows:
% Advantages of using ANWs instead of ISDWs:
o Relatively high efficiency;
e Short total axial length;
e Simplicity in manufacturing.
% Disadvantages of using ANWSs:
o Relatively high torque ripple;
o Relatively high rotor bar current density;

e Low winding factor (0.866).

8.3.3 Design of IMs with Adapted Non-Overlapping Winding Topology

As explained in Chapter 3, since the coils of the windings are single lap-coil, it is possible to design
lap-coil windings with any slot pitch without sacrificing the fundamental winding factor. Then, the
number of the overlay would be equal to number of coil pitch. However, the proposed winding
configuration is not applicable for any stator slot/pole number combinations. It is applicable only for

the g = 1 combinations.

The key findings obtained from an IM, whose stator windings are designed with ANWSs, are given

as follows.

e Thanks to the proposed method, ~42.6% of the MMF harmonics are cancelled. Consequently,

the rotor bar copper loss is reduced more than ~70% comparing to its FSCW counterpart.

e Thanks to the proposed method, the total axial length is reduced ~ 25% comparing to its ISDW

counterpart. Furthermore, torque and power densities are improved remarkably.

Furthermore, even if the stator slots, which cannot be fully filled, seem to exhibit disadvantage in terms
of space utilization, they actually may help improving the thermal characteristics of the IM by

introducing extra air-cooler canals into the stator.

In order to validate the FEA predictions of the AIMs, a 70mm 18S/44R/6P AIM and 90mm
18S/20R/6P AIM are decided to prototype, and the manufacturing of the stator stacks have been
completed. The photos of the manufactured stator stacks are shown in Fig. 8.1. Since prototyping of
IMs is much more complicated, particularly the rotors, the prototypes are still in the process of
manufacturing. The torque/power characteristics, power factor, and efficiency predictions will be
validated by the experimental measurements in the future. Note that the FEA predictions have been
validated on CIM in Chapter 2.
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Fig. 8.1 Prototyped stator stacks with 70mm and 90mm stack lengths.

8.3.4 Influence of Design Parameters

It is shown in Chapters 3 and 4 that the major machine parameters, such as rotor slot number for a
specific stator slot and pole numbers, stator slot/rotor slot/pole humber combinations, stack length,
number of turns per phase, slot geometry parameters, etc. have a significant influence on the
electromagnetic and flux-weakening performance characteristics. Useful design guidelines for AlMs

obtained from a large number of parametric analyses are summarised as follows.

» The influence of stator slot and pole number combination on the performance and

characteristics of the AlMs:

o The high-pole and correspondingly high-stator slot number for lower MMF harmonics
and consequently lower bar copper loss and parasitic effects;

o Low-pole number for higher torque and hence high power in the constant power region;

o Low-pole number for lower skin and proximity effect loss of the windings and total
core losses.

» The influence of the rotor slot number on the performance and characteristics of the AlMs:

o Phase, pole, and stator slot numbers should be considered for the minimization of the
parasitic effects and UMP;

o Low-rotor slot number for lower bar copper loss and bar current density;

o The proposed empirical formula, R = S + 2q, for the optimal rotor slot number in

terms of minimal torque ripple, bar copper loss, and bar current density.
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» The influence of stack length on the performance and characteristics of the AIMs:

o The longer stack length leads to a low number of turns requirement and consequently
high torque at high-speed operations;

o Lower stator and rotor copper losses and current densities, high efficiency, and higher
power can be achieved by designing the stack length relatively longer.

o The longer the stack length, the lower the stator current density and the copper losses,
the higher the efficiency;

o The longer the stack length, the higher the material cost, weight, volume and

consequently the more space requirement.

Moreover, if the flux-weakening and efficiency characteristics are more critical restrictions than the
compactness, then, it is possible to improve the overall electromagnetic and flux-weakening
characteristics of an IM by increasing the stack length. The key idea that makes the overall performance
improvement possible by increasing the stack length is to reduce the number of turns per phase in order
to keep the torque at the same level. Thus, since the number of turns and consequently the main flux is
reduced, the flux-weakening performance increases significantly. In addition, since the output power is
increased and the stator copper loss is reduced by adopting the reduced number of turns per phase, the
efficiency of the machine increases remarkably. It should be noted that for constant torque region, the
higher the number of turns, the higher the power. However, as for the constant power region, the lower
the number of turns, the higher the power. Moreover, each slot geometry parameter has a significant
effect on the performance characteristics individually. Therefore, in order to achieve the best
performance characteristics, the carefully selected geometric parameters of the IMs should be optimized

globally.

8.3.5 Influence of Rotor Type/Slot Opening Effect

Depending on the manufacturing process, time, and cost, it is possible to design the rotor as open
slot with insert-bars or closed slot with die-casting bars. In Chapter 4, the influence of rotor slot opening
on the average torque, torque ripple, bar copper loss, and efficiency is investigated. It is shown in
Chapter 4 that the parasitic effects and the bar copper loss may be reduced significantly by utilizing
closed rotor slots with u-shaped slot bridges. The main advantage of the open-slot rotor type is that it
has a slightly better flux-weakening capability than that of the closed-slot rotor types. However, the bar
copper loss and parasitic effects of the open-slot rotor types are considerably high. In addition,
manufacturing of the open-slot (insert-bar) rotor types is more difficult than that of the cast-rotor types.

The benefits of utilizing rotor with a u-shaped bridge structure are summarised as follows:

%  Since the high-order air-gap flux density harmonics are filtered by the rotor bridges, ~30%

in bar copper loss and ~50% reduction in torque ripple are achieved;
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% The maximum efficiency is increased by ~1.08%;
% Die-casting manufacturing method may be utilized easily;
% Slip is reduced by ~0.53%;

% Since ~6% reduction in the rotor bar current density is achieved, smaller cooling equipment
may be used.

On the other hand, some drawbacks of the u-shaped bridges are given as follows.

o Aslight reduction in the flux-weakening performance;
e There is a 3.8% reduction in the average torque at the constant torque region, because of the

short-circuited flux through the rotor bridges;

¢ Reduction in the mechanical resilience on the rotor part because of the quite thin rotor
bridges.

8.4 Comparison between CIM and AIM

In order to reveal the advantages of the ANW topology, the IM designed by employing the ANWSs
is compared with the CIM having ISDW configuration. To be able to conduct a fair comparison, all the
machines have been designed with the same stator outer diameter, stack length, materials, and inverter
current and voltage ratings. In order to show that the performance of the AIMs can be increased by
increasing the stack length, AIM1 and AIM2, whose stack length and total axial length equal to the
CIM, respectively, have been designed. The key characteristics of the machines are compared as listed
in Table 8.2. Note that in order to simplify the comparison, the CIM is chosen as the basis and the
performance parameters of all other machines are normalized correspondingly. As seen in Table 8.2,
the overall performances of the AIMs are competitive. Note that the material costs, mass densities and

mass calculation method are presented in Appendix E.4.

It has also been revealed that thanks to the flexible design options provided by the AIM topology, it
is possible to design compact and high efficiency IMs. On the other hand, if the high electromagnetic
performance and efficiency are considered as more important design criteria, then it is also possible to
meet these criteria by extending the stack length without exceeding the total axial length of the

corresponding CIM design.

8.5 Non-Sinusoidal Bar Current Phenomenon in IMs

Detailed investigations on the non-sinusoidal bar current waveform have been carried out. The
influence of design and operating parameters, such as; slip, electric loading, air-gap length, rotor slot
number, stator slot/pole number combinations, rotor skew angle, and coil pitches on the electromagnetic

performance with a particular reference to bar current waveform has been presented. It is found that
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since there is a direct correlation between all these parameters and the saturation level of the machine,
all the considered parameters have a significant effect on the performance and rotor bar current

waveform.

8.5.1 Influence of Saturation

In Chapter 5, the levels of iron saturation in different parts, including the stator and rotor back iron,
tooth body and tooth tips etc., are examined in order to identify the dominant part causing the non-
sinusoidal bar current waveform. It is found that although each part on the main flux path has a
considerable effect on the bar current waveform, among these parts, the saturation of the rotor tooth
body parts has the most contribution to the distortion of rotor bar current. This study has also revealed
that the high saturation causes more slot leakage flux, especially in the tooth tip parts. The flux density
of the tooth tip parts contain highly distorted flux components and those harmonics diminish to the

minimum due to the average effect of the tooth body parts.

Table 8.2 Normalized electromagnetic performance, mass, and cost comparison under different

operation conditions (The baseline: CIM)

CIM (Absolute Values) AIM1 AIM?2
Stack Length 50.8mm 1 1.425
Total Axial Length 101.24mm 0.786 1
Torque (~1krpm) @100A 85.31Nm 0.876 0.975
Torque (~1krpm)@250A 220.75Nm 0.992 0.989
Torque (~1krmp) @500A 462.713Nm 1.085 1.151
Torque @8krpm 109.82Nm 0.785 0.983
Torque @16krpm 15.83Nm 0.853 0.905
Torque Ripple @100A 11.85% 1.424 0.979
Torque Ripple @250A 10.15% 1.934 1.005
Torque Ripple @500A 9% 2.055 1.022
Output Power (Rated) 33.52kw 0.981 0.99
Output Power (Max) 110.08kW 0.816 1.038
Output Power @8krpm 92.2kW 0.785 0.981
Output Power @16krpm 26.57kW 0.853 0.988
Efficiency (Rated) 83% 0.956 1.015
Efficiency (Max) 95% 1 1.01
Efficiency @8krpm 94% 1.011 1.021
Efficiency @16krpm 87% 1.035 1.08
Stator Current Density (~1krpm) 28.52A/mm? 1.008 0.839
Rotor Current Density (~1krpm) 18.17A/mm? 0.919 0.735
Total Mass 25.22kg 0.963 1.23
Total Cost £48.05 0.975 1.025
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8.5.2 Influence of Design and Operating Parameters

The influences of a number of design and operating parameters; such as slip, electric loading, air-
gap length, rotor slot number, stator slot/pole number, stator and rotor slot geometric parameters, rotor
skew, and stator coil pitch on the bar current waveform and performance characteristics are investigated
in Chapters 6 and 7. It is found that each design and operating parameter have a substantial effect on
the saturation level of the machine parts and consequently on the bar current distortion level and
performance characteristics. It has been verified through the parametric analyses for each design and
operating parameters that after exceeding a critical amount of the considered parameter, the bar current
becomes non-sinusoidal (flat-topped). The findings of influence of slip and electric loading analyses

have also been numerically verified through the locked-rotor analyses.

