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Abstract

The research described in this thesis focuses on the mitigation of inter-turn
short-circuit (SC) faults in Fault-Tolerant Permanent Magnet (FT-PM) ma-
chines. An analytical model is proposed to evaluate the inter-turn SC fault cur-
rent accounting for the location in the slot of the short-circuited turn(s). As a
mitigation strategy to SC faults at the design stage, a winding arrangement
called VSW (Vertically placed Strip Winding) is proposed and analysed. The
proposed analytical model is benchmarked against finite element (FE) calcula-
tion and validated experimentally. The results demonstrate that the proposed
winding arrangement in the slot improves the fault tolerance (FT) capability of
the machine by limiting the inter-turn SC fault current regardless the fault loca-
tion in the slot.

Electromagnetic and thermal studies are conducted to verify the merits and
drawbacks of the proposed winding compared to the conventional winding us-
ing round conductors (RCW). The study shows that the proposed winding
scheme, in addition to being fault-tolerant, has an improved bulk radial con-
ductivity, can achieve a good fill factor, but has a significantly higher frequen-
cy-dependent AC copper loss. To predict the AC losses an analytical model
based on an exact analytical 2D field solution is proposed. This model consists
of first solving the two-dimensional magneto-static problem based on La-
place’s and Poisson’s equations using the separation of variables technique.
Then, based on that solved solution, by defining the tangential magnetic field
(Hy) at the slot opening radius, Helmholtz’ equation is solved in the slot sub-

domain.

Subsequently, an FE and MATLAB® coupled parametric design is under-
taken to maximise the VSW-wound machine’s efficiency whilst maintaining its
FT capability. The proposed analytical models for prediction of the SC fault

current and AC copper losses are integrated into the coupled optimisation. It is



shown that the effective losses of the VSW can be minimised through design
parametric design while maintaining the required level of machine perfor-
mance. Using an existing FT-PM machine of which the rotor is kept unchanged
two stators were designed, manufactured and wound with RCW and VSW re-
spectively and experimental tests are carried out to validate the analytical mod-
els and the new winding concept.
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CHAPTER

1

Introduction

1.1. Introduction to fault tolerant drive system

The current shift towards more electrical transport has significantly in-
creased the requirements for safety and reliability of electrical systems. Exam-
ples of safety critical applications include fuel pumps and actuators for aero-
space applications and electrical steering for automotive applications. In such
applications, it is essential to ensure that the drive is capable of continuing op-
eration in the event of any failure. Such a drive system is known as a fault tol-
erant drive system.

Switched Rreluctance (SR) machines and permanent magnet (PM) machine
drives are the preferred choice for fault tolerance drive systems, each having
certain advantages and disadvantage depending on the application. Due to
their robustness, ease of manufacture and low magnetic interaction between
phases, SR machines constitute a good choice for fault tolerant drives [1, 2].
However, these qualities are overshadowed by a relatively high torque ripple
and acoustic noise. Consequently, PM machines have become more popular
when compared to SR machines in safety critical applications due to their
greater torque density and subsequent higher power density. This is a crucial
advantage, especially in the aircraft industry since a reduction in weight in-

creases fuel efficiency, reducing the aircraft’s environmental impact.
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One of the key concerns about PM machines, especially in safety-critical
applications, is the issue of fault-tolerance as the PMs cannot be de-excited [3].
As a result a single fault in such drives can cause catastrophic damage, with
potentially significant cost and safety implications. Hence, more reliable, safe
and secure PM machine drive systems are required for safety critical applica-

tions.

1.1.1. Faults in the drive system

Generally, the faults in typical drive systems are categorised into two main
groups: mechanical faults and electrical faults. The most common mechanical
faults in machine drives are: rotor eccentricity, bearing faults, shaft misalign-
ment and load related faults. These have not been considered in this study as
the possibility of mechanical faults occurring in the system is very low com-
pared to electrical faults. The electrical faults can be characterised into four
groups according to where the faults arise in the drive system, as shown in Fig-

ure 1.1.

ngiconductor_ (IG_BT and Semiconductor (IGBT and Diode)
Diode) open circuit (oc) fault Short circuit (sc) fault o )
Open circuit (OC) fault in

the phase windin
Gate driver circuit failure i) (o DC Link Capacitor failure P 9
Phase to phase winding sc

Short-Circuit (SC) fault
1 fault

L N
Power converter s —
Mechanical Phase to ground sc
outputtothe ||[fault
load sc at the machine
terminals

Drive system

Turn to Turn (Inter-turn) sc
fault in a phase winding

Sensors/ Transducers

User Reference Controller failure

Current
Voltage

o . Position
- Failure in the controller hardware mechanism Speed

- Failure of source code in the operation

Figure 1.1 Drive system’s fault
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A Fault Tolerant (FT) drive system should have the ability to detect and ac-
commodate any of these faults and to support continuous operation until a solu-
tion or repair is available. In early years, due to a lack of control methodology
the entire drive system was completely shutdown in the event of failure and
fault tolerance was achieved through entire drive redundancy. This caused in-
creased overall system weight and component count. In recent years, the con-
cept of fault tolerance has been advanced rapidly with improvement in power
electronics devices and significant changes in the control topologies and ma-
chine topologies, allowing the drives to meet the fault tolerance requirements
for each type of potential fault.

1.1.2. Established fault tolerant PM drive system
A typical fault-tolerant PM drive topology includes a number of design fea-
tures to facilitate a level of operation when faults ensue. These can be catego-

rized as follows:

a) Isolation/Fail-safe

b) Performance

¢) Fault detection and post-fault control strategy
d) Redundancy and Reliability

a) Isolation/Fail-Safe

Isolation in the drive system is an important pre-fault remedial measure
which reduces the possibilities of fault occurrence. There are four isolation
methods commonly considered in drive systems. These are: electrical, magnet-
ic, thermal and physical isolation.

Electrical isolation between the phases is achieved by employing a separate
voltage-fed inverter for each phase or group of phases. This has the effect of

doubling the amount of power electronics components. However, the total VA
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(volt-ampere) rating also increases slightly since the converter only supplies
the phase voltage rather than line-to-line voltage.

Additional isolation is achieved through physically and magnetically sepa-
rating the drive phase windings using a concentrated winding. Consequently, a
fault that occurs in one phase will not spread to adjacent phases. Hence, the
fault is confined in an individual slot and the resulting temperature rise in the
slot can be cooled effectively by adopting a cooling method for the outer sur-
face of the stator. It is worth noting that the physical separation between the
phases allows the control of each phase without any interaction since the mutu-
al coupling between them is negligible.

Although isolation between the phases can be accomplished effectively in
the drive system, the turn-turn Short-Circuit (SC) fault that occurs inside the
slot cannot be segregated from the phase windings. The SC faults are severe
and produce excessive current in the shorted turns. This leads to localised heat-
ing in the slot and possibly catastrophic failure in the plant. Thus, the ma-
chine’s winding has to be designed with one per unit self-inductance’ [4] to
limit this excessive SC current while applying post-fault control strategy [5]
I.e. short-circuiting the respective phase through the separated H-bridge con-
verter switches. As an alternative, other post-fault control strategies [1, 6, 7]
can also be considered. A fault-tolerant drive system may be required to pro-
vide for such a fault scenario depending on the reliability requirements of the
application at hand.

b) Performance

The machine drive is able to produce rated power continuously in the event
of failure by overrating the machine and converter design to handle the in-
creased current loading during faulty operation. This can be done by designing
the machine with multiple phases. The choice of the number of phases will de-
termine the machine’s overrating factor [2], which is inversely proportional to
the number of phases. However, a small number of phases ensures a better re-

liability and simplifies the system. A thermal design exercise is required when

! the self-inductance that limits phase SC current value equivalent to rated current

is called one per unit inductances
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sizing such machines to determine the ultimate winding temperatures reached
when the specific control algorithm is applied. Apart from the additional cop-
per losses as a result of the increased current loading, additional iron and mag-

net losses due to the unbalanced fields also need to be accounted for.

c) Fault detection and post-fault control strategy

Fast and effective fault detection techniques [8-15] and remedial actions
via a post-fault control strategy are vital in the event of failure in a FT drive
system. This is particularly important for turn-turn SC faults since the turn-turn
SC fault is one of the most harmful faults in the drive system. There is no
doubt that it is desirable to detect incipient faults and to utilize the correct algo-
rithm which can be implemented on the system so as to protect the system and
ease the damage.

d) Redundancy and Reliability

In safety critical applications, rated or reduced operation of the drive must
be ensured even after a fault. After a fault happens the system is also often re-
quired to reach a certain reliability level. As a result parallel redundancy is of-
ten employed despite the higher cost. However, in order to achieve the neces-
sary system reliability level, including a reduced overall system weight and
component count, without replicating the complete drive system, different re-

dundancy methods [16, 17] are also considered.

From the above stated fault tolerant features, it can be clearly seen that alt-
hough such a machine drive topology, if appropriately designed, can potential-
ly tolerate converter failures, winding open circuit failures and terminal SC
failures, a winding turn-turn SC fault remains problematic since the fault is lo-
cated in the slot which cannot be entirely eliminated. If an SC fault, or more
importantly, an inter-turn (a single turn) fault is left undetected and uncorrect-

ed, the resulting current of the fault becomes excessively high due to its low
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impedance. A potential consequence is a winding open circuit fault. The condi-
tion of a larger faulted current will affect the remaining windings and ground
wall insulation and eventually lead to a ground wall puncture and forced outage
of the machine. Often this type of fault can cause fire or an explosion in a short
period of time. Therefore the machine has to be stopped or remedial action
needs to be employed very quickly in order to avoid damage to the equipment

and/or human lives.

1.2. Root causes of the inter-turn SC fault

The main cause of the winding failure is deterioration of the insulation
property. This has been clearly reported in industrial surveys related to the fail-
ures [18]. Also it has been stated in the report published by “BAKER mainte-
nance technology” [19], that 30% of motor failures are due to insulation fail-
ure, 60% of which are caused by overheating. The report shows that for every
10° ¢ of additional heat to the windings, the insulation lifetime is halved [19].
However it is worth noting that the severity of deterioration of the winding de-
pends on the insulation thickness and the operating environment.

In normal operation, the turn/strand insulation experiences mechanical and
electrical stresses as well as thermal stress. As a result of these stresses, the in-
sulation can be damaged by one of the following mechanisms: voltage surge
related puncture, partial discharge and aging due to overheating. Poor cooling
due to high ambient temperature, clogged ducts are typical examples of non-
electrically induced temperature stresses on both the motor and insulation sys-
tem. Chemical abrasive substances in the air, wet operation, and high altitude
operation are a few common environmental stresses which also influence the

insulation deterioration.
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1.3. Simple analysis of the inter-turn SC fault

An inter-turn SC fault causes a change in winding resistance, inductance
and also the electrical circuit of the winding. During a turn-turn SC fault, the
healthy and the shorted turns behave as two separate circuits which are mag-

netically coupled, but electrically isolated [20], as illustrated in Figure 1.2.

o &
5 '
% [ 4

(@) (b) (c)
Figure 1.2 (a) A healthy phase winding (b) a phase winding under a SC fault
condition (c) equivalent circuit of a FT-PM machine under turn-turn SC condi-

Lp Rp

f\

tion

Since the mutual coupling between phases for a properly designed FT-PM
machine can be neglected [3], the differential equations (1.1) and (1.2) govern-

ing a faulty phase circuit allow computation of the SC current.

dl dl,
ViO=LOR, + L b+ Ly e+ 6 ) (1.1)
dl dl
0=1.t)R sS4+ L —1L t 1.2
(OR+ L Lyt e (12)
where,

- e1. EMF in the healthy (Ny) turns;

- e EMF (Ns) turns;
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- l;: phase current;

- Is: induced current in the shorted (Ns) turns;
- Lh: self inductances of healthy (Np) turns;

- Ls: self inductances of shorted (Ns) turns;

- Lm: mutual inductance between N;, and N; turns.

From (1.1) and (1.2) it can be seen that knowledge of the resulting self and
mutual inductances is necessary to examine the drive behaviour under SC
faults. These values are strongly dependent on the location of the fault within
the slot and slot geometry [21]. Since the inter-turn SC current is inductance-
limited at rated speed, an accurate knowledge of the different inductances will
facilitate the correct evaluation of the SC current and thus, the steady state SC

current can be represented in the following form.

- _ eZ (a)) _ Ja)Lm
s = R +jol, R +jol, (@) 3

From (1.3), it is clearly evident that the magnitude of the fault current high-
ly depends on the phase current, rate of flux change due to the PMs, impedance
of the shorted turn and mutual inductances between the faulty and remaining
healthy turns. Although the supply is disconnected, the SC fault current cannot
be eradicated in PM machines and this is maintained until the machine stops
due to the PM’s flux. This resultant SC fault current highly depends on the im-
pedance of the shorted turn and thus, it becomes critical in the event of single

turn fault.
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1.4. Problem description

The common and conventional method to limit the SC fault current is short-
ing the whole phase through the power converter switches [5]. This force all
the turns in the phase to share the net winding magneto motive force (mmf). As
a result the current in the shorted turn reduces and the magnitude of the SC cur-
rent is accommodated equivalent to the rated current by designing the machine
to have one per unit inductances. However, in the case of an inter-turn SC fault
where the inductances are dominant, the magnitude of the SC current becomes
critical since the fault is highly position dependent [22]. This is due to the slot
leakage-flux which has significant influence on the inductances of the phase
coil; the self inductance of both healthy and faulty turns and mutual inductanc-
es between them. Under a SC fault, these inductances are varied according to
the amount of slot leakage-flux associated with them. As a result a significantly
high fault current compared to the rated current can persist [22]. This can be
overcome by designing the machine with even higher than per unit inductance.
Whilst possible to achieve, this would result in a poorer power factor and a
significant reduction in the torque density achievable. Hence, necessary correc-
tive actions are required in either the design stage or post-fault control stage, or

both, to mitigate the position dependent inter-turn SC fault current effectively.

1.5. Aim and objectives

The main purpose of this work is to investigate inter-turn SC fault behav-
iour, including position dependency, in the FT-PM machine, adopting an ana-
Iytical tool, and to develop a solution at the design stage to mitigate the impact
of such faults. The key objectives of the thesis can be summarised as follows:

- Investigate position dependent inter-turn SC fault behaviour for differ-
ent winding configurations (i.e. conventional round conductor and bar
type winding) using an analytical model and propose a solution to the
SC fault
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- Analyse the dynamic, electromagnetic and thermal behaviour of the
winding configurations under healthy, inter-turn SC fault and post-fault
control operations and verify the effectiveness and advantages and dis-

advantages of the proposed solution

- Develop a 2D exact analytical model that enables fast computation of
eddy current losses in order to study the eddy current phenomena re-
sulting for the design of the machine to satisfy fault-tolerance require-

ments (high eddy current losses due to high slot leakage).

- Optimise and design a FT-PM machine for safety critical applications
using both developed analytical methods and FE (Finite Element)
methods

- Validate the proposed design solution for the inter-turn SC Fault exper-

imentally

1.6. Novelty of the thesis

The thesis presents:

e a vertically placed rectangular/ foil winding concept as a solution to
the position dependency in the inter-turn SC fault

¢ an analytical model to predict the inter-turn SC fault for two differ-
ent concentrated winding configurations, i.e. horizontally (bar type
winding) and vertically placed (foil/ rectangular) conductors

e an analytical model to estimate the eddy current losses including
eddy current reaction effect

e a study on electromagnetic, thermal and dynamic behaviour of the

vertical winding
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1.7. Thesis outline

The thesis is divided into the following chapters 2-7:

Chapter 2 presents a review of the FT aspects of synchronous PM ma-
chines, including proposing various design methods and strategies which have
more emphasis on the inter-turn SC fault. It examines techniques proposed in
recent literature, presenting trade-off studies of the methods.

Chapter 3 presents an analytical model used to investigate the SC current
behaviour resulting from an inter-turn fault. The methodology presented is
based on the computation of different inductances: self inductances of healthy
and faulty turns and the mutual inductances between them. Two different con-
centrated winding configurations, horizontally and vertically placed conductors
in the slot, are considered. The proposed model is verified with FE analysis and
validated experimentally.

Chapter 4 investigates the thermal behaviour of a fault-tolerant, permanent
magnet motor adopting a vertically placed conductor proposed in chapter 3.
The generated winding losses and thermal behaviour of the winding are studied
and compared with conventional round conductors winding. The advantages
and disadvantages of the windings are discussed.

Chapter 5 presents an analytical model based on a sub domain field model
to calculate eddy current loss in a vertically placed conductor wound, surface
mounted radial flux PM machine, considering the eddy current reaction effect.
Initially, the model solves the two-dimensional problem based on Laplace and
Poisson’s equations using the separation variables technique for each sub do-
main: PM, airgap, slot opening and slot. Then, based on the obtained solution,
the eddy current reaction field in the slot is calculated by solving a complex
Helmholtz’s equation. The validity and accuracy of the model is verified using
FE analysis. The limitations of both FE and analytical methods are discussed.

Chapter 6 looks at a systematic investigation of split ratios to minimize the
AC losses of a vertically placed conductor in concentrated-wound surface
mounted PM synchronous machines with FT capability. The repeated numeri-
cal design optimization is carried out in FE to achieve the required torque and

FT capabilities for the minimum level of electromagnetic losses. In addition,
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the influence of the tooth width to slot pitch ratio, slotting effects and tooth
height are investigated.

Chapter 7 experiments an existing machine prototype having vertical con-
ductor and round conductor winding configurations to validate the proposed
analytical models. Inter-turn SC fault current and AC loss are measured and
compared with analytically calculated ones.

This thesis concludes with a summary of the project, highlights of suggest-
ed project improvements and achievements obtained in the course of the pro-

ject.



CHAPTER

2

Fault tolerant permanent magnet

machines

2.1. Introduction

With the increase in interest in permanent Magnet synchronous mMachines in
safety-critical applications, due to their ability of producing greater torque den-
sity (and subsequently higher power density), concern with fault tolerance in
these machines is becoming more and more important. One of the key concerns
about PM machines, especially in safety-critical applications, is that the field
produced by the permanent magnet cannot be de-excited. Many studies have
been carried out to improve fault tolerance in electrical machines and to devise
strategies for mitigating faults to fail safely or to maintain operation.

This chapter provides a review of the fault tolerant aspects of synchronous
PM machines and includes various proposed methods and strategies which
have more emphasis on the inter-turn SC fault. The proposed methods in the
literature are categorised into two main parts: machine design methodologies
and control methodologies. Machine design methodologies cover various tech-
niques considered in the machine’s design to prevent a fault whilst post-fault
strategies include techniques which can be used to operate the machine under
faulty conditions Fault detection is generally central to any fail-safe or contin-

uous operation strategy. Several comprehensive studies have been carried out
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to understand failure mechanism in electrical drives and to devise strategies for
detecting incipient failures. However, in this chapter importance is not given to
detection methods [8-11, 13, 15, 23-26], key importance is given to the pro-

posed fault-tolerant methods for SC faults in the literature and their trade-off.

