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Abstract

Passive elements such as filter inductors and capacitors occupy a significant amount of
space in motor drives and have added penalties of increased system losses and weight.
Traditionally, the filters are designed and introduced separately after the drive system
components have been defined. This leads to discrete sub-systems which require a
functional and structural integration to make efficient and power dense overall system.
Such power dense system is the prerequisite in aerospace and marine applications.
Therefore, the main focus of this thesis is to look at an integrated approach to design

and optimize the filter inductor, both from functional and physical point of integration.

Two novel integrative approaches for passive filter inductor are presented in this thesis
along with a detailed literature review of passive filters that are being used at present.
The first approach is a functional integration of passive filter inductor which uses the
inherent motor magnetics to act as a filter inductance instead of introducing a separate
filter inductor between the inverter and motor terminals. The mathematical and FE
models of the integrated motor have been made using MATLAB®—Simulink and
MagNet — Infolytica finite element tool to predict and compare its overall
performance with the conventional motor drive system. For the purpose of comparing
these two systems, a separate EE core filter inductor is designed and sized using “Area
Product” approach. Subsequently, the optimization of the integrated motor is presented
in terms of torque ripple, total losses, weight and volume which is then compared with
the conventional motor drive. For the purpose of experimental verification, the existing

HEMAS motor is modified and tested on a DDS motor drive system.

In addition, the concept of motor-shaped inductors are presented which provided an
effective structural integration as the inductor can be embedded within the housing of
existing motor or generator. The motor-shaped inductors include: motor-shaped
rotational inductor and motor-shaped rotor-less inductor. The design procedure of both
motor-shaped inductors is explained which is followed by the design optimization
process. The design optimization of motor-shaped inductors have been carried out
whilst considering various slot-pole combinations and winding configurations which is
then compared with the conventional EE core inductor in terms of total losses, weight

and AC copper resistance. To validate it experimentally, 12 slots 2 poles rotational
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inductor is manufactured at The University of Nottingham, UK which is tested on a 49
kW, 20,000 rpm induction motor drive system. The results have been presented at
different rotor speeds and supply frequencies. Subsequently, the performance of both
rotational inductor and conventional EE core inductor have been compared in terms of
synchronous inductance, power losses, DC and AC resistance, power quality, weight

and volume.
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Abbreviations

2D Two dimensional

AC Alternating Current

CM Common Mode

CNW Concentrated Windings

DL Double Layer

DW Distributed Winding

DC Direct Current

DM Differential Mode

DSP Digital Signal Processing

DDS Drivetrain Diagnostic Simulator

ESI Electronic Smoothing Inductor

EMI Electromagnetic Interference

EMC Electromagnetic Compatibility

FFT Fast Fourier Transform

FPGA Field Programmable Gate Array

FE Finite Element

FEA Finite Element Analysis

HEMAS Helicopter Electromechanical Actuation System
IGBT Insulated Gate Bipolar Junction Transistor
KHz Kilo-hertz

KV Kill-volts

L Inductive Filter

LC Inductive-Capacitive-Inductive Filter
LCL Inductive-Capacitive Filter

PWM Pulse Width Modulation

PMSM Permanent Magnet Synchronous Motor
RLC Resistive-Inductive-Capacitive Filter
RMS Root Mean Square

RPM Revolutions per minute

RT Rotational Inductor

RL Rotor-less Inductor
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SL Single Layer
THD Total Harmonic Distortion

VSI Voltage Source Inverter
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Symbols & Acronyms

Ap 1ph Single phase area product
Ap 3pn Three phase area product
A, Iron core area of EE core inductor
Ag Airgap length of EE core inductor
Brax Peak flux density
By, Back iron width
Cr Filter capacitance
Cp Base capacitance
Cac DC side capacitance
Dy, Shaft diameter
En No-load motor voltage
E; Filter branch no-load voltage
E e Three phase no-load voltage
E, Motor branch no-load voltage
fs Fundamental frequency in Hz
fow Switching frequency in Hz
fres Resonance frequency in Hz
frippie Ripple frequency in Hz
fmax Maximum frequency that control loop is able to reject
F Window width
G Window height
Loms RMS current through inductor
labe Three phase motor current
M motor current with external inductor
ir filter inductor current with external inductor
i Filter branch current
i) Motor branch current
I RC branch current
Jrms RMS current density
J Motor-load inertia
K, Waveform Factor
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Kp Fill Factor