It is demonstrated in Chapters 5, 6, and 7 that the magnetic saturation of the tooth parts increases the
amplitudes of the low-order harmonic components, particularly the amplitude of the 3™ harmonic.
Depending on the distortion level of the bar current, the bar current waveform and consequently the
amplitude are different from those of the sinusoidal bar current. In conclusion, if the bar current is
always assumed as being sinusoidal, the average torque, torque ripple, output power, bar current density,
rotor bar copper loss, efficiency, etc. cannot be calculated accurately. Therefore, for the sake of accuracy,
the rotor current of an IM should not always be considered as sinusoidal during both design and analysis

stages.

8.6 Future Work

Following the research presented in this thesis, the proposed future research includes:

¢ Investigation of thermal characteristics of the AlMs and potential utilization of not fully filled

slots for ventilation;
¢ Investigation of rotor bridge mechanical stress;
¢ Investigation of multi-phase (m > 3) non-overlapping winding configurations;
¢ Investigation of asymmetric non-overlapping winding configurations;
e Investigation of new squirrel-cage rotor structures on the performance of the AIMs;
e Experimental investigation of AlMs;
¢ Investigation of non-sinusodal bar current phenomenon under no-load operating condition;

e Corresponding to the locked-rotor analyses, the development of a practical method for the

online measurement of the rotor bar current.
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Appendix A Modelling of Induction Machine in dg-axis Reference Frame and

Calculation of Flux-Weakening Characteristic

In the field-weakening region, the dynamic performance of the IM is affected by the current rating
and the maximum voltage of the inverter. In order to obtain the maximum torque in the constant power
region, many efforts have been made [XU88a], [XU88b], [KIM95], [SEI97], and [HOF97]. In a rotor-
flux-oriented IM drive, a maximum torque control method of an IM in the field-weakening region is
proposed [KIM95]. In this method, maximum torque capability is obtained by considering the voltage
and current limits. However, this method has a disadvantage in that a rotor-flux-oriented drive is
sensitive to variations in leakage inductances. Therefore, when the leakage inductance is increased at
the high speed, high electric loading, or very high frequency operations, poorer torque generation is
resulted [XU88b]. On the other hand, the stator-flux-oriented control drive is not sensitive to the
variations in the parameters of the machine. The selection of the flux reference is important to obtain
maximum torque capability in the field-weakening region. The optimal flux reference can be selected
by considering voltage, torque, and current limits [SHIO2]. The onset of the field-weakening region is

automatically determined according to the rated flux reference.

A.1 Voltage Limit

The steady state voltage equations for the stator-flux-oriented IM in the rotating d-q axis reference
frame are calculated by (A.1) and (A.2).

Vas = Rgigs (A1)

VUgs = Rsiqs + WPy (A2)

where v4 is the d-axis component of stator voltage, v, is the g-axis component of stator

voltage, Rq is the stator resistance, i, is the d-axis component of stator current, i, is the g-

axis component of stator current, w, is the excitation angular frequency, and 4, is the d-axis

component of the stator flux, which can be calculated by (A.3).

Yas = Lgigs (A-3)

where L is the stator self-inductance. The maximum stator voltage V;,,, is determined from the

available dc-link voltage V,;. and PWM strategy. In this study, PWM strategy based on voltage
space vector is used, and then V., = V,./v/3 [BRO88]. Then, v, and Vs Should satisfy
(A.4).

vis + vis < Vi (A4)
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Therefore, the limits of the current components can also be calculated by using the equations

from (A.1) to (A.4) as follows.

. \/Vszm_(Rsids)z_wewds . .
lgs < R , if Rgigs+ wePgs =0 (A.5)

. _\/Vszm_(Rsids)z_a’elpds . .
lgs = R , if Rgigs+ wegs <0 (A.6)

The (Rsizs)? term in the relation (A.5) and (A.6)can be ignored if (Rgigzs)? < Vi, ,
respectively. If the current command iz does not remain in the voltage-limit boundary, the
invertor runs out of voltage, and current relation is lost. Therefore, i;; should remain inside the
voltage-limit boundary for satisfying the voltage-limit constraints at each given operation

frequency.

A.2 Current Limit

The maximum stator current I, is usually limited to 1.5 ~ 2 times the rated current provide higher

acceleration torque during transients. The limit expressed in (A.7) should be satisfied.

i3 +i3 <12, (A7)

A.3 Torque Limit

The steady state torque T, of a stator-flux-oriented IM is calculated by (A.8), where p is the number
of the pole pairs [XU88a].

3 .
T, = Eplpdslqs (A.8)

The condition for stability of a stator-flux-oriented IM is given by (A.9) from the steady state
equation [XU88a].
3 (1-o0) %2

T, ==
e~ 2P 251, TdS

(A.9)

where “*” is the command value, Ly is the stator self-inductance, o is the total leakage factor which is
expressed in (A.10), where L,, is the mutual inductance between the stator winding and the rotor
winding (magnetizing inductance) and L, is the rotor self-inductance. Torque-limit constraint can be
derived from (A.8) and (A.9).
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L%,

LsLy

c=1- (A.10)

The torque-limit constraint should not be violated to make the system stable under any
circumstances. The torque limit boundary is influenced by the leakage factor of the machine and the
stator flux reference. The torque-limit boundary of the machine with large leakage factor is smaller than
that of the machine with small leakage factor at each given stator flux reference.

A.4 Optimal Flux for Maximum Torque

The flux-weakening performance of the IMs presented in this thesis have been calculated by using
the optimal flux method for maximum torque at any operation speed proposed by [SHI02]. The
maximum torque T, ,, considering only the voltage-limit boundary can be calculated by (A.11) at a
given flux reference. The maximum torque T, , considering only the torque-limit boundary can be

calculated by using (A.12) at a given flux reference.

3 . 3 VsmWPas— ewzs
Te = Eplpdslqs =3P dRSw 4 (A.11)
3 . 3 (1-0)
Te = Eplpdslqs =3P Za'li 1.bczis (A.12)

Variations of T, ,, and T, ; with flux are illustrated in Fig. A.1. As seen in the figure, T, ,, is decreased

by the increment of frequency at a given flux. The flux that generating the maximum point of T, ,, at
each operating frequency can be written as (A.13) with the condition of dTe—”/ Ay, = 0. The
S

maximum torque T, ,, ,, of T, ,, at each operating frequency can be given as (A.14) by substituting w,
of (A.13) into (A.11). Critical flux ¥4 . at the intersection (Point J) of T, , and T, ,, ,,, Can be given as
(A.15) by equating T, ,, ,, to T, ;. The torque command is limited by the torque-limit constraints given
in (A.9). In the case where T, . is lower than T, ,,, the command torque and output torque become T, ;
at a given flux level and a given operating frequency. In the case where T ,, is lower than T, ¢, the
torque command is T, . by torque limiter at a given flux level and a given operating frequency. However,
the output torque cannot become T, . but becomes T, ,, because voltage and current regulation is lost
due to the exceeded voltage limit. In the case where the operating frequency w, is higher than the w,,
the maximum torque becomes the intersections (K, L) of T, , and T, , at each given operating
frequency. At the same time, the current i, is maximized at the intersections. In the case where the
operating frequency w, is lower than w., the current i, is maximized at the intersections (Hq,1;).
However the maximum torque becomes maximum points (H, I) of T, ,, at each operating frequency. If
the operating frequency w, is lower than w,, the optimal flux reference 14 ,,,r1 for maximum torque

can be written as (A.16).
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Torque

w1 < Wy < W, < Wy < Wg

lpds_c Flux

Fig. A.1 Maximum torque capability considering voltage limit and torque limit [SHI02].

Vsm
Yas = 5, (A.13)

VSm
Te_v_m = l/)ds (A-14)

LSVSm
Yase = 1 (A.15)
* Vsm

lpds_optl lf We < We (A-16)

Once the operating frequency w, becomes higher than w,, (A.17) is valid. The optimal flux reference

Yas ope2 TOr maximum torque can be calculated by using (A.18) derived from (A.17).

i Vsmlpds_wellhzis _ (1 o)
2 p b oell _ 3 020 2 (A7)
. 20LgV. .
Yas_optz = &' if we > w, (A.18)

Rs—0ORs+20Lgwe

334



Appendix B Drive Requirements and Lamination Specifications

B.1 Specification Limits

The specification limits are listed in Table B.1. It is expected that the designed AIMs should meet

the given specifications. Note that due to commercial sensitivity, demanded torque/power-speed

curves have been removed.

Table B.1 Specification limits

Specifications Min. Value Max. Value
Total Axial Length (mm) — 120
Outer Diameter (mm) — 144
Slot Filling Factor 0.45 0.65
Average Torque (Nm) 5 55.2
Output Power (kW) 8 12
Phase Current (Arms) — 500

B.2 Lamination Specifications

The BH and loss speciation of lamination M330-35 assigned for the Toyota Prius 2010 IPM machine

is listed and shown in Table B.2 and Table B.4, respectively. In addition, the BH and loss speciation of

lamination M270-35 assigned for IMs is listed and shown in Table B.3 and Table B.5, respectively.