2.2. Control Strategies

These methods are well known as post-fault active control. In [5], a possi-
ble post-fault control strategy has been proposed for PM machines. It has been
identified that the machine needs to meet the fault tolerance requirements [2]
including having magnetic, electric, thermal and physical isolation between the
adjacent phases, for continuous operation under faults. To achieve magnetic
isolation, a fractional slot concentrated winding has been proposed making the
magnetic coupling between the phases negligibly small. By employing a sepa-
rate two-leg H-bridge inverter for each phase (controlled by the separated drive
as a module), electric isolation has been achieved. As a result the machine can
be safely operated under faults with the loss of the faulty phase. To obtain a
satisfactory level of performance a higher number of phases is proposed, where
the basic criterion is that the drive should continue to produce rated power in
the event of the failure of one phase. Hence, if there are n phases, each phase

must be overrated by a fault-tolerant rating factor, F [4]

F=—1 (2.1)

For instant, if there are three phases, each drive must be overrated by 50% in
order to give full capability when faulted. Hence, F falls as the number of
phases rises, but this must be balanced against the increasing complexity of a
high phase number and the inevitably greater chance of a failure.
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Figure 2.1 Illlustration of proposed post-fault control strategy in [5]

Different types of faults are addressed and a post-fault control strategy is
proposed for critical SC fault as shown in Figure 2.1 where the respective
faulty phase is short-circuited through the separated H-bridge converter
switches (T1, T3 are ON stage and T, T4 are OFF stage) under the SC fault. In fact
the field produced by the PM is almost equally shared by whole turns in the
faulty winding and thus the current will be limited. However, it is worth noting
that the magnitude of the induced current in a shorted turn depends on the
winding inductance and thus, the machine has to be designed with 1.0 per unit
inductance to maintain a current equivalent to the rated/excitation current.
However, this approach is not always valid since the inductances are position
dependent [27] and are considerably lower for the turn located closer to the slot
opening region. As a result the current in the shorted turn will be large, leading
to unacceptable local heating in the faulty coil.

Based on [5], redundancy in the fault-tolerant control methodology is im-
plemented by a dual three-phase modular solution [16, 17, 28-31] instead of the
separated multi singe-phase system. The modular solution has two (or more
than two) separate three-phase windings in the stator, for instance A;-B;-C; and
Az-B,-Cy, each supplied by a separate converter. Thus, the VA rating of the
converter corresponds to half the motor VA rating during normal operation. In
the event of failure of one of the dual three phase windings or the correspond-

ing converter, the respective unit is disconnected or short—circuited as ex-
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plained in Figure 2.2 and thus, the machine can then be operated with the re-
maining healthy unit. The loss of output power can be compensated for by in-
creasing the current loading. Of course the machine and converter have to be
overrated at the design stage to handle the current loading in the event of fail-
ure. Clearly, the design has to be overrated by 100% since a three-phase set
completely shut down during the fault in a phase. However, this method has a
simpler control approach since dual three-phase sets control by separated con-
troller where not necessary to modify the control methodology under a SC
fault. Another advantage of this method is that torque ripple and unbalanced
radial forces under faulty operating conditions are less than for the separated

multi-phase modular approach.

Vec2
VABl: 0 Bz
Maci= 0 Vact V ag2
Az
Veci=|0
Short circuited set of three-phase by Healthy set of three-phase

inverter terminal
Figure 2.2 Schematic of post-fault control stagey in a dual-three phase ma-

chine drive

In [6], a PM machine with centre-split stator winding has been investigated
under SC fault conditions. Each of the stator phases is split at the centre into
two windings each having an equal number of turns with both split windings
having a common magnetic axis as shown in Figure 2.3. The phases are con-
trolled by separate H-bridge inverters as explained in [2]. Auxiliary switches
are used to break the fault current path or to isolate the faulty winding. During
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the fault the current in the healthy half of the phase winding is controlled and is
used to cancel the rotor magnetic flux linking in the shorted turns of the second
half. Consequently the fault current is reduced which allows the drive to con-
tinue operation with a fault. Even though the study claims that the method
guarantees continuous operation under various SC fault conditions, no results
or convincing discussion is presented for the inter-turn SC fault. This method
would not be effective for the inter-turn SC fault since the half of the phase
winding is under control; consequently it may induce excessive current in the

shorted turn by acting as a single phase transformer.

Shorted__ — =
turn T |l<—_},§ T3 ||<—_},§ D;
— D, —

— —
i ST ST
— —

Figure 2.3 lllustration of centre-split winding arrangement [6]

A similar concept has been proposed in [1]. It was shown that the inter-turn
fault current in an open slot, bar wound, large PM machine is mitigated by in-
jecting a d-axis current. The injected current must be at the same phase angle
as the terminal SC current (90" lagging relative to the back-EMF) and the mag-
nitude of injected current is greater than the terminal SC (complete phase short-

circuited) current whilst considerably smaller than the single turn SC current. It
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was demonstrated that the method would not be effective in the case of a semi-
open slot since the required current for the injection is greater than the single
turn SC current.

In a similar way to [1], a flux nulling control strategy is proposed for interi-
or permanent Magnet (IPM) machines in [7, 32] to improve steady-state re-
sponse under short-circuit fault conditions. In this method, the flux is nulled by
setting the d-axis current to the motor’s characteristic current without a g-axis
current, thus reducing the breaking torque during a SC fault. However, this
method would not be effective for the inter-turn fault since the field produced
by the d-axis current may create excessive current in the shorted turn, as ex-
plained beforehand. It also requires a significant amount of current in the re-
maining healthy phases to produce the opposing flux due to weak magnetic
coupling among the phases. Moreover, each of the current components used to
produce the opposing flux will interact with the rotor magnetic field and pro-

duce pulsating torque [6].

2.3. Machine design strategies

In earlier sections, it was reported how the control method can be adapted
to accommodate the SC fault. In this section, proposed design elements includ-
ing magnetic circuit structure and windings that can be modified in the electri-
cal drive systems to mitigate the fault are discussed. Proposed methods are cat-
egorised into three parts in terms of design aspects: electromagnetic, mechani-

cal and thermal.

2.3.1. Electromagnetic design

As discussed in section 2.2, the FT-PM machine should have an effective d-
axis inductance of one per unit to limit the steady-state SC fault current to the
rated current. Thus, the thermal limit of the faulted winding will not be exceed-
ed and the SC can be accommodated over an extended period. The key to

achieving these requirements is to design a machine with a large leakage in-
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ductance by controlling the depth and width of the slot opening [4]. The slot
opening depth is designed to be approximately one-half of the tooth-width to
avoid undue saturation due to the magnet flux which normally passes through
the tooth after the application of remedial action [5] under the SC fault. The
main disadvantages of this design are poor power factor and increased eddy
current losses due to slot leakage flux. However, these flux can be used to filter
the motor current of the Pulse Width Modulated (PWM) AC drives.

In [33], a new approach is presented for selecting slot and pole number
combinations for FT-PM machine which satisfies the fault tolerant features
proposed in [4]. It is shown that certain combinations of slot and pole numbers
force the coupling between phases to essentially be zero, regardless of magnet
depth and other design details. Thus, the preferred slot and pole nhumber com-
binations facilitate accommodation of the fault in the phase without influencing
adjacent phases. It is explained that the choice of slot and pole combinations
can be used to eliminate low pole number armature Magneto Motive Force
(MMF). Consequently this reduces the vibration and stray loss present during
normal operation. It is worth noting, however, that the design has to meet one
per unit inductance to mitigate a SC fault.

In [34], feasible slot and pole number combinations for multiple two and
three phase FT-PM machines has been investigated and the relative merits are
discussed via a design case study. A winding SC fault detection technique
based on search coils wound around the stator teeth is also presented, and its
performance is assessed in FE. It is shown that the proposed detection tech-
nique can reliably detect any type of SC fault under all load conditions howev-
er nothing is suggested as to what action is to be taken to limit the fault current.

In [35], a spacer tooth arrangement (Figure 2.4) between the phases has
been proposed to improve the physical, electrical, magnetic and thermal isola-
tion. It was demonstrated that a narrower spacer tooth than the coil/winding
tooth provides a greater magnetic flux-linkage in the winding and thus increas-
ing Electro Motive Force (EMF) within the corresponding winding. This spac-
er tooth arrangement is further investigated in [36] for a 50kW integrated fault-

tolerant PM motor drive as shown in Figure 2.5. However, this spacer tooth
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arrangement reduces the overload capability of the machine as spacer tooth

starts to saturate earlier than the wound tooth.

Spacer
tooth

Figure 2.4 Phase windings are separated by spacer tooth [35]

Power
clectronics

e

Space for
EMI filters

Heatsink

Stator housing

Figure 2.5 Integrated power converter and machine having spacer tooth [36]
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2.8.1.1. Machine types and applications

Generally surface mount PM (SPM) machines are the preferred choice and
widely used in safety critical areas since the design, which has surface mounted
magnets combined with a retaining sleeve, reduces the air gap component of
the armature reaction field, so the mutual coupling is insignificant. Several oth-
er PM machine topologies including interior permanent magnet (IPM) ma-
chines, doubly salient PM machines and flux switching PM machines have also
been considered for safety critical applications since they have inherent fault
tolerant and flux weakening capabilities. In this sub-section different FT ma-
chine types are reviewed.

In [37], SPM machines which satisfy the fault-tolerant requirements identi-
fied in [4] have been tested under possible fault scenarios. The design of a fault
tolerant SPM machine drive based on a 16 kW, 13000 rev/min, six-phase air-
craft fuel pump specification was presented. It was shown that undetected turn
to turn faults will result in the flow of currents many times larger than the rated
current in the faulted winding. If no action is taken the fault is likely to propa-
gate rapidly. A single shorted turn can be detected by monitoring the sampled
current in each PWM cycle. Shorting the phase reduces the fault current to rat-
ed value. A shorted power device results in very large shoot through currents
when the healthy power device in the faulted limb is turned on. Shoot-through
current can be detected within the SC withstand time of the power device and
the healthy device turned off again. Finally the results showed that the healthy
phases are capable of compensating for the torque loss resulting from the fail-
ure [37] in the event of each fault.

In [38], the fault tolerant control architecture for an electric actuator has
been investigated. A triple three phase drive architecture has been developed
and implemented, including fault tolerance of the SPM motor, power electronic
converter, position feedback sensors and DSP (Digital Signal Processing) con-
troller. It was explained that the system is able to accommodate any of the fail-
ures automatically and ensure that rated torque is maintained at all rotor posi-
tions when stationary or when rotating at low speed, with the mean torque de-

mand being met at high speed. A detailed approach to weight-optimise an Elec-
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tro mMechanical Actuator (EMA) for helicopter primary flight control system
was presented in [39]. Importance was given to the SPM machines as a major
component in the system. In order to achieve the redundancy the study consid-
ered both circumferential and axial machine segmentation. Finally, the im-
portance of low inertia design and machine operation in magnetic saturation
due to high peak-to-rated torque ratio and acceleration requirements was

shown.

Figure 2.6 Modified slot-opening arrangement for iron loss reduction [40]

In [41] a modular drive, four phase, fault tolerant system was designed to
meet the specifications with a fault in any one of the phases for an aircraft main
engine fuel pump. The motor used has a permanent magnet rotor with the mag-
nets arranged in a Helbach array to maximise the air-gap flux density. Excep-
tionally high electric loadings are obtained by flooding the entire motor with
aircraft fuel, which acts as an excellent cooling agent. The design has been
tested under un-faulted drive operation and with one of several fault scenarios.
The results showed that the flooded fuel has excellent performance without in-
troducing significant drag on the rotor. The slot-opening arrangement of this
design has been modified in [40] to reduce the iron losses as shown in Figure
2.6. It was shown that iron loss can be reduced significantly by design. Howev-

er, the resulting copper losses increase due to the slot-leakage flux increase.
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Another application where fault tolerant machines have been gaining a lot
of interest is automotive [42-47] where IPM machines have been widely used
due to their advantages: ease of magnet retention, less prone to demagnetisa-
tion and better field weakening capability. The major disadvantage of these
machines is the higher torque pulsations. In [48], a five-phase IPM motor with
low torque pulsations was discussed. A control strategy that provides fault tol-
erance to five-phase PM motors was introduced. It was shown that the control
scheme facilitated the operation of a five-phase system continuously and safely
under a loss of up to two phases without any additional hardware connections.

In [49], a novel five-phase fault tolerant IPM motor drive with higher per-
formance and reliability for use in fuel cell powered vehicles was presented. A
new machine design along with an efficient control strategy was developed for
fault tolerant operation of an electric drive without severely compromising the
drive performance. Fault tolerance was achieved by employing a five phase
fractional-slot concentrated winding configuration IPM motor drive, with each
phase electrically, magnetically and physically independent of all others. It was
shown that the electric drive system has higher torque density, negligible cog-
ging torque and about £0.5% torque ripple. Finally it was confirmed that the
terminal SC current is about 0.88 per unit rated current which guarantees the
operation of the system after isolation of a fault.

Another type of machine considered where fault tolerance is required, is
from the family of switched reluctance machines. One of the members is a
doubly salient PM machine whose topology combines the features of the
switched reluctance and brushless DC machines. The machine has a PM in the
stator counterpart as shown in Figure 2.7. This machine provides superior per-
formance over switch reluctance machines in terms of efficiency, torque densi-
ty, torque to current ratio, and torque to inertia ratio. A new type of doubly sa-
lient machine was presented in [50] where the field excitation of the machine is
provided by the PM. The flux wakening capability of the machine was dis-
cussed in [51] where various methods have been proposed.

In [52], a field winding (as shown in Figure 2.8) was introduced in the dou-

bly salient PM machine to improve the field wakening. The machine topology
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was improved in [53] by replacing the magnets in the stator teeth as shown in
Figure 2.9. It was shown that the topology reduces the acoustic noise consider-
ably and also improves the torque density with reduced cogging torque. The
performance of the machine was investigated in [54-62] for automotive appli-

cations.

Salient rotor

Figure 2.7 Structure of doubly salient machine PM machine [50]

In [63], a new fault-tolerant flux-Mnemonic doubly-salient permanent-
magnet motor was presented. The motor consists of aluminium-nickel-cobalt
(AINiCo) PMs and small magnetizing windings in the inner-layer stator, salient
poles wound with armature windings in the outer-layer stator and solid-iron
salient poles in the outer rotor as shown in Figure 2.10. The armature current
controller utilizes a five phase full-bridge inverter to achieve independent con-
trol among phases, while the magnetizing current controller adopts an H-bridge
converter to generate a temporary current pulse, controllable in both magnitude
and direction, to magnetize or demagnetize the AINiCo PMs. The motor drive
works in a remedial magnetizing mode during open-circuit fault, and a remedi-

al demagnetizing mode during short-circuit fault. However the additional field
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windings generate additional losses which require an extra H-bridge module;

this consequently increases the weight.

Figure 2.9 Structure of doubly salient machine PM machine having PM in
stator teeth [53]
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Figure 2.11 Structure of twelve slot ten pole flux switching PM machine [64]

Another family of switch reluctance machines that has been investigated for
safety critical applications in the literature is the flux switching PM machines.
The PM flux switching machine is an interesting topology as it can be seen as a
hybrid of the switch reluctance and PM-AC machine topologies (as illustrated
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in Figure 2.11). Its rotor is similar to that of a switched reluctance machine; its
windings are concentrated and it has permanent magnets embedded in the sta-
tor. The benefits of adopting this topology are the robust nature of the rotor
(with no need for magnet retention) and the lower resistance thermal path for
the magnet-induced losses [65]. In its basic form this topology has limited
fault-tolerant capabilities. Several design modifications have been presented in
[64, 66-77] including multi-phase [71], thermal isolation [77] and redundancy

[66] to improve its fault-tolerant properties.

2.3.1.2. Winding design

As stated previously, fault tolerance in PM machines can be achieved by al-
tering the winding arrangements. Generally a higher number of phases are
adopted with concentrated winding arrangements to improve independence be-
tween the slots. The winding has been investigated and compared with the dis-
tributed winding in [78] and it was proved in [5] that the optimal for fault-
tolerant variants is the concentred winding type.

A design consideration on the fractional number of slots per pole per phase
concentred winding was studied and analysed in [79] for fault-tolerant syn-
chronous motors. It was demonstrated that the configuration produces a smooth
torque, because of the elimination of the periodicity between slots and poles,
and improves the FT capability, making the machine able to work even in
faulty conditions. Although this is beneficial for fault tolerance of the machine,
it produces high numbers of MMF harmonics that may cause an unbalanced
saturation and thus an unbearable torque ripple. A method to design fractional
numbers of slots per pole per phase motors was proposed considering both
double—layer and single—layer winding arrangements. In the study, an analyti-
cal computation was extended to determine the distribution of the MMF har-
monics and their effect was highlighted in isotropic as well as anisotropic mo-
tors. Suitable slot pole combinations were reported to avoid the mutual cou-

pling amongst the phases.
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The fractional slot fault-tolerant PM motors were tested and compared in
[80]. Two different fault-tolerant PM motors: five-phase and dual three-phase
motor drives were considered. The performances of both machines were pre-
sented under both open circuit and SC faulty operating conditions. The ad-
vantages and disadvantages of both machines were discussed and noted. It was
shown that with regard to the behaviour under fault, better results in terms of
average torque and torque smoothing can be achieved with a five—phase motor
drive. However, this drive requires a non-standard motor as well as a non-

standard converter.

Flux path
Auxiliary
coil

(b)
Figure 2.12 Cross sectional view of the proposed machine in (a) [81] and (b)
[82]

In [81] a method has been proposed for brushless SPM machines with an
auxiliary winding in the rotor (Figure 2.12a) to null the magnet flux during the
fault. A start-up winding known as an auxiliary (Direct Current - DC) winding
is used to create the torque needed to start. This winding is also often used to
completely nullify the magnet flux in case of fault in the flux weakening appli-
cations. The method has been improved in [82] for IPM machines (Figure
2.12b). The winding is not only used to weaken the flux but also to regulate the
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flux in the machine. The drawback of this method is that the DC windings re-
quire either brushes and slip rings or rotating diodes, in addition to the separate
power supply, since the winding is situated in the rotor. Also this method im-

poses significant reliability issues.

Stator Flux path
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Figure 2.13 Cross sectional view of auxiliary coil placed in the rotor end re-
gion [83]

In order to null the magnet flux within the machine a similar auxiliary coil
has been introduced in [83] for the rotor end region of homo-polar generators.
The coil placement in the machine is shown in Figure 2.13. This arrangement
allows for increasing the number of turns; consequently the excitation current
is reduced and thus, it facilitates the reduction of loss and weight of the auxilia-
ry winding including the auxiliary power supply.