Ly Synchronous Inductance
Liimp Limb Length (or width)
Lstack Stack Length

Ly Converter side inductance
L, Grid side inductance

Lac DC side inductance

Ly Base inductance

Lr External filter inductance
Ly Filter branch inductance
L, Motor branch inductance
L Motor side inductance for RLC output filter
L, Airgap length of Motor-shaped inductor
N Turns per slot

P Number of Poles

P toss Total motor loss

P; Measured input power
Peopper Total copper loss

Py, DC copper loss

P, AC copper loss

pp Pole pair

R motor phase resistance

R, Filter branch resistance

R, Motor branch resistance
R Damping Resistance

R, Rotor width

S, Slot opening

Son Slot opening height

T Torque due to filter branch
Taz Torque due to motor branch
Tom Electromagnetic torque
Tioad Mechanical load torque



Measured or estimated output torque

Tooth width

Critical rise time of inverter

RMS voltage across inductor
Inverter terminal voltage

Motor terminal voltage

Three phase inverter terminal voltage
Three phase motor terminal voltage
ESI output voltage

ESI voltage

ESI input voltage

Window area of EE core inductor
Inductance reactance of filter branch
Inductance reactance of motor branch
Resonance frequency in rad/s
Fundamental frequency in rad/s
Electrical fundamental frequency in rad/s
Measured rotor speed in rad/s
No-load flux linkage of the motor
No-load flux linkage of filter branch
No-load flux linkage of motor branch

Rotor position

Phase shift angle between filter and motor branch currents
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CHAPTER

INTRODUCTION

This chapter starts off by giving a brief introduction about the background and
motivation of the research work that has been carried out in this thesis; emphasizing
the requirements of passive filter for AC drives in the recent past. The chapter also
includes the brief introduction about different types of the magnetic cores and its
physical layouts used for conventional inductors along with the objectives of the
presented research work. The chapter is concluded by giving a thesis structure and a

list of research publication resulting from this project.

1.1 BACKGROUND AND MOTIVATION

Traditional motor drives structure similar to the one shown in Figure 1.1, have been
in use for years. The complete motor drive involves a grid generator, power
modulators (converter and inverter), filters (input, output and DC link) and an electric
motor. Three filtering stages are required to get a smooth operation of a complete drive
system whose purpose is to prevent the harmonics getting injected into the network.
Input grid filters mitigate the harmonics which is generated by the grid generator and
the power converter. DC link filters, also known as smoothing filters are used to shape
the DC link voltage and current; and the output filters are employed to reduce the effect

of harmonics induced by the power inverter and the electric motor.
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Grid
Generator

x6 x6
Input || | DCLink | | Output
Filter || || Filter || | | Filter

Converter Inverter

A

Figure 1.1: Classical motor drives system

The low order harmonics induced by the motor and generator, and the switching
harmonics generated by the power modules increases the power losses inside the
electrical machine. This leads to the temperature rise, reduced efficiency, increased

noise, vibration and reduced life [1].

The output of the inverter generates a voltage gradient (dv/dt) of about 6 KV /us or
even more. High voltage gradient (dv/dt) results in a high frequency conducted and
radiated emissions, motor insulation stress, leakage currents, bearing stress, acoustic
noise, core losses and skin-effect losses in the motor windings. Depending on the

specific application, the eradication of some of these consequences is necessary [2, 3].
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In some industrial applications, inverter and motor are separated by long distance
cables. The pulses with high voltage gradient (dv/dt) on the long lines behave like a
travelling wave which results in the voltage reflections. This voltage reflection can
cause the voltage to overshoot at the motor terminals. In such a case, motor insulation
may lead to an ultimate failure if the preventive measures are not taken into account

in the form of filters [4, 5].

The passive elements such as filter inductors and capacitors occupy a significant
amount of space in motor drives and have added penalties of potential higher losses
and weight. In classical motor drives, filters are designed and introduced externally
after the drive system components have been defined. This leads to a discrete sub-
system which in turn results in a bulky overall system. In order to overcome this issue,
this project looks at an integrative approach to design and optimize the filter inductors,

both from the functional and physical point of view [6, 7].