Table B.2 BH curve of lamination M330-35A

H (A/m) B (T) H (A/m) B (T) H (A/m) B (T)
10 0.016 90 0.855 1000 1.491
15 0.029 100 0.922 1250 1.511
20 0.045 125 1.054 1500 1.528
25 0.068 150 1.139 2000 1.555
30 0.101 175 1.202 2500 1.580
40 0.200 200 1.250 5000 1.666
50 0.340 250 1.309 7500 1.730
60 0.509 350 1.374 10000 1.777
70 0.653 500 1.421
80 0.765 750 1.463

Table B.3 BH curve of lamination M270-35A

H (A/m) B (T) H (A/m) B (T) H (A/m) B (T)

0 0 0.125 1.015 2 1.535
0.01 0.018 0.15 1.108 2.5 1.560
0.02 0.048 0.175 1.172 5 1.654
0.03 0.097 0.2 1.218 7.5 1.720
0.04 0.175 0.25 1.279 10 1.769
0.05 0.292 0.35 1.346
0.06 0.436 0.5 1.394
0.07 0.573 0.75 1.439
0.08 0.690 1 1.466
0.09 0.788 1.25 1.489
0.1 0.870 15 1.505

335




Table B.4 Loss characteristic of lamination M330-35A

B(T) Wi/kg W/kg W/kg W/kg W/kg B (T) W/kg W/kg
50Hz 100Hz 200Hz 400Hz 700Hz 1000Hz 1200Hz
0.10 0.022 0.049 0.115 0.304 0.70 0.02 0.006 0.089
0.15 0.049 0.110 0.260 0.67 1.53 0.05 0.037 0.341
0.20 0.084 0.188 0.447 1.16 2.62 0.1 1.083 1.538
0.25 0.125 0.282 0.67 1.74 3.95 0.15 2.478 3.250
0.30 0.171 0.387 0.93 2.39 5.4 0.2 4.193 5.621
0.35 0.221 0.50 1.21 3.14 7.2 0.25 6.352 8.362
0.40 0.276 0.63 1.53 3.98 9.1 0.3 8.963 11.474
0.50 0.397 0.92 2.24 5.9 13.4 0.35 11.602 15.034
0.60 0.53 1.24 3.06 8.1 18.7 0.4 14.765 18.839
0.70 0.68 1.60 3.99 10.7 24.9 0.5 21.854 29.294
0.80 0.85 2.00 5.0 13.7 32.2 0.6 30.187 40.032
0.90 1.03 2.44 6.2 17.0 41 0.7 40.795 55.102
1.00 1.23 2.93 7.5 20.8 50 0.8 53.749
1.10 1.46 3.47 8.9 25.0 61 0.9 68.647
1.20 1.71 4.09 105 29.7 73 1 86.284
1.30 2.01 4.8 12.3 35 91
1.40 2.40 5.7 14.6 41 115
1.50 2.87 6.9 17.6 50 131
1.60 3.37 8.0 20.9 60
1.70 3.75 8.9 24.8 73
1.75 391 9.7
1.80 419
Table B.5 Loss characteristic of lamination M270-35A
W/kg | W/kg | W/kg | W/kg | Wikg W/kg W/kg
B(M 50Hz | 100Hz | 200Hz | 400Hz | 700Hz B(M 1000Hz B(M 1200Hz
0.10 0.018 | 0.041 | 0.098 | 0.256 0.59 0.10 0.886 0.02 0.094
0.15 0.043 | 0.095 | 0.227 0.58 1.31 0.15 1.764 0.05 0.352
0.20 0.075 | 0.167 | 0.398 1.01 2.27 0.20 3.763 0.1 1.326
0.25 0.113 | 0.253 0.60 1.53 3.44 0.25 5.867 0.15 3.082
0.30 0.157 | 0.350 0.84 2.13 4.74 0.30 8.079 0.2 5.073
0.35 0.204 0.46 1.10 2.80 6.26 0.35 10.733 0.25 7.692
0.40 0.256 0.58 1.39 3.56 7.96 0.40 13.213 0.3 10.591
0.50 0.370 0.84 2.04 5.26 11.7 0.50 21.271 0.35 14.089
0.60 0.50 1.13 2.78 7.17 16.2 0.60 27.908 0.4 17.359
0.70 0.64 1.46 3.62 9.41 21.5 0.70 36.751 0.5 26.902
0.80 0.79 1.82 4,52 11.9 27.6 0.80 48.094 0.6 37.094
0.90 0.96 2.22 5.53 14.8 34.6 0.90 60.143 0.7 49.153
1.00 1.14 2.65 6.66 18.0 42.8 1.00 75.708 0.8 66.369
1.10 1.35 3.13 7.89 21.7 52.1 1.10 92.695 0.9 85.012
1.20 1.58 3.68 9.30 25.8 62.9 1.20 114.869 1 105.062
1.30 1.86 4.3 10.9 30.5 79.5 1.30 138.441 1.1 126.653
1.40 2.19 5.1 12.9 36.4 103 1.40 176.609
1.50 2.57 6.0 15.5 43.6 134
1.60 2.94 7.0 18.5 53.0
1.70 3.29 8.0 22.2 65.6
1.75 3.50 8.7
1.80 3.71
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Appendix C  Specifications and Winding Properties of IMs Designed for Valeo

C.1 Specifications of Conventional Induction Machine

The specifications of the conventional IMs examined in Chapter 2 have been presented in this
appendix. The optimization parameters mentioned in Chapter 2 are split ratio, stator and rotor slot
geometric parameters, including by, by, hyq1, byy, bs1, bso, sy, and kg, (see Fig. C.1). The rotor and

stator slot parameters indicated in Table C.1 are given in Fig. C.1.

(a) Rotor slot (b) Stator slot

Fig. C.1 Rotor (a) and stator slot (b) parameters.
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Table C.1 Specifications of 6-pole conventional IMs

Parameter 9S/6P-DL 18S/6P-DL 18S/6P-SL 18S/6P-DL 36S/6P-SL 36S/6P-DL 54S/6P-DL"
Ye=1 Ye=1 Ye=3 Ve =2 Ye=35 Ye=35 Ye=19
Rated speed (rpm) 1870 1890 1890 1890 1905 1905 1905
Slot number S 9 18 18 18 36 36 56
Rotor slot number R 14 20 20 20 38 38 44
Number of coils per phase 3 6 3 6 6 12 18
Number of turns per coil 14 17 10 2 9 9 1
Number of parallel branch 3 6 3 1 6 12 2
Coil pitch (v,) 1 1 3 2 5 5 9
Air-gap length (mm) 0.35 0.4
Stator outer diameter (mm) 144 146
Stator inner diameter (mm) 96.48 88.992 99.36 95.04 98.496 99.072 140.2
Rotor outer diameter (mm) 95.78 88.292 98.66 94.34 97.796 98.372 103.4
Split ratio 0.67 0.618 0.69 0.66 0.684 0.688 0.7137
bgo ! byo (MM) 8/5.5 55/4 3514 4/4 2/15 1.75/15 1/2
by, I b,y (Mm) 19/10 8.6/6.2 105/7 10/7 47142 474141 2.94/3.58
b, | by, (Mm) 27/11.9 14/2.12 10.5/3.2 10/3.2 47120 474120 2.94/1.78
hgo | hyg (MmMm) 05/05 55/4 05/04 06/04 06/04 05/0.3 05/05
hgy [ hyq (Mm) 03/04 1/1 03/04 0.3/05 0.3/05 0.3/05 0/0
hg, | hpy (Mm) 11.9/10 15.1/12.8 10/11.9 12.8/12.2 10.1/11.9 10/11.9 11.49/12.6
7, /7 (mm) 1.2/0.2 1/05 0.3/0.2 0.3/0.2 0.3/0.2 0.3/0.2 0/0
Stator slot filling factor 0.64
Stack length (mm) 70
Bar material Copper 75_C
Core material M270-35A

"Tested IM. The test results have been obtained from [GUA15b].
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C.2 Specifications of the Proposed AIMs

The specifications of laminations of 18S/44R/6P AIM with 70mm and 90mm stack lengths are
illustrated in Fig. C.2 and Fig. C.3, respectively. In addition, other specifications of the
prototyped AlMs are listed in Table C.2.

Fig. C.2 18S/44R/6P AIM with 70mm stack length.
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Fig. C.3 18S/20R/6P AIM with 90mm stack length.

Table C.2 Design specifications

Machine

Wire dimension (mmxmm)
Number of coils per slot
Number of turns per coil
Number of parallel branches
Number of series turns per phase
Slot filling factor

Stator resistance at 20°C (Q)
Rotor resistance at 75°C (mQ)

End ring area (mm?)

Iron grade

18S/20R/6P — 70mm

AWG12
2
11
6
11
0.65
0.00282
0.741
170

M270-35

18S/20R/6P — 90mm
AWG3

2
9
2
9
0.65
0.002524
0.8711

185
M270-35
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C.3 Winding Layout and Coil Connections of the 18S/6P AlMs

In this appendix, winding layout and coil connections of AlIMs is presented for 18S/6P AIM. Since
each phase has 6 coils, in order to maintain the required torque it is possible to use several parallel
branches such as 1, 2, 3, and 6 for 6-pole AIM. The winding layout and coil numbers are given in Fig.
C4.

Fig. C.4 Winding layout of 18S/6P AIM.

A. 18S/6P AIM with 90mm

The number of serial turns per phase is determined by the number of turns N, and the number of

parallel branch a as given in (C.1).

9 3
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Fig. C.5 Coil connections of the phase windings for 90mm AIM with 2-parallel branches.

Winding layout of the 18S/20R/6P AIM with 90mm stack length is illustrated in Fig. C.5. Since
there are 9-turns per coil and 6-parallel branches per phase, in order to simplify the manufacturing of
windings, it is reasonable to use 3-turns per coil and 2-parallel branches per phase as shown in Fig. C.5.

Thus, each phase consists of 6-coils with 3-turns and 2-parallel branches.
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B. 18S/6P AIM with 70mm

Winding layout of 18S/6P AIM with 70mm is as exactly same as the 90mm AIM (see Fig. C.4). As
for the 70mm AIM, there is no possible way to simplify the number of turns or parallel branch number
since there are 11-turns per coil and 6-parallel branches per phase as given in (C.2). Therefore, all the
coils of one phase should be connected in parallel as shown Fig. C.6. Thus, each phase consists of 6-
coils with 11-turns and 6-parallel branches.

Ny =— = = (C.2)

(b) Phase B
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Fig. C.6 Coil connections of the phase windings for 70mm AIM with 6-parallel branches.
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Appendix D  Specifications of Toyota Prius 2010 IPM Machine

A 48 stator slots, 8 poles, and 44 rotor slots squirrel-cage IM whose main specifications and 2-D
cross-sectional view are given in Table D.1 and Fig. D.1, respectively, has been designed in order to

investigate the rotor bar current.