The same idea is adopted for the radial [84, 85] and axial [86-88] flux con-
sequent pole PM machine (as shown in Figure 2.14 and Figure 2.15, respec-
tively) using auxiliary windings on the stator side. Even though the machine
configurations allow control of the airgap flux level without any demagnetiza-
tion risk, it reduces the power density since the windings are placed in the sta-

tor.
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Figure 2.14 (a) Structure (b) two pole extended magnetic circuit of the radial-

flux consequent pole PM machine [84]

In [89], a winding arrangement including primary and secondary windings
in the stator side has been proposed for outer rotor PM machines as shown in
Figure 2.16. There is a transformer effect between the primary and secondary
coils. Under normal operation both the primary and secondary windings (in a
shorted cage) act like a shorted transformer. During fault conditions, the cur-
rent in the secondary winding increases, consequently these windings turn into
open circuited winding. This can be done by using fuses or switches. Hence,
the current in the primary windings can be limited by transformer effect. How-
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ever, it is worth noting that this is not reliable and is also very difficult to guar-
antee since the method depends on the switches. Also the additional windings

in the stator side will result in extra copper losses.
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Figure 2.15 (a) Structure (b) two pole extended magnetic circuit of the axial-
flux consequent pole PM machine [88]
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In [90], a damper bar winding has been proposed for PM salient-pole syn-
chronous machines in order to avoid the PM’s demagnetisation under SC fault.
It is shown that irreversible demagnetization might arise in the PM under three-
phase SC fault due to the very large field and armature current. Employing
damper bars in the machine the demagnetization of the PM is avoided as
shown in Figure 2.17. However, the excessive fault current remains in the

winding and thus an additional post-fault control approach is required.
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Figure 2.16 A winding arrangement in the stator of outer rotor PM machines

providing transformer effect [89]
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Figure 2.17 Cross sections and schematic flux lines of a four-pole PM sali-

ent-pole machine under (a) three phase sc fault operation (b) three phase sc
fault operation with dumber bars [90]



Fault tolerant permanent magnet machines | 34

2.8.1.8. Stator shunts

The same shunt concept in [89] is adopted in the stator side in [50, 53] by
placing the thin solid copper/ N number of turns winding at the slot opening
region as shown in Figure 2.18. During normal operation, thin solid copper is
fed by a DC supply forming a coupling between the stator and the rotor due to
the saturation at the slot opening. Under faulty operation the supply is discon-
nected, consequently the flux produced by the magnet is shorted through the
slot opening. The main disadvantage of the method is that the thin copper re-
quires a high amount of MMF in order to saturate the region resulting in exces-

sive copper losses.

Figure 2.18 Electrical shunt — (a) shorting the flux via slot opening under the

fault (b) saturated slot opening region under healthy operation [50]

2.8.1.4. Rotor shunts

In [91], a magnetic shunt arrangement was proposed for the PM alternator
to provide the desired wave shape. The shunts are placed between the pole
pieces as shown in Figure 2.19. The winding on each flux shunt generates flux
in the shunt proportional to the supplied current. The flux through the stator
winding is controlled by increasing or reducing the shunt flux and thus it con-
trols the amount of flux diverted from the magnets through the shunt. In the
case of fault the windings around the shunt are de-excited, thus, a large portion

of the magnet flux is shorted through the shunt. As discussed earlier in section
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2.3.1.2, the additional winding causes extra losses and increases the total

weight.

= Shunt
Magnet o SR winding

Figure 2.19 Shunt arrangement in PM machines [91]

2.3.2. Mechanical design
Several mechanical designs were proposed to weaken the magnet flux dur-

ing the SC fault. The key challenges and issues of mechanical designs are: reli-

ability, additional weight and latency in triggering the mechanism.

11

Rotor
Magnet

Figure 2.20 Shunting the flux via slot-opening under sc fault [92]
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The same concept as the electromagnetic shunt, mechanical shunt mecha-
nism also can be used to weaken the flux in the magnet under fault conditions.
In [92], a spring loaded shunt mechanism was proposed to decouple the rotor
flux via slot opening as shown in Figure 2.20. Under healthy operation the slot-
opening region is open and thus it provides a strong magnetic coupling be-
tween the stator winding and the rotor magnetic flux. Under fault, the slot-
opening is closed using the magnetic wedges. Hence, most of the magnet flux
is shorted through the slot-opening, reducing the coupling between the stator
winding and the magnet flux. Additional systems in the mechanism to open
and close the wedges will increase the system’s weight. Reliability of this clos-
ing method and the time which is taken to react are also of concern.

A similar shunting concept has been applied in [93] using adjustable mag-
netic sleeves while rotor and sleeves are rotating. The sleeve has spaced ferro-
magnetic bridges as shown in Figure 2.21. The sleeve can be shifted with re-
spect to the rotor angularly. It changes the amount of flux that passes through
the bridges. It is shown that the reposition of the sleeve provides a more con-
stant output voltage during the load from the alternator and increases efficiency
by diminishing the eddy current losses. This method has the same disad-

vantages as the previous one.
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Figure 2.21 Shunting the flux via sleeve [93]
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In [94], a method has been proposed for an axial flux PM machine to
achieve constant-power operation over a wide speed range. It was shown that
adjusting the phase displacement between the two PM rotor discs weakens the
machine flux linkage as required, as illustrated in Figure 2.22. The phase shift
IS managed using a speed dependent mechanical device. As the desired phase
displacement between the rotor discs does not produce a variation of the airgap
flux density, this can be accomplished with no energy demand and a simple
and cost effective speed-dependent mechanical regulator can be used [94].

However, reliability is the key concern of this method.
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Figure 2.22 Mechanical weakening of the flux linkage via the regulation of
the angular phase displacement between the two PM rotor discs - (a) aligned
(b) shifted by a [94]
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Figure 2.23 Magnet flux weakening using misalignment between rotor and
stator [95]

In [95], field weakening is introduced in the PM machine using axial misa-
lignment between rotor and stator. PMs are supported on the inner surface of
an axially movable cylindrical shell as shown in Figure 2.23. Under normal
operation both stator and rotors are aligned perfectly. In the event of failure the
rotor is moved in an axial direction outside the rotor. In this case the reliability
of the method is greatly dependent on the capability of bearings and the re-
sponse time which it takes to move the rotor.

In [96], a method has been proposed to weaken the flux by varying the air-
gap under SC fault conditions. The design has a fixed rotor and an adjustable/
moveable stator. The stator is divided into two parts and held by screws at both
ends as shown in Figure 2.24. Under healthy operation, the machine is operated
with a fixed airgap. In the event of fault the stator is moved away from the ro-
tor; consequently the airgap is increased and so the SC current reduces due to
less coupling between the stator and PM rotor. As explained beforehand, relia-

bility is the key concern.
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Figure 2.24 Magnet flux weakening by varying airgap[96]

2.3.3. Thermal design

In [97], a method has been proposed for a machine designed for a safety
critical application where parallel redundancy is employed (as shown in Figure
2.25). The stator and rotor are constructed using iron/ferrite material. In the
case of fault, the stator and the rotor material heat up due to generated high
fault current. External heaters sense the fault condition and are used to speed
up the heating process of the material. As a result the material becomes non-
magnetic and thus the machine is prevented from further failure. During the
cooling process the material regains it magnetic properties. The disadvantages
of the method are: poor magnetic properties of iron resulting in poor power
density, poor thermal constant, and the risk that heat in the faulty machine may
spread requiring additional heat contamination. The key concern is how fast the

material becomes non-magnetic.
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Figure 2.25 PM machine with external heaters [97]

2.4. Fault control methods and comparison
Table 2-1 shows a comparison between the various methods mentioned
above. From Table 2-1, it can be seen that shorting the phase scheme is the

most attractive method in terms of the cost, weight and reliability.

RELIA- | LOSS/EFF
SC CONTROL METHODS WEIGHT | CosT

BILITY | ICIENCY
1. Shorting the faulty phase M M M
2. Current injection M M ]
3. Auxiliary winding
4. Mechanical design M
5. Thermal design E3)

Table 2-1 Comparison of various methods
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2.5. Conclusion

In this chapter, fault tolerant aspects in the synchronous PM machines, in-
cluding various proposed methods and strategies with more emphasis on inter-
turn SC fault, have been discussed. The advantages and disadvantages of the
proposed methods are also examined. The key conclusion is that there are no
ideal solutions for fault tolerance with regards to either design or control mech-
anisms. There are many trade-offs involving reliability, performance (torque
density, power density, and efficiency), cost, weight, etc to accomplish the re-
quired level of fault tolerance. It is shown that shorting the faulty phase
through the inverter terminal scheme is the most attractive method.

In the next chapter, the shorting terminal of the faulty phase scheme is
adopted to investigate the inter-turn SC fault. An analytical model is estab-

lished to improve computational time.



CHAPTER

Analytical prediction of inter-turn

SC fault current

3.1. Introduction

This chapter describes an analytical method that can predict the inter-turn
SC fault current considering the fault location in the slot of FT-PM machines.
Since the winding inductances are directly related to the flux, the self-
inductance of both healthy and faulty turns accommodated in a phase coil as
well as the mutual inductance between them can be evaluated by quantifying
the slot-leakage and air-gap fluxes. The evaluation of inductances as a function
of the fault position can be used to determine the SC current before and after
the application of remedial action which consists of short-circuiting the faulted
phase terminals as discussed in chapter 2.

3.2. Why do we need an analytical model?

Modelling the machine including the fault is the first step in the develop-
ment of fault analysis. There are two methods commonly used: FE method and
analytical method. These methods always have a trade-off between time and
accuracy. FE method is a numerical technique used to solve field problems of

structures with any complex geometries and non-linear material properties. It is
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done by dividing the entire region of analysis into smaller finite elements
which are connected to the adjacent elements by two or more nodes. A main
disadvantage of this method is that the accuracy is directly proportional to the
computation time and which can be varied according to the choice of mesh
size. Furthermore, it’s relatively difficult to implement the drive control algo-
rithms in an FE environment. Hence, recent interest in development of analyti-
cal methods is increasing as they can provide faster solutions with sufficient
accuracy.

There are few analytical methods proposed in the past for prediction of the
SC fault current based on the lumped-parameter model [98, 99] and equivalent
circuit model based on parameters calculated using either experiment or FE
[100, 101]. The lumped-parameter model is based on the analogy between
magnetic and electric circuits, where the machine is represented as a reluctance
network with its associated magneto-motive sources. Although the modelling
and computational time of this methods is much shorter than that required by
FE ones, the modelling accuracy of the method highly depends on the number
of nodes and related reluctance paths. Furthermore, the model becomes more
complex in the case of single turn fault where each turn is represented by an
equivalent reluctance. A FE based equivalent circuit model can be used as an
alternative, however taking considerable amount of time for geometry for-
mation and the parameter computation. Hence, a complete analytical model
which can estimate the SC current effectively with less computation time is

very useful.

3.3. An analytical model based on flux maps

In section 1.2, we have shown that the current in the shorted turn(s) is de-
pendent on its (their) relative position in the slot where the phase winding is
housed, and the slot-leakage flux associated with these turns has a significant
influence on the magnitude of the SC current when a remedial action is applied
(short-circuiting the phase terminals methodology). Hence, an accurate
knowledge of these slot-leakage fluxes will facilitate the computation of differ-
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ent inductances: inductance of the SC turn, inductance of the remaining healthy

turns and mutual inductances between them; consequently the SC current.

Slot-leakage -
flux >
,,,,,,,,, o o
,,,,,,,,,,,,,,,,, >
,,,,,,,,,,,,,,,,, .
,,,,,,,,, .
,,,,,,,,, ]
,,,,,,,,,,,,,,, —
Tooth-tip A
leakage flux
Rotor
(a)
Stator
. g
,,,,,,, L
End-leakage
flux
Airgap flux { .
AAAAAAA]
Rotor
(b)

Figure 3.1 Flux components of a concentrated winding contained in a slot: (a)
view of the slot area and (b) view of the end winding area

The flux associated to the winding inductances can be divided into two
parts: main airgap flux and leakage flux, as shown in Figure 3.1. Furthermore,
the leakage flux in electrical machines can be divided into two parts: the air

gap flux leakage (e.g. zigzag leakage flux, skew leakage flux [102]) and the
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flux leakage components that do not cross the air gap. The leakage flux cross-
ing the air gap is included in the main air gap flux. The flux components that
do not cross the air gap can be separated according to their location within the
slot. Those are:

1. the slot leakage flux;

2. the tooth-tip leakage flux;

3. the end-winding leakage flux.

Since these leakage fluxes are directly related to inductances (i.e. flux link-
age for a unit current), by considering the above leakage fluxes and the main
air gap flux, the associated inductances can be calculated. The total phase in-
ductance is obtained by summing the different inductances. However, calcula-
tion of the leakage fields is difficult since the geometry is quite complex; the
end winding leakage inductance is particularly difficult to compute. Thus, sev-
eral assumptions will be made to simplify the computation process. These are

explained in the next section.

3.3.1. Computation of SC inductances

Computation of indactances for a traditional (strand) Round Condutor
Winding (RCW) is dificult and complex. Hence, a modelling approch proposed
in [22, 103] is used with some modifications to suit fault tolerant machines.
Initially, the flux distribution of a circumferentially arranged rectangular bar-
type winding and RCW are investigated in FE by injecting a current in a turn
whilst the remaining turns are open circuited as shown in Figure 3.2. Since
both windings have similar flux distribution in the slot, the bar-type winding
can be adopted in the modelling instead of RCW. Considering this arrangement
of the conductors in the slot, the bar-type winding is named as Horizontally
placed Strip Winding (HSW) throughtout this chapter.
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Figure 3.2 Flux maps of the (a) RCW, (b) HSW in a slot of FT-PM machine

Figure 3.3 shows the considered slot geomery of the machine having HSW,
where the short-circuited adjacent turns (Ns) are sandwiched by the remaining
healthy turns (N, and Np). X represents the position of the shorted turns. Thus,
the different inductances of both healthy (N; and Np) and faulty (Ns) turns as
well as the mutual inductance between them can be estimated with respect to

the fault location by quantifying the associated slot-leakage flux.
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Figure 3.3 Flux representation used in the modeling of horizontal winding
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In the modeling process, the following assumptions were made:
1. the laminated magnetic material has an infinite permeability;
2. the concentrated winding is placed horizontally and uniformly in the
slot;
3. the slot-leakage flux is always parallel to circumferential direction as
shown in Figure 3.3;
4. The end-leakage flux is negligible.

As shown in Figure 3.3 to calculate the self inductance of Ns shorted turns,
the total leakage flux can be divided into five parts:
A. the slot leakage flux (¥s) linking the slot wedge and the slot opening
associated to the shorted turns;
B. the slot leakage flux (¥1) linking the height (hp-h,) associated to the
shorted turns;
C. the slot leakage flux (¥>) linking the height (hs-hp) associated to the
shorted turns;

D. the leakage flux associated to the tooth-tip and air gap.

A. Flux () linking the slot wedge and the slot opening

The flux (%) linking the slot wedge and the slot opening associated to the
shorted turns can be estimated by quantifying the permeance (Ps) of a
rectangular slot opening and a trapezoidal slot wedge [103]. Hence, the flux

(Wso) is given as follows:

‘PSO = I:)SNS2 I

L 5. Iy S8)
- ,uolst{b +2tan(oc)ln(b HNS I

0 0

where:
lsi : axial length of the laminated core

Mo : permeabilty of air
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b, : the slot opening

Sw : the slot width

ht : the tooth-tip height
a . the slot wedge angle
| : the current

Ns : the number of shorted turns

B. Flux (¥1) linking the height (h,-ha)
The total flux linking the width (hy,-h,) of the shorted turns (Ns) can be
evaluated by integrating the flux density over the corresponding area A.

Applying Ampere’s law, the flux density can be written as:

N.I
B = Hy H =:uoTS (32)

and the flux increment can then be written as:

q

dW — BdA= ﬂONTwstk dx (3.3)

with dx being the length increment along the slot depth, (I) the flux path
length across the slot width and (Ns) the number of shorted turns. Assuming a
trapezoidal slot geometry and uniformly distributed turns along the slot height,

| and Ns can thus equal to:

I =S, +2(h,—x)tan(3) (3.4)

N, =
h

(x-h,) (3.5)

S
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By integrating (3.3) the total flux linking the height (hy-h,) of the Ns shorted

turns is

(3.6)

h NY (X_ha)2
o hy /uo IStk I[h_SJ I:SW+2(hS_X)tan(ﬁ):|dX

The integration can be done numerically using a methamatical software
(i.e. MathCad, Maple, Matlab).

C. Flux (¥>) linking the height of (hs-hy)

The flux linking the height (hs —hp) associated to the shorted turns can be
estimated by quantifying the corresponding trapezoidal slot permeance (Py)
[103]:

el — L i S, +(2tan(B)(h,—h,))
2tan () S, (3.7

and the resulting flux linkage is given by:
¥, =R NZI (3.8)
The total slot leakage flux linking the shorted turns is:
Y.=¥Y,+¥, +Y, (3.9

Using the same derivation process, the slot-leakage flux (¥}) linking all the

healthy turns as well as the mutual flux (¥,) between the healthy and the
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shorted turns can be evaluated. The equations of these fluxes are given in

Appendix B.

D. Flux associated to the tooth-tip and the air gap
The tooth-tip leakage flux and the air gap flux can be calculated by

quantifying the tooth-tip leakage permeance P, and the air gap permeance P,

as follows [103]:

N 5(1, +h, ) /b, (3.10)
wo e 5+(4(1, +h,)/b,)

_ 0
P, = 1, g In(1+((lg+hm)/r)) (3.11)

where, r,lg,0 and hy, represent respectively the rotor radius, the air gap

length, the slot pitch angle and the magnet depth.

Hence, self and mutual inductances under fault conditions can be calculated

respectively from the following equations:

L. = P, N2+ NQ(Pa, N2 + Tj (3.12)

L = PN+ NQKPa, N2 + %) (3.13)

L,= PN, N, + NQ(Pa1I N, N, + \I;mj (3.14)
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where, Ng is number of slots per phase coil. For a concentrated wound single
layer winding, the slot-leakage and tooth-tip leakage fluxes are doubled since
there are two slots per phase coil (Ng = 2).

3.3.2. Computation of inter-turn SC current
The resistance (R) and the back electromotive force (e) of both healthy and

shorted turns can be determined as follows [28]:

R=Np— 3.15
Py (3.19)
e =27 f Nk, @, (3.16)

where, N, p, I, A, ky, f and @y represent respectively the number of the
considered turns, the resistivity of the conductors, the length of one turn, the
cross section area of one conductor, the fundamental winding factor, the
operating frequency and the fundamental air gap magnetic flux amplitude. The
resistance of the winding is calculated at temperature of 20°C neglecting eddy
current effects and it is assumed to be constant under fault conditions. The
back-emf is calculated at no load and assumed to be sinusoidal and phase
shifted between the phases by 120 electrical degrees. It is assumed that the
induced emf in the shorted turn(s) due to the rotor excitation field is exactly
aligned with its phase and that there is no load dependency. In realty the back-
emf magnitude will reduce as a function of the armature reaction flux due to
saturation. However this is in general expected not to have a major influence
on the approach undertaken as will be shown further on in the next section

when saturable FE models are adopted and compared to the analytical solution.
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As described in section 1.2, the transient SC current can be obtained by the

differential equations (3.17).

dl, .

dat L, Lm| |V,-e-LIR

dt — h m 1 el 1% (317)
dl, Lm Ls —e, —I R,

dt

Assuming that the machine is sinsodially fed, the steady state SC current I
can be obtained by replacing the time derivatives by jo in (3.17). Thus, Is can

be simplified as follows:

e, (@) jol,
=% _ | 3.18
*" "R+ jol. R + jol 1 (@) (3.18)

where, |1 is assumed to be still under control during a fault condition. Once an
inter-turn SC fault is detected, the phase terminals of the faulty phase are
shorted as part to the fault tolerant control strategy; this current is computed in
steady-state by (3.19)

jolL, e,
* RR, +0*(L2-LL)+joR, L +R.L,)

(3.19)
joL, +R, o
Rs Rh + wz (Lmz_Ls Lh) + Ja)(Rh Ls +Rs Lh) ?