Table D.1 IM Design Specifications

Parameters Value Parameters Value
Peak Power 60 kW Wire Size, AWG 21
Peak Phase Current 250 A Slot Fill Factor 0.5
Stator Outer Diameter 264 mm CIM Winding Factor 0.966
Stator Inner Diameter 195 mm | AIM Winding Factor 0.866
Air-gap Length 0.4 mm Iron Core Material W330_35
Shaft Diameter 100 mm | Core Loss coefficients
Stack Length 50.8 mm Hysteresis (Kn) 126.904
Turns per Coil Classical (Kc) 0.761
CIM: (36S6P/48S8P/60S10PM®)  10/7/60/5@ |  Excess (Ke) 0
AIM: (186P/24S8P/30S10) 14712110} o1 cking Factor 0.92
CIM Caoil Pitch 5 Rotor Bar Material Copper
AIM Coil Pitch 2 End-Ring Material Copper
Optimum by 1.88 mm | Optimum b, 1 mm
Optimum b1 4.13mm | Optimum b, 4.35 mm
Optimum hyg 1.02mm | Optimum h, 1 mm
Optimum hg, 10 mm Optimum h,4 14.06mm
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Fig. D.1 Cross-sectional views of the 48S/52R/8P CIM.
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Appendix E  Design Optimization of AIMs

The classical optimization methods have been utilized for the design optimization of the IMs since
the beginning of the computer science [VEI56], [ERL65] and IM optimal design issue is receiving much
more attention every passing day. In the existing literature, there are a large number of studies on the
optimization of conventional IMs with wound or squirrel-cage rotor. It is possible to group these studies

into several main categories as follows:
(a) Design optimization;
o Cost: volume, weight, material usage, material type, etc. [ERL65], [RAMT71];

o Performance characteristics: air-gap flux, efficiency, torque, torque ripple, acoustic
noise, etc. [AMO95], [MOL16], [BUS16], [DAS16];

o Cost and performance: [SIN83], [APP87a], [APP87b], [JAZ89], [SIN92], [AMO95],
[KIM98], [L1U03], [BES08a], [CUNO06], [CUNO08], [DUA11b], [HAF15], [MALL16],
[PER17];

(b) Utilization/Comparison of different optimization algorithms: [RAM73], [HUAB88a],
[HUAB88Db], [FEI89], [ID197], [DAI98], [LACO8], [TUT10], [DUA11b], [SAK11], [YAM13],
[BUS16], [LIN16];

(c) Drive/Control algorithm optimization [L105], [SOU07], [GUEO08], [HUY10], [CHO16].

In this appendix, feasible stator structures have been considered. As an inevitable consequence of
employing non-overlapping winding topology, half of the stator slots cannot be fully filled as seen in
Fig. E.1(a). These unfilled-slots can be utilized by using additional iron core material in order to reduce
the saturation level of the stator teeth. Therefore, a better slot utilization might be achieved via using
zig-zag slot structure as shown in Fig. E.1(b). Influence of these additional stator tooth pieces on the
performance has been investigated by comparing the obtained characteristics with the straight-slot stator
structure. The aim of this appendix is to present the optimization of AIM with different optimization
approaches, namely, individual optimization, single-objective global optimization (SOGO) and multi-
objective global optimization (MOGO). Genetic Algorithm (GA) has been used as optimization tool for
SOGO and MOGO approaches. The effectiveness of each optimization approach has been investigated
by comparing the optimal solutions. The determination and justification of optimization parameters has

also been presented.
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(a) Straight slot structure. (b) Zig-zag slot structure.

Fig. E.1 Feasible stator structures for non-overlapping winding topology.

E.1 Individual Optimization of AIM

It is possible to optimize the machine by using individual and global optimization approach [ZHU11].
On the other hand, initially, it is quite reasonable to find the optimum geometrical parameters of the
machine by using individual optimization method, which means, for each geometry parameter an
individual optimization is required. Afterwards, multiple geometric parameters, which are previously
optimized by using individual optimization approach, can be optimized by using the global optimization
approach with the aid of GA. In order to initially determine the accurate constraints of the global
optimization, conducting an individual optimization is very useful. On the other hand, the effectiveness
of the global optimization approach can be validated via individual optimization approach. One of the
important consideration that should be taken into account is that since the appropriate sequence is vital
in the individual optimization approach, the sequence of the design parameters should follow their
sensitivity [ZHU11].

E.1.1 Determination of Optimization Parameters

The design parameters are shown in Fig. E.1. As seen in the figure, in additional to straight slot the zig-
zag slot has two additional width (b,) and height (hg.) parameters. The same rotor structure (see Fig.

E.1(c)) is used in both topologies during the optimization progress.

348



b,, Tﬁ‘
Lo l‘, 4
IHl

(a) Straight stator slot structure
1: \
5 |
\
\
|
. |
> \
> sy '|
\\\\ 1
\\\ \:"‘ th 1. ‘v&‘
Dsem e sa 1
\\\\\ | | t 6
\\\\‘3» - Iqb—pl : ‘w‘
0 4
” ¢ /%
zao/‘ L,

(c) Rotor structure

Fig. E.2 Design variables of the NWIM.
Apart from the optimization parameters (geometric parameters), other specifications (non-
participating directly with the optimization procedure) such as number of turns, stack length, air-gap
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length, stator slot, rotor slot number, etc. should also be determined. It is a common knowledge that the

number of turns per phase can be determined by considering the stack length, torque- and power-speed

characteristics and stator current density limit. Torque- and power-speed curves of the AIMs with

various slot/pole number combinations, number of turns per phase, and stack length are calculated by

considering the stator current density as constant (31A/mm?).

Table E.1 Main and Initial Parameters of AIM*

Number of phases, m

Pole number, P

Active stack length, I

Stator Parameters

Stator slot number, S
Outer diameter of stator, Dy,
Inner diameter of stator, Dg;
hsy
hso
hsq

byt
bse
hser

Air-gap length, g

Rotor Parameters

Rotor slot number, R
Inner diameter of rotor
hro
hy
hyy
bro
b,
bye

3
6
50.8

18
264
174
19.28
0.73
12
24

24.85
30.83
13.45
9.1
10
0.4

20

60
0.9
24
30.3
8.06
12.6
14.23

* All dimensions are in mm.

The initial design parameters for the AIMs with straight and zig-zag slot topologies are listed in

Table E.1. As mentioned previously, outer diameter and stack length parameters are the same as the

Toyota Prius 2010 IPM machine. The definitions and the individual optimization sequence of the design

parameters are listed in Table 3.1. Note that the slip is not an actual optimization parameter. However,

the slip delivering the peak torque should be determined before the individual optimization of each
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parameter. Moreover, during the optimization progress the determined slip value should be kept
constant. Note that, IMs, used for the variable speed applications, may be optimized according to

different operation points. However, they are usually optimized in the constant torque operation region.

Another condition that should be considered during the optimization process is to determine the
excitation. This can be phase current, stator current density, or stator copper loss. One of these
parameters should be fixed during the individual optimization progress. In this study, fixed stator copper
loss is chosen as excitation constant. Furthermore, the rotor bar copper loss is considered by limiting
the rotor slot constraints in the GO sections. The calculation of stator copper loss is expressed in (E.1),
where I, Rpnaser Js: Ni» @, kg, N, As, pews Ls, and 7, denote the phase current, phase resistance, stator
current density, number of turns per coil, parallel branch number, slot filling factor, number of coils,
slot area, resistivity of the copper, active stack length, and stator slot pitch in mm respectively. To be
able to keep the stator copper loss fixed during the individual optimization, the injected current is
evaluated by using a copper loss coefficient k. as expressed in (E.2) [ZHU11]. Actually, this
coefficient, calculated by (E.3), is necessary in order to evaluate the torque production under fixed
copper loss condition. Therefore, the torque and the copper loss are directly proportional to this

coefficient as expressed in (E.4).

12 6J2N? bsq + bgyp
Byeu = 3a_sszhase = a;—kfthAs.Dcu [ls +Ts — (%)] (E.1)
| key/As (E.2)
s Nt
I N, I¢N;
ke =]S\/A_S === (E.3)
VAs  Vbsahsa
12 6k2N? bsq + bgyp
Pscu = 3a_sszhase = azc—kacpcu [ls + 75— (%)] (E.4)

By using the equations from (E.1) to (E.4), variation of average torque and stator copper loss is
illustrated in Fig. E.3. With the slot filling factor of 0.6, i.e. ks = 0.6, as indicated in Fig. E.3, the copper
loss of 5.64kW @80°C, which is equivalent to k., = 205.78, is assumed during the individual
optimization. As mentioned previously, before initiating the individual optimization, the slip delivering
the peak torque for each topology should be determined. As illustrated in Fig. E.4, the slip values
delivering the peak torque is determined as 4.13 (1438rpm) and 3.73 (1444rpm) for straight and zig-
zag slot topology, respectively. Since using more parameters costs a huge time consumption, the
number of parameters should be chosen as less as possible. Therefore, it is reasonable to choose the

parameters which have the most significant effect on the torque density. Under these conditions, the
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design parameters are optimized according to the following sequence (see Table 3.1): (1) stator split
ratio; (2) stator slot width ratio; (3) stator yoke thickness ratio; (4) rotor slot width ratio; (5) rotor yoke
thickness ratio; (6) stator slot opening ratio; (7) rotor slot opening ratio. The variation of the calculated
average torque with respect to the defined design parameters for both straight and zig-zag slot AIMs
are illustrated between Fig. E.5 and Fig. E.7. As clearly seen in the figures, the parameters delivering
the maximum torque is chosen as individual optimized value. It is also clear that the average torque of
the NWIM with straight slot structure is quite higher than the AIM with zig-zag slot structure. The
reason behind this phenomenon can be revealed by investigating the figures from Fig. E.8 to Fig. E.10.

—a—Torque (Straight) -2+ Torque (Zig-Zag)

—e— Pscu (Straight) -3+ Pscu (Zig-Zag)
215 7
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Fig. E.3 Average torgue and stator copper loss against stator copper loss coefficient.
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Fig. E.4 Average torque against slip percentage.