3.3.3. Horizontal winding configuration - comparison with finite element
calculations

A three phase, 12 slots and 14 pole concentrated wound FT-PM machine

(Figure 3.4) is considered. The specifications of the machine are given in Table

3-1. Each phase has two coils connected in series, each having 65 turns which

are wound around the respective teeth as shown in Figure 3.5.
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Figure 3.4 Cross sectional view of a 12slot 14 pole FT-PMSM

SPECIFICATION VALUE
Rated Speed (wm) 2000 rpm
Rated Output Power (P,) 2062 W
Rated Current (Peak) 10A
Phase Resistance (Rs) 0.45058 Q
Slot Height (hs) 12.5 mm
Magnet Height (hy,) 3 mm
Air gap Length (includes hy,) 4 mm
Slot Opening (bo) 1.65 mm
Slot Width (Sy) Inner 12 mm, Outer 18.5 mm
Tooth Shoe Height (hy) 2mm
Slot Wedge Height (hy,) 1 mm
Rotor Radius (rro) 27.5mm

Table 3-1 Specification of the three phase FT-PM machine
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Figure 3.5 Representation of HSW configuration
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Figure 3.6 Flux maps of the HSW in one slot for two different shorted turn

positions: (a) at the inner most (b) at middle

Firstly, the resulting SC current when different numbers of inter-turn faults
occur was investigated with the analytical model then compared with FE [104].
FE nalysis is performed using linear magnetic material (i, = 2000). In addition,
FE analysis using non linear magnetic material (M250-35A) is used as a
benchmark. The numbers of shorted turns considered were 1, 5, 10, 15, 20, 25,
30, 45 and 60. Analytical and FE calculated steady state SC currents after the
application of the remedial control strategy are given in Figure 3.7 where it can
be seen that the single turn fault is the worst case scenario. Since the single turn

SC is the worst case the resulting SC currents for various single turn faults but
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at different positions will be considered. The associated inductances for various
single turns at different locations, which correspond to the following positions
in the coil of the shorted turn: 1, 13, 26, 33, 39, 52 and 65. The different
inductances computed with the analytical model are compared to the ones

calculated by FE and the obtained results are shown in Figure 3.8.

<
=
o
5
O
3 6 .
----- Analytical
31 —O—FE - non linear ||
.......... FE - linear
0 [ [ [ - -
1 11 21 31 41 51 61

Number of shorted turn
Figure 3.7 SC current vs. the number of shorted turns after application of the

remedial action

The analytically calculated inductances are in good agreement with the FE
ones. However, it can be seen from Figure 3.8 that the analytically calculated
inductances are slightly higher (with error of 2% — 5%) than the FE ones; this
is mainly due to the assumption of the flux paths being only parallel to the
circumferential direction. This can be observed from Figure 3.6. It is also
interesting to highlight the fact that the resulting SC current in the healthy
turns, when the phase coil is short circuited as part of the remedial control
strategy, is out of phase with the back-emf as the coil impedance is inductance
limited [4]. This results in an equivalent negative d-axis current which drives
the iron out of saturation, thus making the analytical modeling method a valid

approach.
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Figure 3.9 shows the computed steady state SC current compared to FE
results when the remedial action has been applied (ie. applying a terminal SC).
As it can be seen, the results are in good agreement. The error between the two
methods is less than 2.3%. The SC current reaches its maximum value when
the fault is located close to the slot opening. This is the worst scenario of this

type of winding.
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Figure 3.9 Current in the shorted turn after application of the remedial action
for the HSW

3.3.4. Model verification for RCW

In order to verify the usefulness of the proposed analytical tool, the SC
current in the RCW is computed in FE assuming that the fault is located at
various positions within the slot of the same FT-PM machine, as shown in Fig-
ure 3.10. The turn-turn SC current of a corresponding HSW for a number of
fault positions along the coil are calculated analytically.

Figure 3.11 shows the steady-state SC current of the turns depicted above
and the corresponding current in HSW configurations were adopted for a fault
in the same position. The results are for when the remedial action has been
applied. It can be observed that the induced current in the RCW reaches over
four times the nominal current when the fault is located in the bottom of the
slot due to low inductance. Also it can be seen that the predicted magnitude of
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the SC currents are identical for the turns located at the same radial position
(turns 1-2-3, 4-5-6 and 7-8-9 for instance). This is due to the assumption that
the flux is invariable along the tangential direction.

V)

)

Figure 3.10 Representation of the SC fault location in traditional stranded

winding

50 T T T T T T T [ I
--B-- Analytically calculated for HSW
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SC current (A)
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Figure 3.11 Comparison of the SC current in RCW and HSW configurations

under fault at 9 different locations when remedial action being employed

The results obtained for RCW are in good agreement with the calculated

ones everywhere in the slot except where the fault is located closest to the slot
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opening. The proposed analytical method underestimates the SC current at
middle of the slot-opening (at position 8) while overestimates it at position 7
and 9. This is due to the fact that the slot-leakage flux lines close to the slot
opening are not exactly in the circumferential direction. However, this analyti-
cal method is completely valid for bar-type winding. Thus, the method can be

used as a reference for RCW.

3.4. Solution to inter-turn SC fault

One way of overcoming this serious over current is to design the machine
with a larger inductance which can be even higher than unity per unit
inductance. Whilst possible, this would result in a poorer power factor and a
significant reduction in the torque density achievable [3]. Due to these negative
merits of this design approach, as a solution to the serious over current, a
vertically placed strip conductor winding (VSW) configuration is proposed as

a solution and analysed hereafter.

Stator

Figure 3.12 Perspective view of the VSW

Figure 3.12 shows the prespective view of the concentrated wound VSW.
This winding is placed in the slot vertically and is made of thin copper foil or

strip or solid rectangular conductor depending on the required number of turns
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per slot. In next section, an analytical model is proposed to compute the
inductances of VSW.

3.5. Inductances compuatation of the proposed vertical conductor
winding

In order to compute the inducances, the flux map in the slot containing the
VSW were first obtained using FE for different faulty turn placements in the
slot. Different placements of faulty turn are investigated by injecting a current
whilst the remaining turns are open circuited. It was observed, as shown in
Figure 3.13, that the flux lines across the slot are parallel to the vertical
conductors. This assumption is valid under SC fault conditon since the
relatively high induced current in the shorted turn which results in an increase
of the SC MMF. Thus, the inductances can be evaluated by assuming that the

flux lines are parallel to the conductors.

(@) () (©)

Figure 3.13 Flux maps in one slot of the VSW for three different positions of
one shorted turn. (a) One shorted turn in the left side of the slot (b) One shorted

turn in the middle of the slot. (c) One shorted turn in the right side of the slot
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Figure 3.14 Flux representation used in the modelling of the VSW

The following assumptions are made in the modeling process:

1. The slot has a rectangular shape, as shown in Figure 3.14;

2. The laminated magnetic material has infinite permeability;

3. The concentrated winding is placed vertically and uniformly in the
slot;

4. Under fault conditions, due to the relatively high induced SC current,
the flux lines across the slot are parallel to the conductors, as
illustrated in Figure 3.14;

5. the end effects are negelected.

Furthermore, for the modeling purposes, the slot is split in the middle as
shown in Figure 3.14. With respect to the position of the shorted turns, being
characterized by the lengths W, and W, three conditions were made for the

inductances calculation process. These conditions are:
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if W, <W, < S7W then,

L S
Y., = f(N, x), XE‘:O,?N}
: S
if W, >WwW, > 7"” then,
2. S
Y, =f(N,S,-x), X€|:?W,SW}
3, {if W, < 37W< W, then, ¥, =w

Where, the slot leakage fluxes (Wa1, Wa2, Wa3) are estimated with respect to the

shorted turns’ number Ns and their position (x) as will be detailed in the

following section.

To calculate the self inductance of N shorted turns, as shown in Figure
3.14, the slot-leakage flux can be divided into four parts:

A. the slot leakage flux (W) linking the slot opening;

B. the slot leakage flux (¥1) linking the width (W, — W,);

C. the slot leakage flux (¥;) linking the width (S./2 — Wp);

D. the slot leakage flux (W3) linking the width (S, — Sw/2) respectively.

A. Flux linkage (¥s,) associated with the slot opening
The flux (Ws) linking the shorted turns and associated to the slot opening

can be estimated by quantifying the permeance of the slot opening (Ps v):

(3.20)
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B. Flux (1) linking the width (W, — W,)
The total flux linking the width (W, — W,) of the shorted turns (Ns) can be
evaluated by integrating the flux density over the corresponding area (A).

Applying Ampere’s law, the flux density can be written as:

B=uH-= %% (3.21)
where,
e | =hs+xtan(a) is the leakage flux path length

o N = N(X-W,)/S,, is the number of shorted turns occupying the width
(Wb - Wa)

Hence, the flux increment can be written as:

N2l
d¥ =BdA=s, 1, dx (3.22)

and the associated flux linking the width (W, — W) of the shorted turns is given
by (3.23).

(3.23)

2 2
W, N (X—W)
= | — || —2. |d
w, Ho e (S j [hs+xtan(a)] "

C. Flux (¥,) linking the width (S,/2 — W)
The flux linking the width (Sy/2 — W) associated to the shorted turns can be

estimated by quantifying the corresponding slot permeance ( P, ):
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S, — 2W,
P o=l w b 3.24
s2 :uo stk |:2( hs +Wb tan(a)) } ( )
and the resulting flux is given by:
¥, =P,N>I (3.25)

D. Flux (¥3) linking the width (Sy, — Sw/2)

In a similar way as for (¥,), the permeance (Ps3) associated to the width

(Sw— Sw/2) and the corresponding flux is given by:

Y, = PR, st I
(3.26)
_ lﬂo L 2S,h, +2S,h,—bh, N2 |
2 (h+h,) (2h,+h,)
The total slot leakage flux linking the shorted turns is:
Y.=¥Y, +Y¥ +¥,+Y¥, (3.27)

In the same manner, slot-leakage flux ¥y linking all the healthy turns as
well as the mutual flux W, can be evaluated using the equations given in
Appendix C. The tooth-tip leakage and air gap fluxes can be estimated using
(3.10) and (3.11) and the corresponding SC, healthy and mutual inductances
can be computed respectively from (3.12), (3.13) and (3.14).
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3.5.1. Comparison with finite element calculations

In order to verify the proposed analytical tool, the same three phases, 12
slots and 14 poles concentrated winding FT-PM machine is considered. The
inductances are evaluated under one turn SC fault condition for different
locations (as shown in Figure 3.15), which correspond to the position in the
slot of the shorted turn whose number is 1, 13, 26, 33, 39, 52 and 65
respectively. The different inductances computed with our model are compared

to the ones calculated by FE and the results obtained are shown in Figure 3.16.

Fault in nt turn

Turn 65 (_ Turnl Turnl é Turn 65
/ /

— 4 | S

—

Figure 3.15 Representation of n turn SC fault in the VSW

The results are in good agreement, but the analytically calculated values of
inductances are slightly higher than the FE as for the horizontal winding. The
error between the two methods is less than 5%. This is again likely due to the
fact that linear iron is assumed in the analytical model and due to the fact that
the flux lines are not strictly straight along the radial direction, as evident in
Figure 3.13.
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Figure 3.17 Current in the shorted turn after application of the remedial

action for the vertical winding configuration

From Figure 3.17, it can be seen that the SC current results are in good
agreement as well. The SC current reaches its maximum value when the fault is
located in the middle of the slot. The comparison of analytically calculated and
FE computed inductances and resulting SC currents were also carried out for
different slot geometries and multi-turn SC faults. Similar characteristics were

obtained.

3.5.2. Comparison of winding configurations with respect to inter-turn SC
current suppression

Figure 3.18 shows the induced current in the HSW and VSW for different
fault positions. Form Figure 3.18, it can be observed that the current variation
with the faulted turn position can be neglected in the vertical winding
configuration when compared to the horizontal winding. This result shows
clearly that the vertical winding is intrinsically limiting the short-circuit current
significantly compared to both RCW and HSW.
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Figure 3.18 Comparison of the current in the shorted turn of HSW and VSW
configurations after application of the remedial action

3.6. Experimental validation

Although a degree of confidence in the analytical methodology to calculate
the resultant SC current is achieved through FE validation, experimental
validation is also carried out on a purposely constructed stator core section
(Figure 3.19). For simplicity of manufacturing, the stator core section is
constructed using a solid material (low carbon 0.1-0.3% steel, specifications of

which are given in the Table 3-2).

(b)
Figure 3.19 Constructed stator core section with (a) HSW (b) VSW
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The windings are placed in the slot horizontally with 50 turns (due to the
folded end-winding), then vertically with 100 turns as shown in Figure 3.19a, b
respectively. In both cases, to allow a satisfactory precision of measurement a
five turn SC is considered. By considering that the fault occurs at positions 1,
15, 35 and 45 for the horizontal winding and 1, 21, 48, 71 and 95 for the
vertical winding, the inductances of healthy and shorted turns were measured
using an RLC meter.

SPECIFICATIONS VALUE
Tooth Width (W) 24.7562 mm
Slot Height (hs) 18 mm
Slot Opening (b,) 0.82 mm
Slot Width (Sy) Inner 18 mm, Outer 18 mm
Tooth Shoe Height (ht) 3mm
Conductivity (o) 5800000 S/m at 20°C
Relative Permeability (u) 200

Table 3-2 Specification of the prototype stator core

As shown in Figure 3.20 and Figure 3.21, the tendency of the measured
results is in good agreement with both analytical and FE results, but the
measured SC inductance shows a significant difference from the computed
ones. This is due to the characteristic of the solid magnetic material which has
a very low relative permeability (4 = 200), which is confirmed by
conventional experimental methods [105, 106]. The relative permeability of
low carbon steel is confirmed using hysteresis loop measurements (remanence
flux density B, = 1.2 T and coercive force H. = 5320Am™). For verification
purposes, the obtained SC inductance with FE using similar material’s
properties is also given in Figure 3.20 and Figure 3.21. This is very close to the
simulated value; however, the measured healthy inductance is slightly higher
than FE under similar conditions. This may be caused by the end-leakage
inductance that is not considered in FE analysis. However, this is much less
significant in the case of few shorted turn, where the end-leakage inductance
can be neglected.
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Figure 3.20 Comparison of measured and computed inductances: (a) SC
inductance of the HSW and (b) healthy inductance of the HSW
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Figure 3.21 Comparison of measured and computed inductances: (a) SC
inductance of the VSW and (b) healthy inductance of the VSW

The measured results clearly show that the SC inductances are position
dependent in the slot and thus, the short circuit current is also position
dependent and will be excessive if the fault occurs in the critical fault location
(close to slot opening). The experimental results clearly show that the faulty

turns’ inductance position dependency in the vertical coil arrangement is very
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small. This results in an effective solution to mitigate the issue of large short

circuit currents close to the slot opening in traditional coil arrangements.

3.7. Conclusion

This chapter has clearly highlighted the issues with the SC current
magnitude as a result of the location of the fault within the coil. The study
focused on concentrated coil structures often adopted in fault tolerant
machines. It was observed that for stranded coils a single turn-turn fault close
to the slot opening results in a worst-case SC current magnitude. An analytical
model that can be used to evaluate inductances and subsequently calculate the
fault currents for two different concentrated winding configurations under SC
fault conditions has been proposed. Although this method, as any other
analytical method, has some obvious limitations in terms of accuracy, it has a
very fast computation time and can be effectively used at a design stage where
much iteration is needed and where the modeling of individual turns in a FE
package under fault conditions would be prohibitively time consuming. The
modeling method is also very easy to integrate in dynamic simulations where
the effect of faults on the system dynamics and converter control are also

required.



CHAPTER

Comparative thermal analysis of

RCW and VSW

4.1. Introduction

The conductors of the VSW being placed vertically in the slot are expected
to experience a higher current re-distribution due to resulting eddy-currents.
This is due to the main slot leakage crossing the slot in mostly a tangential di-
rection. The issue is naturally more dominant at higher speeds (frequencies).
There are two different phenomena that contribute to the total eddy-current ef-
fect: skin effect and proximity effect which is also named as double sided skin
effect [103]. The skin effect is the tendency for very high frequency currents to
flow in the surface of the conductor and the proximity is the tendency for cur-
rent to flow in other undesirable patterns that form a localized current distribu-
tion in the slot due to the presence of an external field which can be produced
by either the magnets or adjacent surrounding conductors [107, 108]. These
effects are dependent on the physical structure of the winding, the length of the
conductors, the slot dimensions and the operating frequency. Detailed analysis
of these losses will be dealt with in the next chapter.

In this chapter, an investigation into the thermal behaviour of both VSW
and RCW wound FT-PM machine is done under healthy and post-fault con-

trolled operating conditions, i.e. shorting the phases via converter terminals.
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Bulk thermal conductivity of copper windings is relatively low compared to
solid copper [109]. This results in a considerable temperature gradient within
the winding with the hot-spot determining the machine rating. The effective
thermal conductivity is a function of the copper packing factor and the conduc-
tivity of the resin. In a VSW it is expected that this issue is somehow alleviated
due to the fact that: a) higher copper packing factors can be achieved and, more
importantly b) the radial conductivity of the winding is expected to approach
that of pure copper. The latter should significantly improve the thermal man-
agement of exterior-cooled machines. Thus, a study carried out using FE [61]
and a comparison between the two windings is done with a particular focus on

the winding hot spot.

4.2. FE Copper losses evaluation

In order to evaluate frequency dependent copper losses an assumption is
made that there are no changes in the effective resistance due to the tempera-
ture rise. The same FT-PM machine as the one considered in chapter 3 (see
chapter 3 — section 3.3.3) is adopted for both winding configurations (RCW
and VSW). In FE, both winding arrangements are modelled conductor by con-
ductor, where RCW has diameter of 1.3819 mm whilst VSW has a height of
11.5 mm and a width of 0.13043 mm. The winding arrangement in the slot and
the adopted mesh conditions for both VSW and RCW are given in Appendix
D.1.

Figure 4.1 shows the ratio of AC (sum of DC and eddy-current losses) to
DC losses against frequency. As can be seen, the two winding configurations
have the same AC losses at low frequency while at rated frequency (233.33
Hz) the losses of the VSW are almost twice the value of those of RCW.
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Figure 4.1 AC/DC loss ratio vs. frequency, Comparison between VSW and
RCW

Since the cross section of the RCW is less than the skin depth for the range
of frequencies considered, the additional losses are resistance limited. Howev-
er, it is not the case of the VSW which has a larger skin depth in the radial di-
rection as the height of its conductors is almost equal to the slot height and
thus, both proximity losses and skin effect exist. This is further illustrated by

the current density distribution plots shown in Figure 4.2.

From the obtained results, it is clearly evident that even though the VSW
eliminates the SC current amplitude dependence on the position in the slot of

the shorted turn, it increases eddy current losses.
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Figure 4.2 Current density distribution in the slot for: (a) RCW, (b) VSW
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4.3. FE steady-state thermal behaviour

The temperature rise in the machine is a consequence of losses. The operat-
ing temperature must be monitored and controlled by adopting necessary cool-
ing arrangement to continue the operation safely. Therefore, a comparative
thermal analysis of both RCW and VSW windings is undertaken under healthy
and faulty operating conditions.

To investigate the thermal behaviour of the proposed winding, a 2D FE
thermal analysis is carried out to predict the temperature distribution in the slot
under both healthy and faulty operation. The study is carried out in a weakly
coupled electromagnetic and thermal FE simulation environment [110, 111].
Thermal 2D FE simulation is performed using the losses calculated from elec-
tromagnetic FE simulations at both healthy condition (wraeq = 2000 rpm,
lheak=10A) and faulted condition with the remedial action (converter terminals
SC) is being applied.