As seen in Fig. E.8(a), the higher the additional stator slot width parameter ratio bg,,., the higher the
torque. In the same manner, the longer the hg, height parameter, the lower the torque. Actually, once
b IS equal to one, or consequently hy,,- is equal to zero, the structure of the zig-zag slot turns into the
straight slot structure (see Fig. E.9). Therefore, it can be deduced that the addition tooth parameters of
the zig-zag slot cause an increase in the stator slot leakage flux. This phenomenon is visible in Fig. E.9.
The shorter the by,, ratio, the higher the short-circuited flux. Moreover, the radial and tangential

components of the stator slot flux density are illustrated in Fig. E.10.
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Table E.2 Definition of the stator and rotor geometric parameters according to order of sensitivity

Equation for additional

5 | Rotor yoke thickness ratio

Ty

hr - hry + hrl + hrO

# Explanation Equation .
parameters (Zig-Zag only)
. nS
— | Slip s=100-(1——)
nT
. . Dsi
1 | Stator split ratio Ag =
DSO
. . 2b bso + b 2b
2 | Stator slot width ratio hy=1-——t=¢_"sb Door =1 — —=
Ts Ts bsb
3 Stator yoke thickness b hey hsy he = hse
ratio * hsy + hsb hsy + Z(hsa + hsO) ser hsb
. . b,
4 | Rotor slot width ratio by, =—
TT
h

H i sto
6 | Stator slot opening ratio bsor =
Tsb
i i brO
7 | Rotor slot opening ratio byor = W
N

As explained in [BOL10], the tangential component of the slot flux density is the leakage component,

whilst the radial component is the torque production component. As clearly seen in Fig. E.10, once the

b parameter is one, the leakage flux is the minimum and the useful flux is the maximum. Therefore,

with the light of these findings, it can be concluded that zig-zag slot structure is not feasible for the AIM

topology in terms of electromagnetic performance and also manufacturing issues since manufacture of

straight slot is simpler and cheaper than the zig-zag slot. Consequently, since the torque is sacrificed

significantly in case of the AIM with zig-zag slot design, only the optimization of the AIM with straight
slot will be carried out in the following sections.
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Fig. E.8 Average torque against stator slot width ratio and stator yoke thickness ratio of the NWIM with

zig-zag slot structure.

The results of individual optimization of the rotor parameters of the AIM with straight slot structure

are illustrated from Fig. E.11 to Fig. E.14. The ratios delivering the maximum torque have been chosen

as the individual optimum. Since the slot opening parameters have a significant effect on the torque

ripple, the variation of torque ripple percentages are also calculated and shown in Fig. E.13 and Fig.

E.14. As seen in the figures, apart from the ratios delivering the maximum torque, there are different

optimum ratios delivering the minimum torque ripple. Since the torque is optimized in this part, the
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ratios delivering the maximum torque have been chosen as optimum parameter. Because of the coupling
effect among the design parameters, the maximum torque might not increase during the optimization.
However, as shown in this paper, the maximum torque is increased significantly thanks to individual
optimization approach. After the individual optimization, approximately 13% higher torque is achieved
according to the initial design.
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Fig. E.9 Flux density and line distributions of zig-zag slot AIM with various stator slot width ratio.
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In this study hg, and h,, parameters have not been optimized since their influence on the
performance is negligible once the values of these parameters are minimum [GUN18a]. In other words,

the longer the hg, and h,., parameters, the lower the average torque. Therefore, they have been fixed at
their mechanically allowed values.
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E.1.2 Determined Topology and Optimization Parameters

Because of the significantly sacrificed average torque of the AIM with zig-zag slot structure, the
AIM with straight slot structure is chosen. The 2-D views of the initial and individually optimized AIMs
with straight slot are shown in Fig. E.15. Initial and optimized values of the optimization parameters
are listed in Table E.3. It has been revealed that compared with the initial design, wider stator slot tooth
width, thinner yoke thickness, wider stator slot opening with, narrower and shallower rotor slot, and
narrower rotor slot opening width are preferred to produce higher torque for the given specifications
and copper loss.

(@) Initial design. (b) Individually optimized design.

Fig. E.15 2-D view of initial and individually optimized AIM with straight slot designs.

Table E.3 Comparison between initial and individual optimized variables

# Parameters Initial value  Individual Optimized

- s 48 4.13
1 A 0.686 0.658
2 by 0.63 0.611
3 hy 0.53 0.573
4 b, 0.471 0.374
5 h, 0.478 0.302
6 bsor 0.27 0.32
7 bror 0.33 0.25

E.2 Single-Objective Global Optimization (SOGO) by GA

The Genetic Algorithm (GA) is a search procedure, which explores the solution space using
mechanisms that emulates natural selection including next generations and mutilations for optimization
analysis. Some new individuals (Children) are created and the grown population participates in a
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natural-selection process that consecutively reduces the size of the population to a desired level (Next
Generation) in each generation. The GA, which is known as the one of the effective numerical
optimization methods, has been extensively used for exploring the optimized solution of the IMs.
Moreover, as explained previously, torque, acoustic noise, material cost, efficiency and/or weighted
combinations of these parameters (multi-objective optimization) are often adopting as the objective of
the optimization [ID197], [DAI98], [MAD98], [LIU03], [CUNO6], [CUNO08], [LACO08], [DUAL1b],
[HAF15], [PER17].

Because of the significant influence of objective function on the optimization results, the global
optimization of the AIM is accomplished with two different restrictions as maximum current density
and maximum stator copper loss. The settings of single-objective GA for both optimizations are as
follows: parent size (population size), mating pool size, children size, Pareto Front size (humber of
survivors), population size of next generation, roulette selection, crossover probability, and mutation
probability size are 30, 30, 30, 10, 30, 10, 1, and 2 respectively. Maximum number of generations
(iteration number) is chosen as 1000. In order to achieve the highest torque, which is feasibly available,
at the given specific outer diameter and stack length, it is intended to optimize the AIM. Therefore, the
goal of the single-objective optimizations are to maximize the average torque at steady-state operation
region. Note that, all the IMs considered in this section are optimized for the constant torque region.
The actual cost functions are adopted as the sum of absolute weighted values w; of the individual goal

errors e; at specific slip value for both of the single-optimizations as expressed in (E.5).

N
Cost = —Z w;e; (E.5)
i=1

E.2.1 With the Restriction of Maximum Current Density

Typical allowable continuous current densities for IMs with liquid cooling in ducts is determined as
23 to 31A/mm? [LIP17]. Therefore, the maximum current density is assigned with the copper loss
coefficient k. = 217.33 whose equivalent current density is calculated as J, = 314/mm?. Single-
objective optimization procedure for the maximum current density is illustrated in Fig. E.16(a) and the

solutions together with the individual optimization results are listed in Table E.4.

E.2.2 With the Restriction of Maximum Stator Copper Loss

As known, the stator copper loss is the most dominant power loss in IMs. The stator copper loss is
restricted as maximum 6.1kW with 0.6 stator slot filling factor via the copper loss coefficient k. =
213.27. In order to perform a fair analysis, the assigned maximum stator copper loss value has been
determined approximately same as the Toyota Prius [IPM machine’s copper loss at full load operation
[OLS11]. Single-objective optimization procedure for the specified stator copper loss is illustrated in
Fig. E.16(b). Moreover, the solutions of the optimized parameters together with the individual
optimization results are listed in Table E.4. In addition, the total copper 10ss (Pscy, + Brcy) iS limited by

the constraints of the rotor slot.
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E.2.3 SOGO Produced by GA

The calculated cost against iteration together with the determination of the local optimal points for
both maximum current density and maximum copper loss density restrictions are illustrated in Fig. E.16.
As seen in the figures, in the beginning of the optimization procedure the cost is high and it is
considerably decreasing with the increasing iteration number.
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Fig. E.16 Optimization produced by single-objective GA for AIM.

Table E.4 Global optimization variables with stator current density and stator copper loss restrictions

Global Global
Initial Individual Constraints for L Constraints for Optimized
Parameters S Optimized

value Optimized Js Rest. for J, Rest P, Rest. for Psey

$ ' Rest.

As 0.686 0.658 [0.65:0.69] 0.651 [0.645:0.67] 0.65
by 0.63 0.611 [0.541:0.634] 0.577 [0.507:0.618] 0.584
hs 0.53 0.573 [0.463:0.595] 0.518 [0.507:0.618] 0.554
b, 0.471 0.374 [0.374:0.561] 0.393 [0.374:0.523] 0.39
h, 0.478 0.302 [0.266:0.478] 0.335 [0.266:0.478] 0.336
bgor 0.27 0.32 [0.28:0.48] 0.312 [0.28:0.48] 0.322
byor 0.33 0.25 [0.05:0.42] 0.262 [0.05:0.42] 0.249
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However, it is also realised that due to the random characteristics of the GA, it jumped out the local
optimal points as clearly seen in the figures. Although the same number of variables have been changing
during the optimization procedures, the optimal torque has been obtained in a shorter time in the case
of the restriction of the maximum current density. On the other hand, the time consumption of the GO
with any restriction is not always shorter than without any restriction because of the random
characteristics of the GA. Considering cost values, the optimal average torque obtained from the
restriction with maximum current density optimization is slightly higher than the maximum stator
copper loss optimization. The obtained solutions are listed in Table E.4 and the optimum values are
shown in Table E.7 and Table E.8.

E.3 Multi-Objective Global Optimization (MOGO) by GA

The design optimization of the IMs involves compromising between disparate objectives such as
high torque, high efficiency, and high power factor, low cost, small size, etc. Owing to such many
conflicting optimization objectives, multi-objective optimization techniques are required to meet the
design goals.

Multi-objective optimization approach is concerned with optimizing a number of objectives
simultaneously. Once multi-objective optimization is considered, the problem presents a set of solutions
known as Pareto Front, which incorporates the optimal solution of each individual objective and also
the solutions representing the best compromise satisfying all objectives. One of the important difference
between single-objective and multi-objective optimization is that in multi-objective optimization, the
objective functions create a multi-dimensional space in addition to the natural decision variable space.
The optimization of IMs by GA with multi-objective global optimization (MOGO) has been reported
in several papers [LI1U03], [CUNO6], [CUNO8], [LAC08], [TUT10], [DUA11b], [HAF15], [PER17].
As will be explained in detail in the following section, torque, stator copper loss and rotor bar copper
loss have been chosen as objectives to be optimized. Since the objective function has a significant
influence on the optimization results, the multi-objective global optimization (MOGO) of AIM is
accomplished with and without restriction of rotor bar current density. The same GA settings of the

SOGO is employed for the MOGO in order to optimize the determined objectives.

E.3.1 Determination of Objectives and Goals

For a given specific outer diameter and stack length, the most attractive objectives are to maximize
the feasibly available torque and efficiency or minimize the dominant machine losses. As known well,
the most dominant losses of an IM are stator and rotor copper losses. Depending on the utilized core
material, the core losses are not dominant as in the PM synchronous machines. Moreover, as stated

previously, it is intended to optimize the IMs at the constant torque region. Since the frequency is
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remarkably low at the constant torque region, the core loss percentage when compared with the copper

losses percentage is significantly low.