The same machine is used in this analysis, where the cross section area, in-
sulation thickness, slot coating, slot dimensions and thermal boundaries (stator
outer surface temperature is fixed t0120 °C) are kept the same for both wind-
ings. Both windings are designed to have the same fill factor (K = 0.65). The

insulation properties used in 2D thermal simulation are given in Table 4-1.

Thermal Thermal
Description Conductivity heat capacity
(W. m*c? (. kgt.ch
Winding insulation 0.22 1500
Slot wall insulation 0.25 1256
Slot insulation 0.10 1200

Table 4-1 Properties of the insulation material used in the thermal simulation
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Figure 4.3 FE temperature distribution of: (a) RCW, (b) VSW, (c) modified
slot for VSW at healthy operation and (d) RCW, (e) VSW at faulty operation

(after application of the remedial action)
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Figure 4.3a, b, ¢ and Figure 4.3d, e show the slot temperature distribution
for both windings during healthy operation (I = 10 A, wpm= 2000 rpm) and
faulty operation (after application of the remedial action), respectively. It can
be seen that the VSW hotspot value (126.17 °C) is higher than that of RCW
(124.77 °C). This is expected as the copper losses in the VSW for the machine
adopted in this study are twice the ones of the RCW at rated speed (wrpm =
2000 rpm).

To overcome this problem, a solution exists to design the slot geometry
with respect to the shape of the strip conductors so as to facilitate thermal con-
duction between the slot and the iron. Figure 4.3c shows the much improved
scenario. The main advantage of the VSW in terms of heat transfer is that it has
an equivalent winding radial conductivity which is close to that of copper. By
doing so the temperature is limited to its equivalent excursion in RCW. The hot
spot, which is towards the slot opening, is markedly higher in the stranded
winding during faulty conditions, as can be seen in Figure 4.3d and e. From the
obtained results, it is evident that the VSW has a better thermal path to the gen-

erated copper losses.

4.4. Conclusion

From the comparison between VSW and RCW, it can be seen that although
the VSW improves fault-tolerant capability, the generated losses in the wind-
ings are significantly higher than those of RCW. Although these losses cannot
be fully eliminated they can be limited to a reasonable value at design stage,
since the AC/DC loss ratio is significantly dependent on the slot depth. Other
possible design solutions to AC losses, along with a design parametric design
procedure, are presented in chapter 6.

This chapter clearly outlined the advantages presented by the VSW in terms

of it having a better thermal path to the generated copper losses.



CHAPTER

Analytical estimation of winding

losses

5.1. Introduction

In the previous chapter, it has been shown that the VSW is highly influ-
enced by frequency-dependant loss. To investigate this loss both FE [107, 112,
113] and analytical [114-120] methods can be used. FE method is the most
popular and powerful for electromagnetic field computation due to its high ac-
curacy and capability of catering for non-linear characteristics as shown in the
loss results in the previous chapter. However, the method is highly time-
consuming, and limits the flexibility of any parametric study; this is particular-
ly true when conductive media are considered in a transient time-stepping sim-
ulation. Analytical tools can be alternatively adopted as they provide a faster
solution despite their limitations.

In [121-125] proximity losses are investigated for round and rectangular
conductors using a 1-D model. The 1-D model provides complementary results,
but the results may be inaccurate particularly for semi-open slot machines. In
[90], it is confirmed that the obtained losses are inaccurate for the conductors
which are placed closer to slot-opening. This inaccuracy comes from the as-
sumption made that the flux lines are one directional (circumferential); which

is not valid in that region.
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P.Reddy and et.al proposed an analytical method [114, 116, 126] to evalu-
ate the resistance limited eddy current losses for single and double layer wind-
ing arrangements of round conductors based on flux density estimation. How-
ever, this method does not consider the eddy currents reaction field and as-
sumes that the magnets field has no influence on the AC copper losses.

In [127, 128], a method has been proposed for estimation of the effective
resistance of a rectangular conductor by solving a Phasor-form diffusion equa-
tion formulated in terms of current density and solved in Cartesian coordinates
whereas a similar problem but in 1-D is solved in [103]. In both aforemen-
tioned references only a single slot is considered in the analysis and the influ-
ence of the PM field is not considered.

In [129-131], based on a vector potential formulation, sub-domains field so-
lution is proposed to predict the performance of PM machines. Based on that
solution, resistance limited eddy-current loss was calculated in [98, 118] for
open slot configuration. This method was improved in [132] for semi-open slot
configurations. These resistance limited eddy-current prediction methods
which are only valid for round and bar type conductors are limited for re-
sistance limited eddy-current loss and cannot be used to calculate inductance
limited eddy-current loss. Thus, an accurate analytical model which accounts
for AC losses are necessary, particularly for vertically placed conductors where
the skin depth in the radial direction is smaller than the conductor height.

In this chapter, a novel analytical methodology is presented based on sub-
domain field model to calculate eddy current loss for both RCW and VSW in
surface mounted, radial flux, PM machines considering eddy current reaction
effect. The adopted approach consists to first solve the two-dimensional mag-
neto-static problem based on Laplace’s and Poisson’s equations using the sepa-
ration of variables technique for each of the following sub-domains: PM, air
gap, slot-opening and slot. Then, based on that solved solution, by defining the
tangential magnetic field (H;) at the slot opening radius Helmholtz’ equation is
solved in the slot sub-domain. The current density distribution is derived from
the time-harmonic vector potential solution and the eddy current loss is conse-
quently calculated. The validity and accuracy of the model is verified using FE

analysis. Finally, we discuss the limitations of the proposed approach.
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5.2. Resolution of the magneto-static field problem

A three-phase, 12-slot 14-pole concentrated wound FT-PM machine
(Figure 5.1) is considered for illustration and as a case study. The geometrical
parameters are the rotor yoke inner radius Rj, the permanent magnets outer sur-
face radius Ry, the stator inner radius R and the inner and outer radii of the slot

R4 and Rs, respectively.

Figure 5.1 Geometric representation of the considered 12-slot/14-pole FT-

PM machine

The machine has Q number of semi-open slots and each slot is represented
with subscripts j and the related slot-opening is given with subscripts i. The
subscripts i and j are always equivalent and they are given as follows:
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The angular position of the i slot-opening is defined as

a=—§+%ﬂ with 1<i<Q (5.1)

where, f is slot-opening angle and other geometric parameters are represented

in Figure 5.1.

The modelling methodology is built upon the following assumptions:

1. the machine has a polar geometry as shown in Figure 5.1;

2. the stator and rotor material has an infinite permeability and null
conductivity;

3. the magnets are magnetized in the radial direction and their rela-
tive recoil permeability is unity (ur = 1);

4. the end-effects are neglected and thus the magnetic vector poten-
tial has only one component along the z direction and it only de-

pends on the polar coordinates r and 6.

In order to establish the exact analytical model, the cross-sectional area of
the machine is divided into four sub-domains (Figure 5.1):
1. rotor PM sub-domain (A, — region I)
2. air gap sub-domain (A, —region II)
3. slot opening sub-domain (A; — region I1I)
4

. stator slot sub-domain (A; — region 1V)

where, A represents the Z-component of the magnetic vector potential .
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The magneto-static partial differential equations (PDE) governing in the
different sub-domains derived from Maxwell’s equations and formulated in

terms of vector potential are

82A|(r’9) +18A| (r’e) +i82A|(r’0) _—H aMr(e)

or? r or r’  06° r 00
62Au (r,0) +16Au (r,6) +i62AII (r,0) 0

O o LA 1A 652)
°A(r,0) 10A(r,0) 1 8°A(r,0)

or* roor rr 96
O°A(r,0) 10A(r,0) 1 0°A(r,0)

2 +t + 2 2 =~ Hy ‘]c'
or r or r 00

(5.2) can be solved using the separation of variables technique [133]. For
the sake of clarity the following notations are adopted henceforward.

P,(x,y) = @ + G] (53)
(i)

5.2.1. Solution in the slot-opening sub-domain

As shown in Figure 5.2, in order to solve the governing Laplace’s equation
(5.5) in the i slot domain the boundary and interface conditions have to be de-
fined.

2 2 R.<r<R
CAMG) [ 1AWMO) 1 TAME) _ gy o= g
or? r or r’  06? 0<0<0+p



Exact calculation of winding losses (85

Figure 5.2 The slot-opening sub-domain and associated boundary conditions

The tangential component of the magnetic flux density at the walls of the
slot-opening is null since the core permeability is assumed to be infinite.

Hence, the associated boundary conditions are:

oA (1,0)

(5.6)

The interface conditions between the slot sub-domain and the airgap sub-

domain is:
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A(R;,0) = A (R;,0)
(5.7)
A1(R419) = Aj(R4’9)

Now, (5.5) can be solved by the separation variable technique [133]. The
principle of separation of variables technique consists to write the solution as a

product of two functions:
A(r,8) = h(r)£(o) (5.8)

Introducing a separation constant (1) [133] in (5.8) leads to the following

two ordinary differential equations:
&-2£=0 (5.9)
r’h'+rh +ih =0 (5.10)

Using the boundary conditions (5.6), the eigen values and the eigen func-
tions of (5.9) can be evaluated [133]:

(5.11)

where, k represents the harmonic order. The eigen functions corresponding to

Ao, and A are given as follows:

&(0) =1
(5.12)

£ (0) = cos[%(@—@)j
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Using 4o, and A, the solution of the differential equation (5.10) is given by:

hy(r) = A, + B, In(r)
(5.13)

h.(r) = A r’ o+ B, r#

Hence, the general solution of (5.5) can be obtained by multiplying (5.12)
and (5.13).

AGO) = A+ B () Z(Ak I INE J

(5.14)

Taking into account the boundary conditions (5.6) the interface conditions
(5.7) and adopting the notations (5.3) and (5.4) the general solution (5.14) can

be written as:

A(r,0) = A"+ B, In(r)
+ Z[Akl Ekﬂ/ﬁ (r' R4) — Bki Ek”/ﬁ (r, R3) \] (515)

k=1 Ekzz/ﬂ (R3’ R4) Ekzz/ﬂ (R3’ R4)

o

The constants A, B,', Al and By are evaluated using Fourier series expansions
of the slot magnetic vector potential Aj(r,6) and the airgap magnetic vector po-
tential Ay(r,6) over the slot-opening interval:

Al +BIn(R) = % [ A, (R,.6) d (5.16)
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A+ B In(R,) = %j:+”Aj(R4,0) 46 (5.17)

Al = EJWA,(RS,Q) cos(k—ﬂ(e—ei)) do (5.18)
B B

B - 2 [ A(R,.0) cos[k—ﬂ(ﬁ— ) )] d6 (5.19)
pon " p

In a similar manner the field equations (5.2) corresponding to other do-
mains: airgap, slot and PM can be solved (see Appendix E). The expansions of
the coefficients A', Bo', Al and By are also given in Appendix E. The computa-
tion of the coefficients in the different sub-domains has been done numerically
using Matlab® by solving a system of linear equations; the detailed solving
process is given in Appendix E.

5.2.2. Eddy current loss calculation

The obtained magnetic vector potential in the slot sub-domain is used to
predict the eddy current loss in each conductor. At this stage, an assumption is
made that the windings conductors are designed to have a diameter less than
the skin depth, and thus the induced eddy current in these conductor is only
resistance limited. Hence, the eddy current density Je in the conductor can be

expressed as [117]

oA
J, = —O'Ej-l- C(t) (5.20)

where, o is electric conductivity of conductive medium in the slot (in this case,
it is copper, 6 =~ 5.77 x 10" S/m) . The constant C which is a function of time
is introduced to ensure that the total current flowing through each conductor is
equal to the source current [117]. Hence, the total copper losses over a funda-

mental electrical period in a conductor can be obtained by
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sl

2 Oz 27/,
[ ] (3.+3,) rdtdedr (5.21)

1 gcl 0

@ Istk

P =
2noc

Pl

where, w is the electrical speed, I is axial active length of the conductor and
re1, e, Gc1, Oc2 are the inner and outer radius of the conductor and the angular

position of the conductor tangential extremities, respectively.

SPECIFICATIONS VALUE
Number of pole pairs (p) 7
Number of stator slots (Q) 12
Number of turns per phase (Npn) 90
Current density (Jyms) assuming a unity fill 1.89 A/mm?
Remanence flux density of the PM (Brem) 1.08T
Inner radius of the rotor yoke (R1) 27.50 mm
Stator inner radius (R3) 31.50 mm
Stator outer radius (Rs) 50.00 mm
Magnet depth (R2-R1) 3.00 mm
Tooth-tip height (R4-R3) 2.50 mm
Depth of stator back iron 4.00 mm
Axial length (Is) 100.00 mm
Slot width angle (9) 20
Slot opening angle () 3
Magnet span to pole pitch ratio (o) 0.85
Rated speed (o) 2000 rpm

Table 5-1 Specifications of the 12-slot/ 14-pole PM machine
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5.2.3. Results and comparison with FE calculation

In order to confirm the effectiveness of the analytical model, FE verifica-
tion is carried out for a 12-slot/14-pole PM machine; its parameters are given
in Table 5-1. In FE analysis, a nonlinear BH characteristic of non-oriented sili-
con steel (M250-35A) is used since the considered machine is not influenced
by saturation at rated condition. The influence of non-linearity in the computa-
tion is discussed in section 5.3.4.2.

The mesh refinement has been done for each sub-domain until convergent
results were obtained. 2D FE transient with motion simulations were carried
out for the whole cross-section of the machine by imposing the rated current
into each phase winding with its corresponding phase shift.

In the computation of the magnetic vector potential different numbers of
harmonic terms were used for different sub-domains: n terms in the airgap and
PM sub-domains, k terms in the slot-opening sub-domain and m terms in the
slot sub-domain. Initially the analytical solution is computed with 100 harmon-
ic terms for each sub-domain solution index. The accuracy of the solution de-
pends on the finite number of harmonic terms. A good accuracy is obtained
with 30 harmonic terms for each sub-domain solution index. A good accuracy
is obtained with the adopted number of harmonic terms after a sensitivity anal-

ysis was performed.

Figure 5.3 shows the analytical and FE radial and tangential components of
the flux density in the bottom of the slot sub-domain; the results are in a good
agreement. However one can notice a slight discrepancy which may originate
from numerical errors of the analytical tool. These issues are discussed in sec-
tion 5.4.

The loss evaluation is carried out for both the RCW and VSW type wind-
ings. In order to evaluate the total copper losses in RCW the slot of the consid-
ered machine is segmented into N (N = 45) conductors of equal cross sectional
area as illustrated in Figure 5.4. In turn, each conductor is divided equally into
7 segments radially and 7 segments tangentially (49 elements) and the vector
potential in each sub-element is collected for numerical computation of the

copper losses.
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Figure 5.3 (a) Radial and (b) tangential component of the flux density in the

bottom (r = 34.5mm) of the slot sub-domain at load condition (Jms = 1.89

The calculated copper losses for different frequencies and its FE counter-
part are plotted in Figure 5.5. The two results clearly show that there is a good
agreement; however they start to diverge slightly above a certain frequency
(~350Hz for the considered machine). This is due to the skin effect phenomena
where the conductor’s depth exceeds the limit of the skin depth (3.5 mm) at the
frequency of operation. In the operation over this frequency range, the eddy
current reaction effect become significant and, in fact, slightly reduces the total



Exact calculation of winding losses |92

copper losses as shown in Figure 5.5. For the studied machine the relative
overestimation at twice the value of rated frequency (fraed = 233.33 Hz) is 6%
which is an acceptable value. However, this discrepancy depends on the depth
of the conductor and thus, the loss prediction method is only valid if the diame-
ter of the conductors is less than the skin depth within the operating frequency

range.

Figure 5.4  Representation of n numbers of RCW conductors in the j™ slot

sub-domain
60 I r I I I I
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50 @ FE ! 7
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Figure 5.5 Magneto static field solution based and FE calculated RCW ma-

chine copper loss vs. frequency
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For the VSW the slot of the considered machine is vertically segmented in-
to N (N = 45) conductors. The segmentation of the vsw conductors is illustrat-
ed in Figure 5.6. Each conductor is divided equally into 50 segments radially
and 3 segments tangentially (150 elements) and the vector potential in each el-

ement is collected for numerical computation of the copper losses.

Figure 5.6 Representation of vsw in the j™ slot sub-domain

From Figure 5.7, it can be seen that the analytically calculated losses are in
a good agreement with its FE counterpart at low frequency and then start to
deviate from it beyond 150Hz. This is manifestly due to the eddy current reac-
tion effect as the field produced by the eddy current opposes the field from
which these eddy currents stem (Lenz’s law). In fact this phenomenon reduces
the total copper losses as can be noticed in Figure 5.7, It is clearly demonstrat-
ed that the eddy current reaction effect plays a vital role at high frequencies in
such a winding structures since the conductors have a higher (depth of 11.5
mm) than the skin depth (5.4 mm) for the frequencies higher than the break-
point between the analytical and FE results. It is worth noting that this break-
point frequency (150Hz) is much lower than the one of the RCW (350Hz) for
the machine considered while the nominal frequency is 233Hz. It is therefore
well justified to investigate another approach of estimating analytically eddy

currents in VSW, this is the subject of the next section.
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Figure 5.7 Magneto static field solution based and FE calculated VSW ma-

chine copper losses vs frequency

5.3. Resolution of the time harmonic diffusion equation in the slot
domain

In order to estimate the copper losses considering high frequency eddy cur-
rents reaction effect when adopting the VSW, building upon the magneto-static
field solution a time-harmonic problem (Phasor-form diffusion equation or
Helmholtz’ equation) is formulated in the domain of interest for copper losses
calculation which is the slot domain. This approach uses to the solution of the
magneto static problem at the slot opening upper radius (r = Ry4) as the bounda-

ry condition (Hj in complex representation) of the time—harmonic problem in
the slot domain, as illustrated in Figure 5.8. The boundary condition D, repre-

sents in fact an equivalent current distribution across the slot opening. This ap-
proach assumes that the field in the slot domain is dominantly sinusoidal and

so the effect of higher order field harmonics is negligible.
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Rs R, Rs

Figure 5.8 j™ slot sub domain and associated boundary conditions

Hence, eddy current distribution can be obtained by solving the Phasor-
form diffusion equation only in the slot. At this stage, it is important to high-
light that the slot conductive area is considered as a single bulk conductor. This
assumption is quite plausible in the case of VSW (where each plate conductor
occupies almost the entire height of the slot) as the leakage flux, responsible
for eddy currents, crosses the conductors in the circumferential direction as
they do across a bulk conductor as shown in Figure 5.9.

The following complex notation is used considering that the magnetic vec-

tor potential varies sinusoidally with time at an angular frequency :

d,(R,.0,t) = Re[D, (R,,0)e""] (5.22)

a,(r,0,t) = Re[A,(r,0)e"] (5.23)

where, Re denotes the real part of the complex number and j = V-1 .
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(a) (b)
Figure 5.9 Leakage-flux distribution across (a) a bulk conductor and (b) seg-
mented VSW

5.3.1. Boundary condition from the quasi static solution

As can be seen in Figure 5.8, D, corresponds to the continuity of the tan-

gential component of the magnetic field between the j™ slot sub-domain and
the i" slot-opening sub-domain and thus, the boundary condition at r = Ry is

given by
oA, oA
— — veoelb,0+
D,(R,.6) = a_rj = {orl ., 16,6+ (5.24)
r=R 0 elsewhere

Hence, the boundary condition D, can be written considering the magneto

static field solution in the slot opening sub domain:

D, BRI P (R, R
S R0 -2 32 g R (R
R, k=1 Ev./s (Ry,R,) Ey./p (R,,R,)

(5.25)
kz
X —(60- 6
cos( 5 ( ,)j
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Here, it is worth noting that the boundary condition D, can be obtained al-

ternatively using the magneto-static solution in the slot sub-domain since the
slot and slot opening sub-domains share a common interface at r = R4. The so-

lution in the slot opening sub domain is chosen for simplicity.