Another important subject which should be considered is time consumption. Particularly, once the
IM is considered, because of the natural behaviour of the inductance phenomenon between stator and
rotor coppers, to obtain the steady-state result from any simulation takes quite long time. Therefore, it
is expected that with fewer variables and objectives the optimization solution may be found more
quickly. Therefore, the objectives for the both of the optimizations, namely with and without the
restriction of the rotor bar current density, are determined as follows.

e Torque;
e  Stator copper loss;

o Rotor bar copper loss.

E.3.2 Justification of Objectives and Weights

In order to obtain the optimization solution more quickly, a special care should be taken while
justifying the objectives and their weights. Considering the previously obtained individual and global
optimization solutions and calculated copper losses, the objectives are justified as follows. The feasibly
available torque is calculated approximately as 230 Nm by using the traditional torque equation

expressed in (E.6).
Sfa = 11ky,1Bya.Délsn,

Sracosg 330 (E6)

2 - D& lsacky1 By cos @
60

Pfa = Tfawr - Tfa =

where S¢q, Pra, Tras Dsos Lsy @y kw1, Bg, My, @y, @nd cos ¢ are the feasibly available apparent power,
active power, and average torque, stator outer diameter, stack length, electric loading, fundamental
winding factor, average air-gap flux density, rotor speed, angular speed, and power factor, respectively.
Considering the current density, efficiency, and the average torque of the Toyota Prius IPM machine at
250A, the torque objective is justified as 222 Nm as given in Table E.5. Furthermore, the analytically
calculated torque value is validated as presented in the previous optimization solutions. Since the
optimization has been performed by using 2-D FEA, only the stator slot copper losses can be calculated
during the optimization procedure. Therefore, the stator slot copper loss for both optimizations are
justified by using (E.10), where Pgcy,soco-r1) @Nd Psey(soco-r2) are the stator slot copper loss
obtained from the SOGO solution in case of maximum stator current density restriction and in case of
maximum stator copper loss restriction, respectively. Note that P, does not include the end-winding

copper loss. It includes only total stator slot copper loss.
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Pscusoco-r1) < Pscumoco12) < Pscu(soco-r2) —

(E.7)
Pscuisoco-r1) T Pscu(soco-r2)
Pscumoco1z) = )

In the same manner, the average rotor copper losses with and without the restriction of rotor bar
current density are justified by considering the (E.8) and (E.9), respectively. In (E.8), Prcu(max_sp,,)
and Prcy(min_s,,,) INdicate the maximum and the minimum rotor bar losses obtained in case of
maximum and minimum rotor bar surface area, respectively. In (E.9), Prcymax cost)y and
Pcu(min_cost) Indicate the rotor bar copper losses in case of the maximum cost and minimum cost
obtained from the SOGO-R2, respectively. Therefore, after the evaluation of the justified objective
values, their weights, used for assigning higher or lower priority to a goal, are also calculated and listed

together with the all the justified objectives as given in Table E.5.

Prcu(Max_Sbar) < Prcu(MOGOl) < Prcu(Min_Sbar)

(E.8)
P, rcu(Max_Spar) + P, rcu(Min_Spqr)
Prcu(MOGOl) = 5
Prcu(Min_Cost) < Prcu(MOGOZ) < Prcu(Max_Cost) -
(E.9)
Prcu(Min_Cost) + Prcu(Max_Cost)
Prcu(MOGOZ) ~ )
Table E.5 Justified objectives and their weights
With J,. Restriction Without J, Restriction
Variable Condition Weight Condition Weight
Average torque (Nm) > 222 0.41 > 222 0.41
Average stator slot copper loss (kW) <24 0.26 <24 0.29
Average rotor copper loss (kW) <21 0.32 <24 0.30

In the HEV/EV applications, both torque and efficiency are vital parameters that should be ideally
as high as possible during any driving cycle. However, in some of the cases such as to obtain the
maximum torque and efficiency simultaneously is not possible, the high torque is preferred instead of
high efficiency. Considering this information, the weight of the torque is assigned as to be slightly

higher in both optimizations.

E.3.3 Cost Function for MOGO

The cost function is determined as weighted sum of the sub-goal errors. Each sub-goal gives rise to
an error value that represents the divergence between the simulated reaction and the goal value constrain.

If the simulation response satisfies the goal limit, the cost value becomes zero. Alternatively, the error
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value depends on the differences between the simulated response and the specific goal constrain.
Therefore, the cost function is defined by (E.10), where G, w;, N;, e; are the number of sub-goals, the
weight factor related with the j* sub-goal, the number of iterations for the jt" sub-goal, and the error
contribution from the j** sub-goal at the i*" iteration, respectively. Here, the value of e; is determined

by the band characteristics (conditions), target value, and the simulated response value.

G W] Nj
Cost = Z — e; (E.10)
j=1 Nj £aij=q

E.3.4 MOGO Procedure by GA

After a large number of iteration, the optimal solutions with and without the bar current density
restrictions are obtained as illustrated in Fig. E.17. As seen in the figures, compared to the SOGO, much
longer time is consumed in order to obtain the optimal solutions. In addition, although the GA is a
random search process, the solution without restriction has been obtained earlier than the solution with
restriction as expected. However, in terms of cost value, the difference is not significant as seen in the
figures. Determined constrains and the optimized values of the parameters are listed in Table E.6.
Calculated material mass, cost and the electromagnetic performance values are given in Table E.7 and
Table E.8.

3000
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Local optimal points
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(a) With rotor bar current density restriction

2000

o Local optimal points
o

1500 -

Cost

1000 A

500 A
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Iteration

(b) Without rotor bar current density restriction
Fig. E.17 Optimization produced by single-objective GA for AIM.
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Table E.6 Comparison between initial and individual optimized values

Individual Constraints Global Constraints OGtIicrfr?izled
Parameters Initial value - . Optimized without J,. P
Optimized with J,. Rest. ; without J,.
with J,. Rest. Rest. R
est.
Ag 0.686 0.658 [0.65:0.678] 0.667 [0.65:0.678] 0.668
by 0.63 0.611 [0.563:0.649] 0.565 [0.563:0.649] 0.564
hs 0.53 0.573 [0.507:0.606] 0.49 [0.507:0.606] 0.497
b, 0.471 0.374 [0.374:0.598] 0.393 [0.25:0.6] 0.373
h, 0.478 0.302 [0.319:0.478] 0.353 [0.26:0.52] 0.312
bsor 0.27 0.32 [0.28:0.5] 0.362 [0.28:0.5] 0.361
bror 0.33 0.25 [0.18:0.52] 0.236 [0.15:0.55] 0.245

E.4 Design and Performance Comparison

E.4.1 Design Comparison

The 2-D cross-sectional views of the optimized AIMs with the SOGO and MOGO are illustrated in
Fig. E.18. As seen in the figures, although the stator slot/rotor slot/pole number (18S/20R/6P), the outer
diameter, and the stack lengths are kept the same, depending on the constraints, restrictions and
optimization method, the geometric shapes of the slots are different from each other. The machine
masses and the costs for each machine are evaluated by using the expression given in (E.11), where
D330, Ascores Arcores Deugs Deugs Nev Acy R, Apary Aring Lring are mass density of steel material,
surface area of stator core, surface area of the rotor core, mass density of stator winding copper, mass
density of rotor bar copper, total number of coils, surface area of the stator slot area with fill factor,
rotor slot number, surface area of the bar and ring copper, and axial length of the one ring piece,
respectively. The cost of the materials are evaluated by using the data provided by the London Metal
Exchange (LME) as expressed in (E.11) [LME17].

e Copper: 4.815£/kg - mass density: 7400 (kg/m?)

e Steel: 0.42 £/kg - mass density: 8933 (kg/m?)

bsa + bsb )]

Mrpoy = DM330(ASCOTE + ARmre)ls + 2Dcy (N A, [ls + 75— ( 2

(E.11)
+ DCuR (RABarls + ZARinglRing)

Calculated masses for different parts of the machine and total cost are listed in Table E.7. As seen in
the table, there is no significant difference between the IMs in terms of mass. On the other hand, since per
kilo cost of the copper is almost 11.5 times expensive than the core material, the IMs which require more
copper is a bit expensive than the others. As clearly seen in the table, thanks to the global optimization

method, the total has been reduced remarkably when compared with the initial design’s cost.
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Fig. E.18 2-D views of 18S/20R/6P AlMs: (a) initial; (b) individual optimized; (c) SOGO with J
restriction; (d) SOGO with Pg,, restriction; (¢) MOGO with J restriction; (f) MOGO without J

restriction.
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If the IMs are optimized without any restriction (except for the maximum stator current density
restriction), it is possible to reduce cost furthermore. As seen in Table E.7(f), since the stator copper
usage is reduced, the cheapest NWIM is achieved. However, as will be shown, since the reduction of
stator copper usage causes to increase the current density, more cooling requirement may be needed.
This extra cooling requirement may increase the total cost.

Table E.7 Mass and cost comparison

Core Mass (kg) Copper Mass (kg) Total Total cost
Design Stator Rotor Stator Rotor Mass (kg) (£)
(@) | Initial 8.316 7.07 5.7 3.6 24.69 51.26
(b) | Individual Opt. 9.0 7.052 5.74 2.68 24.46 47.26
(c) | SOGO with J; Rest. 9.774 6.74 4.65 2.84 24.01 43.02
(d) | SOGO with P, Rest. 9.578 6.734 5.08 2.83 24.22 44.93
(e) | MOGO with J, Rest. 9.578 6.33 5.08 3.29 24.28 46.98
(f) | MOGO without J, Rest. 9.53 7.136 4.3 2.89 23.85 41.6

E.4.2 Electromagnetic Performance Comparison

In this section, electromagnetic performance characteristics, such as back-EMF, air-gap flux density,
bar currents, torque, losses, efficiency, etc. are compared. The electromagnetic performance
characteristics are investigated by performing 2-D FEA under steady-state operation condition at

1500rpm synchronous speed and 250Apeak rated stator current.

In this section, all the obtained design and electromagnetic characteristics of the initial and optimized
AlMs are summarized in order to reveal the effectiveness of the optimization methods and determine
the most favourable candidate. In the HEV/EV applications, the most challenging parameters are higher
torque, higher efficiency, light-weight and minimum space requirement. In addition, thermal
characteristics of the machine should also be considered in terms of size of the cooling equipment.
Therefore, considering the size of the cooling equipment, the current density levels of preferred machine

should be as low as possible in order to save more space in the vehicle.