5.3.2. Solution of the time-harmonic equation in the Jth slot
The j™ slot domain and the associated boundary conditions are shown in
Figure 5.8. The Phasor-form vector potential diffusion equation (Helmholtz’

equation) in the slot domain is

°A  10A 1A . —
o v T og | 0omA S0 (5.26)

Since the stator iron has infinite permeability, the tangential components of
the magnetic field at the slot walls are null. Hence, the boundary conditions are

given by,
oA oA
— =0 — =0 (5.27)
9=0i+%(,6’—5) 9:6}+%(ﬂ+5)
% =0 (5.28)
or a

Taking into account the boundary condition (5.27) the general solution of
(5.26) is given by [120]
A (r,0) =A'J, (xr) + BY, (xr)

+ i:l(HJma/é (k1) + B_ijmzr/5 (Kr)) (5.29)

mrz 1
X COS(7|:9— HI - E(ﬂ - §)jD



Exact calculation of winding losses (98
where, x= f—ja}ayo , Jnes 1S the Bessel function of the first kind, and order
mz/sand Y, is the Bessel function of the second kind.

Considering the boundary conditions (5.24) and (5.27), (5.29) can be sim-

plified with two coefficients C?and C? as follows:

A (r0) - C—( J (k1) = FyY, (x7) ]
—-xJ, (kR,) + kF Y, (xR,)

" i F ‘]mzr/é (Kr) - F_mszr/(S (Kr) (5 30)
m=1 " J 'mﬂ/a (KR4) - I:m Ylmn/& (KR4)

msz 1
X 008(7[0_ HI — E(ﬂ - §)j|j

where,
F - L R) (5.31)
Y, (xRs)
mrs
. —K ‘]l+m7r/5 (KRS) + 57\]”17[/5 (KRS)
F, = m; (5.32)
_KYl+m7r/5 (xRs) + ﬁYmn/s (xRs)
5
. mrz
J mz/s (xR,) = _KJ1+mzr/5 (xR,) + SR, Jm;r/(s (xR,) (5.33)
4
. mrsz
Y /s (xkR)) =-x Yiimass (xR,) + 5_RYm7r/6 (xR,) (5.34)

4

The coefficients C_ojand C_mJ are determined using a Fourier expansion of

D, (R4,0) over the slot-opening interval (6;, 6i+5).
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6+p

1

C,’ == J D, (R,,6) d@ (5.35)
— 2% mz 1
C' == ! D, (R,.6) cos(7[¢9—6ﬂ—§(ﬂ—5)D do (5.36)

The detailed expansions of the coefficients c, i and c,i are given in Ap-

pendix E.

5.3.3. Eddy current loss estimation from the time-harmonic field solution
The total current density in the conductor can be expressed from the complex

magnetic vector potential as
J = —jocA (5.37)

Thus, the total copper losses in a conductor from the complex current densi-

ty can be re written as

I feo ch

P = [ [(3,)(3) rdodr (5.38)

fe1 91:1

where (I) represents the conjugate complex current density.

5.3.4. Results and comparison with FE

The analytical solution of the magneto static problem is computed with 30
harmonic terms for each sub-domain solution index while 15 harmonic terms
are considered in the computation of time harmonic problem in the slot sub-
domain. In order to verify the field distribution obtained from the analytical
model, 2D time-harmonic FE simulation is carried out in a slot of the machine

where the tangential field boundary (H) is assigned at the slot opening radius (r
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= Ry) using the field obtained from the 2D static FE simulation. The slot open-
ing boundary is segmented into 20 equal elements and each segmented part is
considered to have a constant field within its length. The obtained results are

compared with the ones analytically calculated.
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Figure 5.10 (a) Real and (b) imaginary parts of the radial flux density com-
ponents in the bottom of the slot (r = 34.5mm) at frequency f = 700Hz
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Figure 5.11 (a) Real and (b) imaginary parts of the tangential flux density

components in the bottom of the slot (r = 34.5mm) at frequency f = 700Hz

Figure 5.10 and Figure 5.11 show both real and imaginary parts of the radi-

al and tangential components of flux density in the bottom of a slot (r = 34.5

mm) of 12-slot 14-pole PM machine along the slot angle (3) at an excitation

frequency f = 700Hz. The obtained results have good agreement with results

that were obtained in FE analysis. Fields for different slot position and differ-
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ent frequencies are also gathered and compared. Those results also match with
FE. Those are added in the Appendix E.
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40mm)
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Figure 5.12 compares the magnitude of the flux density components at the
bottom (r = 34.5 mm) and the middle (r = 40 mm) of the slot for different fre-
quencies. From Figure 5.12, it can be seen that the magnitude of the flux densi-
ty dramatically decreases as frequency increases and there are not much further
changes in the reaction effect after a certain frequency (i.e. ~500Hz). This
might however vary with the specific geometry of the machine. These results
clearly show that the reaction field is highly influential in the VSW type of
winding and its limiting effect on the additional AC losses by opposing the slot
leakage flux is significant.

In order to estimate the winding losses including the influence of the PM
field as well as considering the conductors in the slot as separate conductive
components, 2D FE transient with motion simulations were carried out for the
whole cross-section of the machine by imposing the rated current into each
phase winding with its corresponding phase shift. Obtained winding losses for
different frequencies compared to analytically calculated ones are shown in
Figure 5.13.
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Figure 5.13  Time-harmonic field solution based and FE calculated VSW

copper loss vs frequency for the 12-slot 14-pole PM machine
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Obtained results have good agreement. The error between the two methods
is less than one percent (~0.79%) at frequencies over 400Hz. From these ob-
tained results it can be concluded that proposed analytical method for predict-
ing eddy current losses is effective and quick whilst accounting for the eddy
current reaction field. However, it is worth noting that the proposed model is
only valid for VSW and cannot be applied for RCW since the AC field distri-
bution of RCW s entirely different from that of VSW. In the computation of
the eddy current loss (including skin effect) in RCW, it is necessary to take into
account each conductor separately. In these studies importance is not given for
the modelling of RCW including skin effect, since they have a depth less than
the skin depth at the operating frequencies.

5.3.4.1. Influence of the slot opening

The influence of the slot opening on the losses of VSW is also investigated
under nominal operation (o = 2000rpm and Jyms = 1.89 A/mm?). In FE the re-
sults are gathered for five different ratios between the slot opening’s length and
the complete slot’s length. Where, three different conditions are considered: the
winding losses due to the load (Bren = 1.08 T and Jims = 1.89 A/mm?), the
winding losses at no-load (Brem = 1.08 T and Jyms = 0 A/mm?) and the winding
losses due to armature reaction alone (Brem = 0 T and Jims = 1.89 A/mm?). In
addition, the total winding losses are calculated analytically defining the inter-
face boundary as an equivalent current sheet based on Ampere’s theorem (H; =
NI). The obtained results are given in Figure 5.14.

From Figure 5.14, it can be clearly seen that the eddy current loss in the
VSW is almost similar for any ratio of the slot opening if the rotor excitation
field is neglected. However, the losses are significantly high particularly for
large slot openings (i.e. ratio > 0.4) if the rotor excitation field is included. This
is due to the increased leakage-flux by the PMs in the case of large slot open-
ing.

The analytical model based on equivalent current sheet obtained from Am-

pere’s theorem predicts the losses accurately for small ratios of slot opening.



Exact calculation of winding losses [105

However the model would not be effective for the VSW wound machines hav-
ing larger slot opening since PM highly influences the VSW. These results val-
idate that the proposed analytical model predicts the winding losses of VSW

accurately considering PM’s field.

------ Analytical - current sheet based on Amperes law
------------ Analytical - neglecting rotor excitation field
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Figure 5.14 Total copper loss vs. slot opening to complete open slot ratio

5.3.4.2. Influence of the magnetic material non-linearity (saturation ef-

fects)

Figure 5.15 shows the obtained copper losses for different current loading
at the nominal speed of 2000rpm. From the results, it can be seen that the pro-
posed model predicts the losses accurately and the obtained losses starts to di-
verge at current loadings of five times higher than nominal where the machine
heavily saturates. However, the model is applicable at rated operation where

the saturation is less significant.
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Figure 5.15 Total copper loss vs. current density

5.3.4.3. Influence of conductor segmentation/number of turns

Figure 5.17 show the winding losses obtained for different numbers of
circumferential segmentation as illustated in Figure 5.16. In all the cases of
segmentations, the DC current density is kept identical. From the results, it can
clearly be seen that the obtained total copper losses for more than two seg-
ments are almost unchanged. However, the copper losses for a single conduc-
tor or two conductors show slightly higher losses than others. This is due to the
skin depth of the conductor which induces additional losses. This influence of
the skin depth becomes insignificant in the case of more than two turns. These
results further validate the analytical model which considers the conductive slot

area as a single bulk conductor.

(a) (b)

Figure 5.16 Circumferential segmentation: (a) 2 turns and (b) 4turns
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5.3.4.4. Influence of the slot depth
For further validation of the model two different slot geometries are consid-

ered: deep s

lot and shallow slot. The stator inner diameter and rotor geometry

are kept identical whilst the outer radius of the stator is varied. In case of deep

slot configu
shallow slot

ration, the slot height of 24 mm (Rs = 62 mm) is considered whilst

height is 6mm (Rs = 44 mm). The losses are calculated at nominal

condition (® = 2000rpm, Jyms = 1.89 A/mm?) for two different slot opening ra-
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tios: semi open slot (/6 = 0.15) and open slot (/60 = 1). Obtained results are
given in Figure 5.18.

Analytically calculated results have a good agreement with the solution ob-
tained from 2D FE time harmonic solver considering the static boundary at r =
R4. These results are also in a good agreement with 2D FE transient with mo-
tion solution except the case of fully open shallow slot configuration where the
analytical model overestimates the losses. This may come from the radial com-
ponent which becomes significant in open shallow slot arrangement as shown

in Figure 5.19.
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5.4. Discussion on the limitations of the analytical method

It has been mentioned in section 5.3.4 that the accuracy of the results de-
pends on the choice of number of harmonics accounted for. However, the
choice of the number of harmonics is generally limited by the computational

software capability. From (5.15), it can be seen that the slot boundary D, de-

pends on the slot-opening angle 5. When the slot-opening becomes very small,
so does the angle . As a result the power exponent of the corresponding part
of the equation gets to a very high value. Therefore, harmonic numbers have to
be reduced to obtain a solution. Maintaining the same number of harmonics for
very narrow slot-openings will result in non-convergence. The Bessel’s func-
tion (which is introduced in the time-harmonic problem) also has similar non-
convergence issue.

Although the analytical model has some limitations then FE, it provides an
alternative solution within less computation time. For instance, calculation of
the losses at a given frequency took 3.5s with the analytical model whilst it
took over 2 hours with FE using the same computer. It is worth mentioning that
the computational time of FE is highly dependent on the machine geometry,
the number of mesh elements and the conductor structure (RCW or VSW)
whereas the analytical model computational time depends only on the harmon-

ic order, making it therefore fully scalable.

5.5. Conclusion

In this chapter, analytical models to evaluate eddy current loss in VSW sur-
face mounted radial flux PM machines has been proposed. The effectiveness of
the proposed method is corroborated by FE. The tool provides a considerable
flexibility for parametric studies and design optimization of VSW machines.

In the next chapter, a design optimization of VSW wound PM machine to
minimise the AC losses whilst still limiting the resulting SC currents after
winding failure is presented. The proposed analytical tool is used to estimate

the total copper loss whilst FE calculation is used for other magnetic losses in-
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cluding iron losses in the stator and rotor laminations and eddy current loss in

the magnets.



CHAPTER

Feasible design solution to AC loss

6.1. Introduction

This chapter proposes feasible design solutions to minimise the generated
excessive losses in VSW conductors. Two possible solutions are considered:
different placement of the VSW conductors in the slot and a parametric design
process. Initially, different placements of the VSW conductors are investigated
since the AC copper losses can be reduced by avoiding the high flux density
region. In addition, the influence of the slot geometry on AC copper losses is
also considered.

As an alternative, a parametric design is considered to minimise AC copper
losses of the VSW. The design optimization is carried out using both FE and
the analytical models proposed in chapters 3 and 5. In the design routine, the
analytical models are used to estimate the copper losses and SC fault current
whilst FE calculates torque, iron losses and magnet losses. The obtained results
are used to find an optimum considering copper losses and SC current limiting

capability.

6.2. Feasible solutions for AC copper losses minimization

It was shown in chapter 4 (see section 4.2) that high frequency effects are

more significant in the VSW due to its placement along the height of the slot;
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consequently the losses are higher than for the RCW (assuming that nothing is
gained or lost in terms of copper slot fill factor). However, the losses are fre-
quency dependent and only critical at relatively high frequencies.

There are possibilities to diminish the high frequency losses relatively to
RCW’ losses by adequate machine design. The design possibilities are:

1. Placing the conductors in the slot with different winding arrangement;

2. Optimizing the slot dimensions along with the conductors’ height and

width.

6.3. Placing the conductors in the slot with different winding ar-
rangement

The different vertical winding arrangements shown in Figure 6.1 are stud-
ied. To make a fair comparison, the analysis is carried out using FE since the
arrangements sL3, sL4 and sL5 cannot be estimated using the analytical model.
The same FT-PM machine considered in chapter 3 (see section 3.3.3) is used.
All the configurations are designed to have the same number of turns (65 turns)
and the same DC resistance, thus equal DC losses. The obtained results at rated
condition (e = 2000 rpm, lpeax = 10 A) are given in Table 6-1.

From the results, it is evident that placing the conductor in the slot with dif-
ferent winding arrangement has a significant influence on losses, especially for
the VSW. The winding placement can be chosen to avoid the high flux density
region which is nearer to the slot opening as in (SL2), or to minimize the con-
ductor’s height as in (SL3).

The results show that the sL3 arrangement has lower losses than sL2 due to
the diminution in conductor’s height. However, the magnitude of the SC cur-
rent in both sL2 and sL3 configurations is higher than in sL1; there is a com-

promise between inter-turn SC current and eddy current losses.
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(b) sL2

(c) sL3

(e) sL5 (f) sL6

Figure 6.1  Illustration of single layer vertical winding arrangement: (a)
standard design; (b), (c) modified winding; (d) modified slot; (e) closed slot;
and (f) open slot.
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Copper Worst case AVERAGED | TORQUE
Design loss inter—turn SC TORQUE RIPPLE

(W) Current (A) (Nm) (%)
sl1 92.2 11.78 9.86 8.81
sl2 82.5 12.22 9.81 8.78
sI3 69.0 23.32 9.84 8.63
sl4 91.5 10.37 4.31 6.31
sI5 99.3 1.02 5.42 9.29
sl6 152.7 25.56 7.51 4.32
RCW 56.3 40.20 9.87 8.74

Table 6-1 Loss and SC current in different winding and design arrangements
at 2000 rpm

As well as conductor’s arrangement and structure, the slotting effect has a
significant influence on losses. Thus, modified slot geometries are also consid-
ered for the vertical winding as shown in Figure 6.1d, e and f. In each design
configuration, worst case a turn SC fault current and total copper losses are
calculated.

The modified design sL4 gives more paths to leakage flux in the slot similar
to sL1; consequently sL4 produces higher AC copper losses. Thus, the design
sL4 can be a solution to further reduce SC current avoiding slot opening region,
but it cannot be a solution to reduce AC losses, as evident in . Also it is worth
noting that the modified slot geometry further reduces the averaged torque pro-
duced by the machine. This is due to the heavy saturation on the tooth.

6.3.1. Influence of the slot opening

The influence of slot opening on copper losses and SC current is clearly
demonstrated in Figure 6.2. The closed slot configuration increases the leakage
inductance consequently decreases dramatically the SC current. Where, the

losses are lower due to reduction in the slot leakage flux density level whilst
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removing the rotor excitation field. However, the copper losses are significant-
ly higher due to interaction of the rotor excitation field which produces uneven

flux distribution in the slot as shown Figure 6.3. This results in large losses in

the winding.
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Figure 6.2 AC/DC copper loss ratio and SC current vs. slot opening

From the obtained results, it can be clearly seen that the VSW is sensitive to
larger slot opening. Thus, the slotting effect on the losses can be avoided, if
semi-open slots are adopted. It is clear that a good choice for the losses is a

value less than 0.5.

(@) (b)
Figure 6.3 Field distribution in the design of (a) closed slot (b) open slot
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From the obtained results, it can be concluded that there is a trade-off be-
tween the induced SC current and the generated AC losses in the VSW. It also
shows that standard (sL1) design is necessary to maintain the SC current at rat-
ed value. Thus, the parametric design technique can be taken for the VSW
wound FT-PM machines to minimise the losses by acting upon the machine
geometrical parameters: split ratio and tooth-width/slot pitch ratio which
change the height of the VSW conductors.

Figure 6.4 Illustration of the machine’s design parameters
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6.4. Parametric Design

The optimization is carried out using parameterized FE models which are
coupled to MATLAB® to implement the optimization algorithm. The same 14-
pole/12-slot surface mounted PM machine with single layer concentrated wind-
ing is considered. Outer diameter and axial length of the machine are fixed.
Each phase consists of two coils and the windings are wound with the VSW
conductors.

The geometry of the machine and the considered design parameters are il-
lustrated in Figure 6.4, where t,, represents the tooth-width, S, is the slot-width
and Rs, R, are the outer radius of the stator and the rotor respectively. The other
geometrical parameters are indicated in Figure 6.4. The motor geometry is op-
timised for two major variable geometric parameters: split rRatio (SR) which is
the ratio of the rotor outer diameter and the stator outer diameter and Tooth-
width to tooth-pitch Ratio (TR). The goals of the optimization are:

1. to achieve the required torque with minimum level of overall losses

2. to obtain a design that has fault-tolerant capability

Figure 6.5 shows the design process. The routine completes when the con-
dition which fulfils the required torque (fixed as a constant) within the convert-
er voltage limit is satisfied. It is important to highlight that the number of turns
is included in the design routine to satisfy the inverter VA limits. The overall
electromagnetic losses include iron losses in the stator and rotor laminations
and eddy current loss in the magnets are calculated with FE whilst the winding
losses produced in the machine are estimated using the analytical model pro-
posed in chapter 5.
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Figure 6.5 The optimization process

In addition the phase SC current is estimated by quantifying the induced
current in both d and g axes from the following steady-state equations while

the whole phase is short circuited.

_ 2
- Loty (6.1)

I
scd 2 2 2
R+ L o,
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-Rao, ¥,
scq R+ L2w? (6.2)
where, o, represents the electrical speed, ¥ is the magnet flux linkage, R is
resistance and L is inductance of one phase. The magnitude of the induced cur-
rent in the g axis can be neglected at high frequencies since the numerator of
(6.2) is significantly smaller than (6.1). Hence, the magnitude of the SC current

can be calculated as:

Isc :N’ Iscd2 + Iscq2 = Iscd (63)

The worst case inter-turn SC current is also computed (using the model
proposed in chapter 3) so as to assess the fault severity. At the post processing
stage, the optimal SR and TR are obtained for minimum overall losses while
the SC current is limited to its rated value. The parameters of the optimised

machine are given in Table 6-2.