It has been revealed that although the individual optimization with appropriate sequence method is
not good enough compared with the global optimization approaches, it is a very useful tool for the
determination of the initial parameters, accurate constraints, and conditions/limits of the objectives. It
has also shown that depending on the determination of the objective conditions, SO and MO global
optimization methods are good enough to find the optimal solution. On the other hand, considering the
simulation/optimization time consumption issues of the IM analyses, if the variable constraints and the
objective conditions are determined accurately with the individual optimization method, the optimum
solution can be found faster with SOGO method without needing the MOGO method. It is also shown
that the optimal solution can be found more quickly with some restrictions such as stator copper loss,

rotor bar current density, etc.
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Table E.8 General comparison of the results of the optimized 1Ms with different approaches

Parameters (@) (b) (c) (d) (e) ()
SOGO SOGO MOGO MOGO
Optimization objectives Initial Individual with J with P, with J. without J,.
Rest. Rest. Rest. Rest.
Slip ratio A, 0.69 0.66 0.65 0.65 0.67 0.67
Stator slot width ratio b 0.63 0.61 0.58 0.58 0.57 0.56
Stator slot height ratio h; 0.53 0.57 0.52 0.55 0.49 0.5
Rotor slot width ratio b, 0.47 0.37 0.39 0.39 0.39 0.37
Rotor slot height ratio h,. 0.48 0.3 0.34 0.34 0.35 0.31
Stator slot opening ratio 0.27 0.32 0.31 0.32 0.36 0.36
bSOT
Rotor slot width ratio 0.33 0.25 0.26 0.25 0.24 0.25
bror
Torque (Nm) 184.89 206.38 231.34 229,65 219.15 221.88
Torque ripple (%) 27.64 34.19 19.46 21.17 19.63 19.89
Slip (%) 4.8 4.13 4.8 5.06 4.4 4.53
Output power (KW) 27.65 31.078 34.59 34.25 32.91 33.28
Stator slot copper loss 2.02 2.23 248 24 24 2.33
(kw)
Stator end-winding 3.16 3.45 3.8 3.71 3.71 3.63
copper loss (kW)
Total stator copper loss 5.18 5.68 6.27 6.12 6.12 5.97
(kw)
Core loss (W) 0.06 0.07 0.06 0.08 0.08 0.07
Rotor copper loss (kW) 2.08 2.62 244 2.51 2.34 2.16
Efficiency (%) 78.59 783 79.247 79.24 79.32 79.73
Total axial length (mm) 80.91 79.05 76.07 76.72 76.77 75.11
Total mass (kg) 24.69 24.47 24.00 24.22 24.28 23.85
Total cost (£) 51.26 47.26 43.02 44,93 46.98 41.6
Stator current density 25.01 26.11 31 28.76 28.76 31
(A/mm?)
Rotor current density 14.08 15.94 21.94 22.68 16.69 20.06

(A/mm?)
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If the AlMs are compared in terms of electromagnetic performance, it is possible to summarize Table

E.8 as follows.
e Although the optimal design (c) has the highest torque and output power, the optimal design (f)
has the highest efficiency;

e The optimal design (c)’s torque ripple is the minimum.

If the NWIMs are compared in terms of design characteristic, it is possible to summarize Table E.8

as follows.

¢ Although the optimal design (f) has the shortest axial length and total mass and hence cost, the

initial design (a) has the minimum current densities;

e Although it seems like that the optimal design (f) is the most compact and cheapest candidate,
because of the requirement of the more cooling equipment due to the higher stator and rotor

current densities, the length and cost of the machine will be increased.

In conclusion, if the space (including the size of the cooling equipment) is the most important criteria,
the most favourable candidate is the optimal design (e). On the other hand, if the electromagnetic

performance is the most important criteria, the most favourable candidate is the optimal design (c).
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Appendix F  Influence of Rotor Slot Opening Parameters on the

Electromagnetic and Flux-Weakening Performance Characteristics

In this section, the influence of rotor geometric parameters for a specific slot/pole number
combination and stack length has been investigated considering different rotor topologies. Considered
rotor slot parameters are illustrated in Fig. F.1. It is possible to change the topology of the rotor by
changing the rotor slot opening parameters which are by, h,o, and h,;. The considered rotor topologies
are shown in Fig. F.2. Note that, since the performance of the AIM with u-shaped closed slot rotor
topology is very similar to the closed slot with straight bridge topology, in order to simplify the
electromagnetic performance comparisons, it has not been considered in this section. The main

difference between the u-bridge and straight bridge is the amount of the bar copper loss.
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Fig. F.1 Rotor slot parameters.

() Open-Slot Insert-Bar (IROS) (b) Open-Slot Cast-Rotor (c) Closed-Slot Cast-Rotor
(CROS) (CRCS)

Fig. F.2 Various rotor slot shapes.

According to rotor manufacturing ways, it is possible to design the rotor in three different way as
illustrated in Fig. F.2. Constitutively, there is two different ways to manufacture the rotor: insert-bar
and cast-rotor. Manufacturing of cast-rotor type squirrel-cage rotor is simpler than the insert-bar. Cast-

rotor type can be manufactured as open-slot and closed-slot as shown in Fig. F.2(b) and (c), respectively.
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Investigated parameters are illustrated for three different types of rotor namely insert-rotor open-slot
(IROS), cast-rotor open-slot (CROS), and cast-rotor closed-slot (CRCS). Therefore, in order to
investigate the influence of the rotor slot-geometry parameters on the electromagnetic performance, the
18S/20R/6P AIM with 9-turn per phase and 90 mm stack length is adopted. Each parameter has been
investigated individually except for the b,.; parameter. Since parallel rotor tooth is to be used in all the
analyses, in order to keep the rotor tooth body parallel b,., should be a function of b,.; as given in (F.1).
Therefore, b,; will be indicated as b, in this section. Note that, the imposed speed and stator current

have been kept at their rated magnitudes during the analyses.

bry = f(by1) = by (F.1)

G.1 Electromagnetic Performance Characteristics

A. Slot Opening Height Parameter h,

The influence of the slot opening height parameter on torque T, torque ripple AT, rotor bar copper
loss B..,,, and bar current density J, is illustrated in Fig. F.3. As seen in Fig. F.3(a), the open slot
topologies CROS and IROS show very similar characteristics while closed slot CRCS quite different

characteristics.
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Fig. F.3 Variation of performance characteristics with h,.: (a) average torque and torque ripple, and
(b) rotor bar copper loss and bar current density.
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The average torque reduces gradually for open slot topologies while it reduces significantly for closed
slot topology because of the ever-increasing amplitude of the short-circuited flux through the rotor slot
bridge (see Fig. F.4). On the other hand, the torque ripple of the open slot topologies increases
considerably with increasing h,.q parameter while it is almost constant for the closed slot topology. It is
also obvious that the torque ripple percentage of the CRCS is quite lower than that of the CROS and
IROS topologies. Consequently, in terms of average torque and torque ripple, for all the rotor topologies
it is reasonable to design the h,, minimum as much as possible. The bar copper loss and rotor current
density decrease with increasing h,, as shown in Fig. F.3(b). This is because of the fact that the longer
the h,., the farer away the bar from the air-gap. Thus, the amplitude of the field harmonics, bar current,
and consequently rotor copper loss are reduced. However, as clearly seen, the reduction rate of the
CRCS is quite higher than that of the IROS and CROS. On the other hand, since the bars of IROS is

farer away from the air-gap than that of the CRQOS, its bar copper loss is lower.

(€) hyg = 2.5mm (d) hyg =5mm

Fig. F.4 Flux line distributions showing the short-circuited fluxes through the rotor slot-bridge.
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B. Slot Opening Chamfer Parameter h,.,

The influence of h,.; parameter on the some performance characteristics of the AIM with different
rotor topologies is illustrated in Fig. F.5. As seen in Fig. F.5(a), the average torque is reduced with
increasing h,.; parameter for all the topologies. However, the CRCS topology is more sensitive to h,4.
Increasing h,.; results in increasing torque ripple. Therefore, as evidenced from the influence of h,q in
terms of torque and torque ripple, it is reasonable to choose h,; as minimum as possible. Fig. F.5(b)
shows the variation of rotor bar copper loss and current density with h,;. As seen, copper loss and
current density of all the topologies reduce with increasing h,.. Since some of the air-gap flux density
harmonics are filtered by the rotor slot bridge, the bar current amplitude, current density, and bar copper
loss of the CRCS topology is lower than that of the other topologies. As a result, whilst it is favorable
to design the h,; with minimum amount in terms of higher torque, it is reasonable to design it with

maximum amount in terms of lower current density and copper loss.
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Fig. F.5 Variation of performance characteristics with h,.: (a) average torque and torque ripple, and

(b) rotor bar copper loss and bar current density.

C. Slot Opening Width Parameter b,.,
The variation of the torque, torque ripple, bar copper loss, and bar current density with respect to
b, parameter is illustrated in Fig. 4.35. Note that since the CRCS has no slot opening, only the IROS

and CROS topologies have been considered in this section.
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Fig. F.6 Variation of performance characteristics with b,.: (a) average torque and torque ripple, and

(b) rotor bar copper loss and bar current density.
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Fig. F.7 Flux line and flux density distributions for various widths of b,.,.
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As seen in the figures, the average torque and rotor current density amplitudes are not changed
significantly with b,,. However, the torque ripple and bar copper loss are increased considerably with
increasing b,.o. Considering the obtained results, it can be concluded that it is favourable to keep b, at
the minimum in order to keep the bar copper loss and the torque ripple percentage at minimum. The
flux line and flux density distributions for various values of b,., are shown in Fig. 4.36. As seen, stator
and rotor tooth tip parts are highly saturated. As seen in Fig. 4.36(a), some of the flux are short-circuited
through the bridges. On the other hand, since the open-slot rotor cannot collect flux as much as the
semi-closed-slots, the flux density on its rotor reduced (see Fig. 4.36(d)). As a consequence, as shown
in Fig. 4.35(a), the average torque has reduced for the closed- and open-slot rotors.