6.5. Results and discussions

From the results presented in Figure 6.6, it can be clearly seen that there is
an optimal TR for different SR values. Figure 6.7 shows the total losses and
SC current of a shorted phase against the two key variables, SR and TR. The
optimal combinations of ratios are 0.65 and 0.45 respectively, which result in
minimum overall losses of 115.15 W. Without including the eddy current ef-
fect in the conductor, a minimum loss of 83.5 W is obtained at optimal ratios
0.5 and 0.45 respectively. The results clearly show that eddy current loss is in-
fluencing design constraint, and thus it is an important aspect which cannot be

neglected in the design stage.
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GEOMETRIC PARAMETER OF THE MACHINE | VALUE
Number of poles (p) 14
Number of slots (S) 12
Number of phases (m) 3
Rated torque (T) 10 Nm
Rated speed () 2000 rpm
Rated phase current (lyms) 13.2A
Rated Phase Voltage (Vims) 84V
Phase resistance (Rp) 459 mQ
Self-inductance of a Phase (L) 5.2 mH
Number of turns per coil (N¢) 65
Worst case inter-turn SC current (ls) 15.09 A
Stator outer diameter (Do) 100 mm
Tooth shoe height (h;) 2mm
Slot wedge height 1 mm
Slot opening (So) 1.5mm
Active length (Isy) 100 mm
Airgap (lg) 1 mm
Table 6-2 Specification of the optimized PM machine
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To achieve the best design, a compromise which satisfies both SC current
limiting capability and a reasonable amount of losses is required. For illustra-
tion purpose Figure 6.8 can be considered. It shows the area where SC current
below the rated current is achievable for a given TR of 0.45. The best design

for this particular TR is the one with minimum losses.
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Figure 6.8 Comparison of losses vs. SR due to eddy current effect

The AC copper loss is relatively higher than DC copper loss in the winding
when the SR is below 50%, as illustrated in Figure 6.8. When the split ratio is
increased, as expected, the slot area is reduced and the Ac loss converges to the
DC loss value as the conductor height reduces. There is a point when the DC
resistance will be such that the DC copper loss will have a steeper rate of in-
crease with SR. From Figure 6.8, it can be seen that if fault tolerance is not
considered the optimal split ratio is approx. 0.65.

The results above show that the split ratio has a significant influence not
only on the DC copper loss and iron losses, but also on eddy currents loss. As
well as SR, the slot opening also highly influences the AC copper loss generat-
ed in the VSW. Thus, a good choice of design parameters allow for diminish-
ing AC loss at reasonable level whilst maintaining the fault tolerance capability
of the PM machine. Design optimization is therefore necessary when adopting
this type of winding, especially for high speed or high pole number applica-

tions.
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6.6. Conclusions

The effects of VSW placement in the slot, split ratio and tooth width ratio
on losses has been investigated in this chapter. It is shown that the AC loss can
be reduced slightly by placing the conductor avoiding high flux density region.
It is also shown that the split ratio has a significant influence not only on the
DC copper loss and iron losses, but also on eddy currents loss. The optimiza-
tion process allows for improving the electrical machine fault tolerance capa-
bility by using vertical conductors whilst maintaining the additional losses at a

reasonable level.



CHAPTER

Experimental validation

7.1. Introduction

This chapter describes an experimental validation of the analytical models
proposed for calculation of the inter-turn SC current and AC copper losses in
chapters 3 and 5, respectively. For model validation an existing 12-pole/18-slot
surface mounted PM machine is adopted. Considering an existing PM rotor, a
new stator is designed to fit in the available envelope whilst the design satisfies
the unity per unit inductance to meet fault tolerance criteria. Two different sta-
tor geometries are considered: one has a parallel slot to accommodate the VSW
conductors and the other has a trapezoidal slot for RCW. The stator prototypes
are manufactured and tested. The obtained results are compared with the ana-

Iytically calculated ones and then discussed.

7.2. Description of the experimental setup

The specifications of the existing 12-pole/ 18-slot PM machine are given in
Table 7-1. The Inner and outer diameters of the stator are fixed due to availa-
bility of the (surface mounted) rotor and the stator casing. Thus, the stator is
designed to fit in the available envelope whilst the design satisfies the unity per
unit inductance constraint to meet fault tolerance criteria. Technical drawings

of the constructed stators and the existing rotor are given in Appendix F.
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Figure 7.1  (a) 12-pole rotor (b) VSW wound and (¢) RCW wound FT-PM

machine
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SPECIFICATIONS VALUES
Rated speed (w) 2000 rpm
Rated torque 6 Nm
Output Power 1.25 kW
Rated current (rms) 7.07 A
Back-emf (rms) 473V
Number of phase (m) 3
Number of slot (S) 18
Number of pole (p) 12
Phase inductance (Lp) 2.1 mH
Phase resistance (Rp) 150 mQ
Number of turns per coil (N¢) 40

Table 7-1 Specification of experimented PM machine

A hand winding method is chosen for both windings since the designed
machine has small slot opening to achieve unity per unit inductance. In both
designs, the DC resistance and the number of turns are kept identical. In order
to introduce the inter-turn fault in the winding, external leads are connected to
the end connections of the windings. Three different fault locations are consid-
ered. In the vertical conductor, the locations of the fault are introduced at the
20 34

end turns of 143/, 151/, 19 35, (e.g. 14}, represents complete

2! 2! 2!
fourteen turns and a half turn) which correspond to the position of the shorted
turns 15™, 20" and 35™, respectively. In the case of RCW, the fault is located at
outer most, inner most and middle of the slot since it is difficult to control the
exact location of a turn. It is worth to note that all the connected leads have the
same length and cross section area and thus the same impedance.

A fill factor of 0.6 is achieved for the VSW whilst only 0.52 is achieved for
the RCW with the same number of turns. However, a fill factor of 0.56 can be
achieved for the RCW in the case of complete slot fill where a good tension is
employed using plastic wedges to place the winding. It is not necessary for the

vertical conductors since they are more flexible to wind and handle the tension.
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Figure 7.2 Experimental rig

Figure 7.2 shows the test rig used for experimental validations. Where, the
FT-PM machine is driven by a DC motor which is controlled using a Eu-
rotherm® industrial drive (590 series). Open circuit and short circuit tests are
performed. Inter-turn SC fault test is carried out shorting the turns via external
leads which are connected at the end-winding of the corresponding shorted

turn. The obtained results are compared with the analytical and FE ones.

7.2.1. SC Current - VSW machine

Figure 7.3 shows the obtained steady state phase SC current for VSW
wound FT-PM machine. From the results it can clearly be seen that measured
phase SC current is in good agreement with both analytical and FE results.
However, the magnitude of the analytically estimated phase SC current is
slightly less than the measured ones whilst the FE calculated SC current is
slightly higher. This is due to analytically estimated phase inductance are
slightly higher than measured and FE calculated ones as discussed in chapter 3;
consequently the analytical model slightly underestimates the SC current. Since
the end winding inductance and resistance are not considered FE overestimates

the SC current slightly.
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SC Current (A)

Experiment

0 90 180 270 360 450 540 630 720
Angle (mech.degree)

Figure 7.3 Measured and calculated phase SC current - VSW wound machine

Figure 7.4 compares the inter-turn SC current between the analytically es-
timated and measured results after application of the remedial action when the
faulted turn is located at the middle of the slot. The SC current is calculated
considering the measured impedance of both the end-windings and the external
shorting connectors, since these impedances are larger than the single turn im-

pedances.
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Figure 7.4 Inter-turn SC current comparison between analytical and experi-

mented results considering external impedance of shorting connectors.
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From Figure 7.4, it can be seen that the analytical results agree with the
measured ones. From Table 7-2, it can also be seen that the induced current in
a turn is not dependant on the position in the slot of the shorted turn. In fact the
SC current slightly reduces with the turn position due to the progressive in-
crease of the end-winding length. These experimental results confirm that the
FT-PM machine having VSW limits SC current inherently regardless of the
position in the slot of the shorted turn.

-

.......... Analytical
Experiment

SC Current (A)
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Angle (mech.degree)

(@)

-

.......... Analytical
Experiment

/N

SC Current (A)
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Angle (mech.degree)

(b)
Figure 7.5 Comparison between simulation and experimental results consid-
ering the external impedance of the shorting connectors — (a) 10 turns fault (b)
20turns fault.
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LOCATION or | MAGNITUDE OF THE SC CURRENT
THE FAULT ESTIMATION MEASURED
15" turn 0.593 A 0.602 A

20" turn 0.581 A 0.611 A

35" turn 0.467A 0.472 A

Table 7-2 Comparison of inter-turn SC fault current between analytical and

measured results at 2000rpm

Figure 7.5 compares the analytically computed and measured SC current
for different numbers of shorted turns, where the impedance of both the end-
winding and the external shorting wires are accounted for. These results are in
accordance with the predicted ones regardless of the number of shorted turns

and their position in the slot.

7.2.2. SC Current - RCW machine

Figure 7.6 shows the obtained inter-turn SC fault current for three different
positions (inner most, outer most and middle turns) after application of the re-
medial action. Form Figure 7.6, it can clearly be seen that the inter-turn SC
current induced in the inner most turn is higher than others: middle and outer
most. It can also be seen that there is a significant difference between the ana-
Iytical and the measured SC current of the middle turn. This may come from
the poor physical contact between the turns and shorting external leads. These
results clearly explain that the RCW winding SC current amplitude is highly
position-dependent and the winding is critical to inter-turn SC fault if the fault-

ed turn is located closer to the slot opening region (inner most of the slot).
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7.2.3. Copper losses

Figure 7.7 shows the measured AC to DC loss ratio against frequency. The
analytically calculated results are in a good agreement with the measured ones.
As expected, the AC loss of both windings increases considerably with fre-
quency. At the rated condition (speed = 2000 rpm, current = 7.07 Ams) the
VSW’s AC losses are around 1.4 times higher than the DC loss and it increases
considerably with further frequency increase. Compared to the RCW the
VSW’s losses are ~27 % higher at rated condition and the rate of losses in-
crease is also considerably higher. It is clear that a disadvantage of this winding
topology is the increased AC copper losses unless the winding is designed to

have optimal height.
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Figure 7.7 Total AC/DC loss ratio vs. Frequency: (a) VSW (b) RCW
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7.2.4. Thermal behaviour of the windings

In order to measure the localised temperature in the outer surface and the
bottom of the slot, two thermocouples are used with the Pico TC-08 thermo-
couple data logger. The temperatures measurement is carried out for both
winding configurations whilst all phases are short-circuited at rated speed of
2000 rpm. The obtained results are given in Figure 7.8.

From the results, it can be seen that the magnitude of the phase SC current
flowing through the winding of both machines is almost identical. From the
results, it can clearly be seen that although the VSW’s losses are 27.47 % high-
er than the RCW at rated condition, the thermal characteristic of the VSW
wound machine is almost similar to the RCW ones. This result confirms that

the VSW has a good thermal path to additional losses.
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Figure 7.8 Temperature graph vs. time

7.3. Conclusion

An experimental validation has been carried out for two machine proto-
types having VSW and RCW winding configurations. Inter-turn SC current,
AC loss and temperature were measured. Obtained results were compared with

the analytically calculated results. These results have further validated the
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proposed analytical model for the calculation of the SC current and AC copper
losses in chapter 3 and 5, repectively. Also the results have confirmed that
although the VSWs have higher AC copper losses than the RCWs, it has a bet-

ter thermal path to the generated copper losses.



CHAPTER

Conclusion

Inter-turn SC fault behaviour in fault-tolerant permanent magnet synchro-
nous machines adopting crude analytical approach was investigated in this the-
sis. The main objective was to develop a solution at the design stage in order to
mitigate the position dependent inter-turn SC fault. An analytical model was
developed to reduce the computation time and simplify the parametric study.

The problems of inter-turn SC faults in electrical machines and the necessi-
ty for their mitigation was discussed in chapter 1. A particular importance was
subsequently given to explaining the merits/demerits as well as the trade-offs
of the mitigation methods proposed in the literature; this is the subject of chap-
ter 2. It covered the fault tolerance aspects in synchronous PM machines in-
cluding various methods and strategies with more emphasis on inter-turn SC
fault. Five different post-fault methodologies were discussed: phase terminals
short-circuiting, current injection, auxiliary winding, mechanical and thermal
design. It was concluded that shorting the phase terminals is the most attractive
solution and this was adopted throughout this work.

In chapter 3, an analytical model that can be used to evaluate inductances
and subsequently calculate the fault currents under faulted operation and also
post-fault operation i.e. shorting terminals scheme, is proposed. It was shown
that the analytical model is very effective in predicting the resulting SC cur-
rents once a fault-tolerant remedial control strategy is applied. The effective-

ness of the analytical tool is verified by FE analysis and validated experimen-
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tally. Although this method, as any other analytical method, has some obvious
limitations in terms of accuracy, it has a very fast computation time and can be
effectively used at a design stage where much iteration is needed and where the
modelling of individual turns in a finite element package under fault conditions
would be prohibitively time consuming. Analysis made using the proposed an-
alytical model has shown that for stranded coils a single turn-turn fault close to
the slot opening results in a short circuit current magnitude more than three
times the nominal current of the machine despite the machine being designed
to be fault tolerant, i.e. phase SC current equal to its rated nominal value.
Thus, a vertical winding concept was introduced as an alternative to stranded
coils to minimize the position dependency of the SC currents resulting from
turn-turn fault. An analytical model was developed for the vertical winding and
was benchmarked against FE and validated experimentally. It is shown that the
vertical winding configuration significantly improves the fault tolerance capa-
bility in terms of inherently limiting the inter-turn SC current regardless the
fault position in the slot.

In chapter 4, the vertical winding design has been investigated in the context
of losses and thermal behaviour. The obtained results confirmed that the verti-
cal winding not only improves the fault tolerance capability in terms of inher-
ently limiting the inter-turn SC current but it also has a better thermal behav-
iour compared to the conventional round conductors; whereas it was shown
that there is always a trade-off between SC current limiting capability and eddy
current losses. However, the proposed vertical winding is suitable for relatively
low frequency applications, where eddy current losses are not critical. For high
speed applications, design optimization is necessary to balance the eddy cur-
rent losses with the resulting sc currents.

In order to investigate the influence of the eddy current losses in the vertical
winding, 2-D field model was developed in chapter 5. The model consists of
exact field computation using the separation of variables technique. This tool
provides a considerable flexibility for parametric studies and design optimiza-

tion of PM machines.
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In chapter 6, feasible solutions to minimise the eddy current losses in the
FT surface mounted PM machines wound with vertical conductors was investi-
gated. As an initial solution, placement of the winding in the slot and their in-
fluence on AC copper losses and inter-turn SC current was investigated. As an
alternative, a systematic parametric design was carried out based on two major
key parameters: split ratio and tooth width ratio. The study was conducted us-
ing both FE and analytical tools proposed in chapter 3 and 5. FE analysis was
used to estimate the required torque considering non-linearity of the material
whilst the analytical tools were used to predict the SC fault current and the AC
copper losses. It was shown that the split ratio has a significant influence not
only on the DC copper losses and iron losses, but also on AC losses. The opti-
mization process allows for improving the electrical machine fault tolerance
capability by using vertical conductors whilst maintaining the additional losses
at a reasonable level.

Finally, chapter 7 is dedicated to experimental validation tests on two ma-
chine prototypes having VSW and RCW winding configurations. Inter-turn SC
current, AC losses and temperature were measured. The obtained results were
compared with the analytically calculated ones. These results have further
validated the proposed analytical models for the calculation of SC current and
AC losses in chapter 3 and 5, repectively. Also the results have confirmed that
although the VSW have higher AC losses than the RCW, it has a better thermal
path to the generated extra copper losses.

8.1. Future work

Although much has been achieved in terms of concepts and their related
tasks, there is scope for improvement and development:
e In section 5.9, it is shown that the sub domain field model has limita-
tions due to non-convergence when the slot opening is very small. As a
solution, altering harmonic series method that converge the solution

conditionally could be considered.
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The sub domain field model proposed in chapter 5 is developed consid-
ering only the fundamental component of the supply current. The influ-
ence of high frequencies PWM harmonics could be considered as a fur-

ther study.

The proposed eddy current loss model is only applicable for surface
mount PM machines. It would be interesting to apply the model for dif-
ferent PM machine topologies such as flux switching PM machine, in-
set PM machine, outer rotor PM machine, etc.

The experimental study is only conducted at no-load condition. Opera-
tion of the two different prototypes under a controlled environment

should be experimented with.

The vertical winding concept has been proposed in the study to limit in-
ter-turn SC current after application of the remedial action (terminals
SC). However, alternative post-fault control algorithms could be inves-

tigated in PM machines adopting the new winding concept (VSW).
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Appendix - B

FLUX ESTIMATION - HORIZONTAL WINDING CONFIGURATION:

a) The flux (W) linking the height of h, which is related to the healthy

turns N, can be written as:

n(NY X
Vo= ol IJ.o (h_S] LW+2(hs—x)tan(/3’)}dX (B-1)

The flux (¥y) linking the height of (hs - hy) which is associated with both
healthy turns N, and N, can be described as:

Y, = ID(hs—hb)'(Na+Nb)2'|
(B-2)
= P(hs_hb).Naz.I + 2Py -Na Ny 1+ P(hs_hb).sz.I

where, Ps-no) IS the permeance associated to the height (hs - hy) and thus the
flux linkage ¥y can be found as:

¥, = R.NS2
(B-3)

L e

{2 " (%J{Sws@ff;? :a)n(ﬂ)}de

+ Hy Istk I
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Hence, the total slot leakage flux linking the healthy turns can be written as
follows:

¥, =P N2+ W, +.9, (B-4)

b) The flux (W¥p) linking the height of (h, - ha) which is associated with

both healthy N, turns and shorted Ns turns can be expressed as:

¥y = a1 [ (ﬂj{ Na (x=ha) }dx (B-5)

h \ by )| S, +2(h, —x)tan(B)

The flux (¥g) linking the height of (h, - hs) which is associated with both
healthy Np turns and shorted Ns turns can be expressed as:

LPq = H Istk I hhs [ﬂj|: NS(X_hb) :IdX (B'6)

hy )| S, +2(h;—x)tan(B)

Hence, the total slot leakage flux linking both healthy and shorted turns can

be written as follows:

W, = PNy N T+ RN, N T+ + (B-7)

where, the integration of the different flux components can be done

numerically.
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Appendix - C

FLUX ESTIMATION - VERTICAL WINDING CONFIGURATION:

Using the same process as for horizontal winding the different fluxes are

given as follows:

a) The total leakage flux linking the healthy turns can be written as

follows:

W= gl | KE‘—O(N -N, )’ j

1(2S,h, +2S,h,-b,h N2 2 N
J{z( (h, +h, )(2h, +N,) J[ 5 H(Na + Np )7 2N+ *’)J]

(s [ (3 [
A [l (o)

b) The total leakage flux linking both healthy and shorted turns can be

(C-1)

written as follows:

le::uolstk I |:£b£(N_NS)NS]

8 (h,+h,)(2hs+h,) 2(h, +W, tan(a))

[ 3 e o (& e )|

2 _ —
+[3N {zswhs+zswhw b, h, J]{ Sw — W, ](N—NS)NS (C-2)
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Appendix- D

D.1 WINDING ARRANGEMENT IN THE SLOT AND ADOPTED MESH CONDITIONS IN

FE SIMULATION
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Figure D 1. Mesh refinement of the RCW
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Figure D 2. Mesh refinement of the VSW
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D.2 WINDING MANUFACTURING CONSIDERATIONS

From a manufactering standpoint, insering this type of winding in a
lamination stack with semi-open slots is very difficult. However, a number of
options can be adopted and two of them are illustrated in Figure D 3 which are

self explanotary.

(b)
Figure D 3 Stator design with: (a) removable tooth, (b) separated tooth
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Appendix - E

E.1 SOLUTION IN THE AIR GAP SUB-DOMAIN:

The magnetic vector potential in the airgap can be obtained by solving La-

place’s equation:

2 2 R <r<R
0 An (I’,H) + 1 aAII (F,H) + i w = 0 for 2 =T 3 (E-l)
ar? roor r* 06 0<0<2

The interface condition between the PM sub-domain and the airgap at r =

R, (Figure E. 1) is given from the continuity of the radial component of the

magnetic flux density:

B"(R,,0)=B'(R,.0) = % _A (E-2)

re_g OF

r=R,

Figure E. 1 The airgap sub-domain and associated boundary conditions
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The boundary condition at r = Rs is more complex because of the non-
uniformity of the stator bore, i.e. slotting effect. Hence, the condition which

takes into accounts both boundary and interface conditions can be written as

follows:
oA
— voeE[b, b+
f(0)= < Or|_g 16 Al (E-3)
0 elsewhere

Considering the boundary conditions (E-2) and (E-3), the general solution

of the magnetic vector potential in the air gap sub domain can be obtained as

A1 0) = Z[/& YRR

Bn” &M X Cos(n@)
n E, (R R,)

n i(cnu & R.(r,R;)
) n E,(R,,R;)

(E-4)

Dn” &M X Sin(ng)
n E, (R,R,)

Where, n is the harmonics term which is a positive integer. The constants A",

B.", C." and D" are evaluated using Fourier series expansions as follows:

w1 g2z OA i
A" = — _[0 ~ Lz cos(nd)de (E-5)
w12 )
B = - _[O f(8) cos(nd)dé (E-6)

e LA
" T Y0 or

sin(nd)do (E-7)
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n

D :Zjo f(6) sin(ng)de (E-8)

The expansions of the coefficients A,", B,", C," and D," are given in section
E.4

E.2 SOLUTION IN THE SLOT SUB DOMAIN:

In order to get the magnetic vector potential, Poisson’s equation is applied
in the slot sub-domain. The superposition principle i.e. the general solution is
sum of the general solution of corresponding Laplace’s equation and a particu-
lar solution which satisfies the complete set of Poisson’s equation (E-9), is

considered in the solving process.

Figure E. 2 The slot sub-domain and associated boundary conditions
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OPA(r,0) 1 0A(r,0) 1 *A(r,0)
— - T, = -
2

—u.J
or? r or r 06> Ho

c

(E-9)

R,<r<R;

for 1 1
6 +§(ﬂ—5)3936’i +E(ﬂ+5)

where, po is permeability of the air. As shown in Figure E. 2, the tangential
component of the magnetic field at side of the slot’s wall and radial component

of the magnetic field at the slot’s wall at r = Rs are yields following boundary

conditions.
oA, oA,
'l =0 — =0
00 o:ei+%(ﬂ—6) o0 925“%(“5)
(E-10)
oA, —
or | R,

At r = R4 the tangential component of the magnetic field in both and slot
slot-opening sub-domains is equal and it becomes null elsewhere since the sta-
tor iron has infinite permeability as shown in Figure E. 2. Thus, the interface

conditions between the slot sub-domain and slot-opening sub-domain are given

by

oA
oA, = v oE,6+
_J _ ar e [ 1 ﬂ] (E'll)
or| !
=R 0 elsewhere

According to super position principle, considering the boundary conditions

(E-10) and (E-11) the magnetic vector potential in the ™ slot is given by
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A (r,0) = A+ % Hod (Rf In(r) - %rzj

N iANJ SR, Prys (1 Rs)
m=1 mz E..s (R, Rs)

mz 1
X cos(?{e— 6, — E('B - 5)D

where, m is the harmonics term which is a positive integer and J; is current

(E-12)

density in the j™ slot. The constants A,’ and A’ are evaluated using Fourier se-

ries expansions of slot-opening interface over the slot interval at r = R4 as fol-
lows:

. i 6 +p % -
A= s ol 40 (E19
Al = %I:w (2_? cos(%(ﬁ—ﬁi _%('B_&D do (E-14)

The expansions of the coefficients AJ and A,/ are given in section E.4

E.3 SOLUTION IN THE PM suB DOMAIN
The PM sub-domain and its associated boundary conditions are explained

in Figure E. 3. In order to obtain the general solution in the PM sub-domain the
following problem is solved.

OPA(O) LOANO) 1 FAE) _ M

or? r or r2  06° r o0

R <r<R,
for
0<0 <2rx

(E-15)
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Figure E. 3 PM sub-domain and associated boundary conditions

where, M is the residual magnetization vector which amplitude is given as

M = B (E-16)

where, B, represents the remanence flux density and , is permeability of the

air. Thus, in polar coordinates, the magnetization of the magnet is given by
M=Mr+M,60 (E-17)
Figure E. 4 shows the typical waveforms for M, and M, for radial magneti-

zation and the components of which can be described over one pole pair p

(with respect to the position 0) by
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M, = -2 <p<-a X
M,=0 2p 2p
B
M, = ——
72 —a2130<a21
M, =0 p p
M, =0
f al <0<@2-a) X (E-18)
M,=0 2p 2p
B
M, ==
A (2—0{)2£S¢9Sa:23—”
M,=0 p p
M, =0 a3—”3933—”
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(b)
Figure E. 4 lllustration of the magnet’s magnetization components (a) M, and
(b) My along the 6 direction
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From the (E-18), it can be seen that the air space between the magnets is as-

sumed to be occupied by unmagnetized permanent magnet material, i.e.

M = 0. Also for the magnet poles that are magnetised radially, My, is zero.

Thus, the radial magnetisation can be expressed in a Fourier series over a pole
pair as [130]

M, = > M,,cos(nd) + M, sin(nd) (E-19)
n=13,5...
where,
M., = M, cos(nA) (E-20)
n=1,2,3...
Myn = D, M, sin(nA) (E-21)
n=1,2,3...
where,
1V/104
2B sm[ 2 j n
M, = g P D135 (E-22)
Ho hz
2p

where, n is harmonic terms which is positive integer and A represents the

mechanical angular position of the rotor.

Associated PM sub-domains’ boundary conditions are:

Al
or r=R

(E-23)
AI (Rz’e) = AII (sze)
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Hence, considering boundary conditions (E-23), the obtained general solu-

tion of the magnetic vector potential in the PM sub-domain can be written as,

A (r,0) = i(ﬁ' M+ X, (r) cos(nA)} cos(ng)

n=1 Pn (Rz’Rl)
(E-24)
" g(cn' —PTn((F:;,Rle)) X () sin(nA)] sin(n6)
where,
__P(nR) [R[R) ¢
X, (r) = P (R.R) [ . (RJ fo (R) + fn(Rz)}
(E-25)
R(RY ¢
+ (F(r] fn(R1)+fn(r)J
and
_4Bp T if n=lo with I =
”(1_n2)rcos(2p(l a)J if n=lp with 1=1,3,5.....
f(r) =128, In(r) cos(z(l—a)j ifn=p=1 (E-26)
Vs 2
0 otherwise

The constants A,' and C,,' are evaluated using Fourier series expansions of

airgap interface over the interval 2w at r = R, as follows:

A ijoh A, (R,,0) cos(ng) de (E-27)

c' =1 [ A/(R,.0) sin(no) do (E-28)
T 0

The expansions of the coefficients A, and C,' are given in next section.
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E.4 COEFFICIENT COMPUTATION FOR MAGNETO STATIC PROBLEM:
For the simplification in the coputation of the coefficients, the following

integral forms are calculated first and than included in the complete equation.

6+p
f, (k,n,i)= Icos(n@)xcos(%(@—@i)] do (E-29)
G+p
g, (k,n,i)= _[sin(n&)xcos[%(@—@i)) do (E-30)
4+p
r,(n,i)= J' cos(ng) do (E-31)
6+p
s, (n,i)= j sin(ng) do (E-32)

6

6:+p
F, (m,k)= jcos(%{&—&—%(ﬂ—&)p

xcos[%(e—@i)j dé

(E-33)

The expansions of (5.16) and (5.17) for the slot-opening sub-domain are
given as follows:
iR, 2
ng E, (R, Ry)
a1 Re Py (RRy)
ng E, (R, R,)
n=1 " nﬂ En (R27 R3)
D" & P (R3’ Rz)
" nﬂ En (R31 RZ)

0=—-A'~B/In(R) + 3 (/x

n=1

]x r,(n,i)
(E-34)

jxsa(n,i)
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0=-A'-B'In(R,) + A’

1 . ) R,
+ E/Uo ‘JCJSIn(Ae) RS In(R4)_T

3 i 2R4 g i Pm;z/& (R41 Rs) (E_35)
e

()

where, A is angle of the excitation current density in the j™ slot with respect to
position of the rotor (A). In order to perform the time stepping in the calcula-
tion, the angle for different slots is introduced in a matrix form. For instance,

the matrix form of 12-slot/ 14-pole configurations is given below.

A=sin(A,) B:sin(Ae—%{] C=Sin(Ae+2§j

M:[A—A—BBC—C—AAB—B—CC]

Evaluation of (5.18) and (5.19) are given as follows:

i = " 2R2 2
O=ATr L {A“ nf E, (R, R,)

B Il 2R3 Pn (RE’RZ)
" ngB E, (R,R,)

jx f(k,n,i)

(E-36)
= (2R, 2
22 [C” N8 E, (R, Ry)
n 2R3 B (Ry,Ry) y :
Y En(Rg,Rz)j Slonh

0=-B'+ ip\n][ 20R, szz'/ﬁ (R, Rs)
k M8 E,., (R, R)

m=1

J « F, (m,k) (E-37)
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where, subscripts of coefficients (A,, B, A and By') represents the order of

the harmonics and superscripts are corresponding i slot-opening domain.

The expansions of coefficients A", B,", C"' and D, are:

N N E, (Rz,Ri) ' )
=-A" +A — R P (R,.R) + X, (R,)cos(nA) (E-38)

I N E (R,R) )
0=-C," +C, R, —P (R,.R) +X, (R,)sin(nA) (E-39)

where, X, is (dXn(r))/d;|r = r2 and X,y (r) is given in(E-25).

O:—Bn”+iBo'( jr(n i)

Q = . P R.,R )
P Y ALK e R R ¢ oni) (E-40)
i=1 k=1 ﬂRB Ek;z/ﬂ (R31 R4)

Q =2 .k 2 .
- > > B, x f_(k,n,i)
i=1 k=1 ﬂR3 Ek;;//}‘ (R31R4)

S S K Pk’f/ﬁ (R, R,) .
’ '221: kZ:; A bRy Ekﬁ/ﬁ' (Rs’R4)Xga(k’n’l) (E-41)

2 & . 2 .
- Z Z Bkl Xga(kvnil)

i1 «d PR Eq,s(RuRy)

It is worth to note that the mutual coupling between the slots is included by the

summing operation on Q number of slot as explained in (E-40) and (E-41).
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The expansions of coefficients A, and A, for the slot sub-domain

5R4 k=1 Ek/r/ﬂ (R3’ R4)

_B i Pkﬂ/ﬂ (R4vR3) 2sin(kr) (E-42)
“ Ey(RuR) ) OR,

0=-A'+B, p +Z(Ag 2

s ( A2 B Pk,,,,,<R4,R3>]

Ek;z/ﬂ (R3, R4)
2k
PR,

(E-43)

x F,(m,k)

The expansions of coefficients A, and C,' for the PM sub-domain:

||&PH(R2’R3)+B”& 2

0=-A +A7 E (R,R) " nE (R,R,)

(E-44)

VR PBRR) [uR 2

0=-C'+C, A B
n E (R,R;) n E, (R.R,)

(E-45)

In addition, the following relation is obtained between the coefficient Bc,i

and the current density in the slot (J;) by equating (5.15) and (E-12) according
to the interface condition (E-11).

- o . L
B'= — uJJsin(A)(R?-R?) withi=
0 zﬂ zuo C ( e)( 5 4 ) J (E-46)
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From the system of linear equations given in above, the coefficients of dif-
ferent sub-domains are evaluated by solving the equation in a form of matrix
numerically. The mathematical software Matlab® is used in the solving pro-

Cess.
E.5. COEFFICIENT COMPUTATION FOR TIME HARMONIC PROBLEM
Expansion of (5.35) given by,
D L
A B (R (E-47)

_ B i k;z-/ﬂ (R41 R ) % 25|n(k7Z')
(R,.R,) SR,

k/r/ﬂ

Development of (5.36) can be expressed as follows:

+ i A<i 2 . B i Pk/r/ﬁ (R4’ RS)
k=1 Ek;r/ﬁ (Rs’ R4) ‘ Ekﬂ/ﬂ (Rsv R4) (E'48)

2k
X
SBR,

E.6. BACK-EMF, FLUX DENSITY AND TORQUE CALCULATION:

Since the magnetic vector potential can be obtained everywhere in the sub-
domains, the analytical tool also can be used to evaluate machine’s perfor-
mance such as back-EMF, torque, cogging torque, etc. The computation of

back-EMF, torque and also flux density are described below.
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E.6.1 FLUXDENSITY CALCULATION

The radial, tangential and magnitude of the flux density are:

p - LAY (E-49)
r o6
oA(r,0)
B,= — E-50
a (E-50)
B= /B +B, (E-51)

Hence, the radial and tangential flux density components in the different
sub-domains can be obtained by differentiating the corresponding expression
of vector potential A. Obtained flux density in the airgap sub-domain for 12-
slot/14-pole machine is shown below.
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Figure E. 5 (a) Radial and (b) tangential component of the flux density in the

middle (r = 31mm) of the airgap sub-domain at load condition

E.6.2 BACK-EMF CALCULATION
The back-EMF induced in the phase windings can be calculated by estimat-
ing total flux 9 over the slot area As for given rotor position A. The total flux 9

in a slot can be written as
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9= 'S—tkjjAj (r,0) rdrdo (E-52)
A%
where, the trapezoidal slot area A; given by

(E-53)

and the vector potential is averaged over the slot area since the slot has uni-
formly distributed current density. Hence, the back-EMF induced in a phase
winding can be expressed as

ONJ

e=0,, ——— E-54
O (E-54)

where, wm, represents the rotor rotational speed in rad/s and N is number of
per turns phase windings. Obtained back-EMF waveform for considered 12-

slot/14-pole machine is given below.
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| 1
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o O

1
o
o
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Angle (mech.degrees)

-50

Figure E. 6 Comparison between analytically calculated and FE computed
back-EMF
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E6.3 TORQUE CALCULATION
Using well known Maxwell stress tensor the electromagnetic torque can be

estimated as follows

e

T - 'S*—RCIOZ” B."(R.,0)B,"(R.,0) do (E-55)
Ho

where, R. is the radius in the airgap sub-domain and By, By are radial and tan-
gential component in the airgap sub-domain respectively. Obtained cogging
torque, torque and torque-current waveform for considered 12-slot/14-pole ma-

chine is given below.

0.05
0.04
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-0.01
-0.02
-0.03
-0.04
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Figure E. 7 Comparison between analytically calculated and FE computed

cogging torque
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E.7 RESULTS FOR 12-SLOT/ 14-POLE PM MACHINE:

E.7.1 FIELD OBTAINED FROM MAGNETO STATIC PROBLEM
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Figure E. 10 (a) Radial and (b) tangential component of the flux density in

the middle (r = 40mm) of the slot sub-domain at load condition
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E.7.2 FIELD OBTAINED FROM TIME-HARMONIC PROBLEM
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Figure E. 11 (a) Real and (b) imaginary parts of the radial flux density com-
ponents in the middle of the slot (r = 40mm) at frequency f = 233.33 Hz
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Figure E. 12 (a) Real and (b) imaginary parts of the tangential flux density
components in the middle of the slot (r = 40mm) at frequency f = 233.33 Hz

E.8 EXAMPLE 2: 6-SLOT/ 4-POLE FT-PM MACHINE

As an example a 6-slot/ 4-pole concentrated winding PM machine is also
considered; its parameters are given in

Table E -1. Obtained results are added below.
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Figure E. 13 Magneto static field solution based and FE calculated RCW ma-

chine copper loss vs. frequency for the 6-slot 4-pole PM machine
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SPECIFICATIONS VALUE
Number of pole pairs (p) 2

Number of stator slots (Q) 6

Number of turns per phase (Npn) 42

Current density (Jyms) 2.29 A/mm”
Remanence flux density of the PM (Brem) | 1.08 T
Inner radius of the rotor yoke (R;) 20.00 mm
Stator inner radius (R3) 28.00 mm
Stator outer radius (Rs) 45.00 mm
Magnet depth (R2-R1) 7.00 mm
Tooth-tip height (R4-R3) 2.00 mm
Depth of stator back iron 5.00 mm
Axial length (lsw) 100.00 mm

Slot width angle (9)

30 mech.degrees

Slot opening angle ()

12 mech.degrees

Magnet span (o)

0.833

Table E -1 Specifications of the 6-slot 4-pole PM machine
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Appendix - F




Machine 1: Parallel slot configuration
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. o) I
i | P 1
SPECIFICATIONS VALUES
Stator outer diameter OD, 128.9000 mm
Stator inner diameter OD; 93.0000 mm
Air gap I, 2.0000 mm
Slot opening S, 0.3000 mm
Tooth shoe height H, 3.0000 mm
Slot width S, 8.0899 mm
Back iron depth Dy; 5.8206 mm
Slot wedge angle o 12 mech.degrees
Slot height hg 8.0820 mm
Axial length I 37.7200 mm
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Machine 2: Parallel teeth configuration

SPECIFICATIONS VALUES

Stator outer diameter OD, 128.9000 mm
Stator inner diameter OD; 93.0000 mm
Airgap [, 2.0000 mm
Slot opening S, 0.3000 mm
Tooth shoe height H, 3.0000 mm
Slot width angle & 10.7 mech.degrees
Back iron depth Dy; 5.6130 mm
Slot wedge angle o 12 mech.degrees
Radius R, 58.7829 mm
Slot height h, 8.0820 mm
Axial length L 37.7200 mm
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Rotor

SPECIFICATIONS VALUES

Rotor outer diameter OD,. 89.0000 mm
Shaft diameter Dy, 67.4000 mm
Rotor iron depth D,; 5.8000 mm
Magnet depth D, 5.0000 mm
Magnet angle 0,, 25 mech.degrees
Magnet span 0.8333
Axial length L 37.7200 mm
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G.1 EXPERIMENTAL PROTOTYPE OF FT-PM MACHINE

Figure G1 A lamimation of the parallel slot design
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(b)
Figure G 2 VSW wound parallel slot stator: (a) view 1 and (b) view 2

Figure G 3 A lamimation of the trapzoidal slot design
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(b)

Figure G4 (a), (b) Winding process of the trapzoidal slot stator using wedges
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G1.1 EXPERIMENTAL RESULTS:
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Figure G5 (a) Three phase back-EMF waveform of a coil of a parallel slot

machine (b) comparison with trapezoidal slot machine
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