D. Slot Width Parameter b,

The variation of some performance characteristics with respect to b,,, parameter is illustrated in
Fig. F.8. As seen in Fig. F.8(a), the maximum torque has been obtained between 6 and 7 mm of b, ,.
In addition, the torque ripple is quite low in this region. The rotor current density decreases with increasing
b,1, parameter while the bar copper loss does not show significant change. It is very interesting that
although the slot area is increased as b, is increased, the bar copper loss does not decrease. The reason
behind this phenomenon can be seen from Fig. F.9. Although the bar diameter is increased and the rotor

resistance is decreased, the bar copper loss is kept the constant since the bar current amplitude is increased.
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Fig. F.8 Variation of performance characteristics with b,.1,: (a) average torque and torque ripple, and
(b) rotor bar copper loss and bar current density.
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As expected, the average torque, torque ripple, and bar copper loss of the closed slot topology is

lower than that of the open slot topologies. The reduction of the average torque of the IMs can be
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explained by considering the flux density distributions illustrated in Fig. F.10 and Fig. F.11 for open
and closed slot topologies, respectively. As seen, when b,.;, becomes very small, the stator tooth parts
are highly saturated. On the other hand, if b,;, becomes larger, then the rotor tooth parts start to
saturate. Therefore, it can be concluded that the reduction in the torque for small values of b,,
parameter is due to the increase in saturation level of the stator tooth parts while the reduction in the
torque for high values of b,.;, parameter is due to the increase in the saturation level of the rotor tooth

parts.

E. Slot Height Parameter h,

The influence of h,, on the electromagnetic performance of the AIMs with different rotor topologies
are presented in this section. Fig. F.12(a) shows the variation of torque and torque ripple against h,.,.
As seen, the average torque increases significantly from 4mm to 8mm but after 8mm decreases
gradually. In addition, torque ripple reduces considerably with increasing h,., parameter. As expected,
average torque and torque ripple of the closed slot topology is lower than that of the open slot topologies.
The bar copper losses do not change significantly with h,., whilst the rotor current densities decrease
gradually. It is obvious that h,., parameter has a dominant effect on the average torque, torque ripple,

and current density rather than bar copper loss.
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Fig. F.12 Variation of performance characteristics with h,.,: (a) average torque and torque ripple, and

(b) rotor bar copper loss and bar current density.
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In Table F.1, individual influence of each rotor slot parameter on the key performance characteristics
and the proposed optimal values are summarized. It can be concluded that in order to design a AIM
with high torque, low torque ripple, and high efficiency: (1) h,.q should be relatively high; (2) h,; and
b,o should be low as much as possible; (3) b,;, and h,., should be moderate (can be determined as
between the maximum and minimum limits or an optimal value can be determined by conducting
parametric analyses). In addition, among the rotor slot parameters, b,.1, and h,., have more dominant

effect on the electromagnetic performance characteristics.

Table F.1 Comparison of influence of rotor slot parameters on the performance

hyo ! 1 ! ! Re:j%\t/]ely
hry ! T 1 ! Minimum
bro - T — ) Minimum
briz a l — l Moderate
M a l — l Moderate

G.2 Flux-Weakening Performance Characteristics

The influence of dominant rotor slot geometry parameters on the flux-weakening performance of
the 18S/20R/6P AIM is presented. Since the effect of slot width b,;, and slot height h,., parameters
are more dominant than that of the slot opening parameters, only the influence of slot width parameters
on the flux-weakening performance is investigated in this section. In addition, since performance
characteristics of closed slot topology is the best among the other topologies, the flux-weakening

calculations have been made only for this topology.

A. Slot Width b,.;, Parameter

The influence of b,.,, parameter on the torque-speed and power-speed characteristics are illustrated
in Fig. F.13 and Fig. F.14, respectively. As seen in the figures, the influence is not significant. Adopting
larger b,-1, leads to slightly lower torque at the constant torque region while it leads slightly higher
power at deep flux weakening region. In addition, influence of b,,, on the efficiency is illustrated in
Fig. F.15. As seen in the figures, adopting smaller b,.,, parameter leads to larger maximum efficiency

region.
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Fig. F.15 Efficiency maps for different b,.;, parameter of CRCS topology.

B. h,, Parameter

The influence of h,, parameter on the torque-speed and power-speed characteristics are illustrated
in Fig. F.16 and Fig. F.17, respectively. As seen in the figures, the influence of h,, on the flux-
weakening characteristics is considerable. Adopting smaller h,., leads higher torque in the constant
torque region and higher power in deep flux weakening region. This is because of the increased mutual
inductance between the stator and rotor windings. In addition, influence of h,, on the efficiency is
illustrated in Fig. F.18. As seen, adopting larger h,., leads higher maximum efficiency with larger

region.
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Fig. F.16 Torque-speed characteristics for various h,, parameter of CRCS topology.
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Appendix G Generator Mode Operating Characteristics

As known, it is necessary that the electrical machines designed for EV/HEV applications should
work in both motor and generator modes. However, as explained in [FR109] [GUA14b], the maximum
flux-weakening characteristics of IM in different operation modes are quite different. Therefore, it is
necessary to investigate the generator mode operation of the proposed IMs. The influence of stator
resistance, rotor resistance, variable inductance produced by saturation of the iron core, and iron loss
parameters on the flux-weakening performance of a CIM have been investigated in [GUA15b]. It has
been revealed that the lower the stator and/or rotor resistance, the better the flux-weakening
performance in both motor and generator mode operation conditions. In addition, it has been revealed
that if the variable inductance (iron saturation) is considered, the power factor is improved, but the flux-
weakening performance is not changed. It has been concluded that the difference in flux-weakening
characteristic is mainly influenced by both the stator and rotor resistances, but the difference in output

power-speed characteristic is mainly influenced by the rotor resistance.

In this appendix, the difference between the flux-weakening characteristics of AIMs in the motor
and generator operation modes have been investigated. The analysed characteristics include

torque/power-speed performances, inverter drive characteristics, and differences in efficiency maps.

G.1 Circle Diagram of IMs

The operating performance of an IM drive can be easily performed by using a circle diagram which

points out the available current and voltage limits at different synchronous angular frequencies in the
ig — iy plane [BIA97a], [BIA97b], [CHEOZ], [ALB11]. The circle diagram typically divides the torque-

speed characteristics into three regions, namely constant torque, constant power, and high speed (or
deep-flux weakening) [CHAO02]. A typical circle diagram and corresponding torque-speed

characteristics of an IM are illustrated in Fig. G.1. As seen in the figure, each region has been determined

by a critical operation point, viz. 4, A", B, B". Note that apostrophe indicates the generator mode
operation. Therefore, a quantitative behaviour of whole torque limit characteristics of AIM in both

motor and generator modes can be defined by considering Fig. G.1.

From (A.7) the constant-torque curves are hyperbolas in the iy — i, plane, the current limit
(A.6) defines a circle, which is centred in the plane origin, and the voltage limit (A.3) defines
an ellipse centred in the plane origin. As illustrated in Fig. G.1(b), the points A and A" define
the rated torque obtained by the drive from zero to base angular frequency w, or wy, at which
the nominal voltage is reached. The current limit circle from points A or A’ to B, B’ defines the
constant-power region and the line starting from B or B’ to origin O defines the maximum

torque to voltage ratio locus. As seen in Fig. G.1, IM in generator mode has better flux-
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weakening characteristic than in motor mode. The reason behind this phenomenon is that the
frequency of voltage limit ellipse in generator mode is larger than that in motor mode for the
same current vector as seen in Fig. G.1(a). Because of the same i, and i, (=i, in generator
mode) amplitudes, the identical torque value is obtained in the constant torque region. However,
since the terminal voltage in generator mode is increased due to the super-synchronous speed
(minus slip) operation, the longer constant torque and constant power regions are obtained. The
frequency difference of the voltage limit ellipse of IM in different modes, for the same i; and

I4, has been explained in detail [GUA15b] by using voltage vector diagram.

T
iq, Constant
g .. Voltage Limit Torque
wpg |-
g - Motor Constant Power
T Region
. \ High Speed
(Deep Flux-Weakening)
0 > .
lg w
Generator
wg [ B, Region
w I
wgr|
— iq v
-T
(a) Polar diagram (b) Corresponding torque-speed characteristics

Fig. G.1 Circle diagram and corresponding torque-speed characteristics of IM in motor and generator
modes: (a) current and voltage trajectories under the maximum torque control and (b) the

corresponding torque-speed characteristics for both motor and generator operation modes.

G.2 Motor and Generator Mod Operation Characteristics of the AIMs

In order to operate the IM in the generator mode, the rotor speed should exceed the synchronous
speed. The generator mode operation speed is called as super-synchronous speed. As known, at this
speed the slip is negative. Constant torque region slip percentages for the AIM1 and AIM2 in motor
and generator mode operations are illustrated in Fig. G.2. It is obvious that the value of the slip
delivering the maximum torque has not changed in the generator mode operation. Therefore, it can be

deduced that the slip delivering the maximum torque is independent of the operation mode.
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Fig. G.2 Comparison of slip percentages delivering the maximum torque.

The generator mode operation of the AIM1 and AIM2 have been calculated and in order to reveal
the difference between the operation modes, calculated generator mode flux-weakening characteristics
have been compared with the motor mode operation flux-weakening characteristics. Note that,
torque/power-speed characteristics in generator mode are obtained in the 4™ quadrant of the coordinate
system as seen in Fig. G.1. However, the minus values have been transformed to positive values
(transferred to 1% quadrant of the coordinate system) in order to make operation mode comparison much
clearer. The drive characteristics of the AIMs in motor M and generator G modes are illustrated in Fig.
G.3. The maximum current and voltage limits of the inverter are 500Arms and 48Vrms. Therefore, it
has been ensured that the maximum current and voltage limits have not been exceeded. As expected,
since the terminal voltage has been increased from 27V to 35V from motor to generator mode operation,
respectively, better flux-weakening performance has been achieved in the generator mode for both
AIMs. Note that, for the maximum torque operation, the maximum current limit of the inverter has not
changed (fixed at 500Arms for the rated speed). The calculated flux-weakening characteristics of the
AIMs for motor and generator modes have been compared in Fig. G.4. As expected, better flux-
weakening characteristics have been achieved in the generator mode operation for both AIMs. The
efficiency maps of the AIMs in motor and generator modes are illustrated in Fig. G.5. As clearly seen

in the figures, in generator mode operation higher efficiency than in motor mode operation has been
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achieved for both machines. Therefore, it can be concluded that during the generator mode operation, a

better flux-weakening and higher efficiency characteristics than in the motor mode operation can be

achieved.
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