There are many prospects of integrating the passive filter components in motor drives
system. The use of integrated approach in motor drives allows functional and structural
integration of different drive components into one component that results in a compact
design, fewer manufacturing tasks, reduced losses and its associated weight, volume
and cost. Therefore, applications where high power density is needed, the use of

integrated approach present to be the best solution [6-9].
1.2  PHYSICAL LAYOUTS FOR INDUCTOR CORE:

The wide range of core structure is being used in the industries to manufacture the
filter inductors as shown in Figure 1.2 and Figure 1.3. The traditional magnetic and
non-magnetic cores for inductor are air core, Tape wound, powder and laminated

cores.
1.2.1 Air Core

Air core does not use a magnetic core. The coils are wound on non-magnetic former
such as plastic, ceramic or just an air (coreless) as shown in Figure 1.2(a). The
drawback of this core is that they are less permeable in nature compared to magnetic
core, however, are often used in high frequency applications since they are free from

magnetic core losses that depend on the square of the frequency [10, 11].
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(a) Single Phase Air Core (b) Single Phase Toroidal
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Figure 1.2: Physical Layout for filter inductor
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Figure 1.3: Magnetic Cores for filter inductor
1.2.2 Tape Wound Core

Tape wound cores are made by winding around a mandrel, a magnetic material in the
form of preslit tape as shown in Figure 1.3(a) and Figure 1.3(b). The benefit of using
such type of core is that flux is parallel to the direction of rolling magnetic material
that provides the full utilization of material with maximum flux for a given field
strength. Tape wound core can be constructed in C, EE or toroid shapes (Figure 1.3(a)

and Figure 1.3(b)) [10].
1.2.3 Powder Core

Powder cores are very unique in construction. They have integrated small airgap
evenly distributed throughout the core material. This acts in a similar way as a core
with airgap which prevents the magnetic core from saturating at higher levels of
current. They come in a variety of materials and are very stable with temperature. The

powder core can be available in the toroid, EI or EE shape off the shelf [10].
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1.2.4 Laminated Core

Laminated cores are one of the most commonly used cores in power electronics and
drive applications. They comprise of stamped and pressed steel sheets separated by an
insulation coating between the sheets as shown in Figure 1.2(d). The coating reduces
the eddy currents between the sheets [10]. The laminated cores can be EE, EI, LL, Ul

and toroid in construction as shown in Figure 1.3(c) to Figure 1.3(g).
1.3 MAGNETIC CORE DESIGN FOR INDUCTORS

The design of an AC inductor requires the calculation of apparent power capability.
According to the area product approach used in [10, 12, 13], the apparent power
handling capability of an inductor is related to the area product (4,), by a relationship
which is given as,

l[I'TYI.S'IT‘TYI.S X 104

A =W,A, = [cm*] (1.1D)
piph e Kw KF Bmax f:s‘ ]rms

where K, is the waveform coefficient (K,,= 21 /v2 =4.44 for sine wave), K is the
window fill factor, V5. Ims 1s the RMS apparent power handling of an inductor in
VA, By 18 the peak operating flux density in Tesla, f; is the supply frequency in Hz,
Jrms is the RMS current density in A/cm?, W, is the window area in cm? and A, is the

core cross-sectional area in cm?.

For 3 phase inductor design, the area product is different from the one indicated in
(1.1). Since there are two window areas (I/,) and three iron areas (4.), the window

utilization is different and area product (A4, ) changes to,

W,
Apspn = 3. (7“).Ac =154, 1, [cm*] (1.2)

The expression (1.1) can be rewritten by substituting the expression of induced voltage

across the inductor. Therefore, the area product is,

Lyms. Ws. Lg. Iyms X 10*

W, A. =
e Kw KF Bmax fs]rms

[cm*] (1.3)
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27 IR Lg X 10*
Kw KF Bmax ]rms

W, A, [em*] (1.3)

Where, w; is the electrical frequency in rad/s, Ly is the synchronous inductance of the

inductor and K,, is the waveform coefficient (K,,= 1/v/2 = 0.707). It is clear from
equation (1.3) that the area product is independent of the supply frequency which
means inductor size does not depends on frequency of the supply current. However,

the core power loss completely depends on the supply frequency.

“Suppose that the design specification of the frequency is changed from 100 Hz to 1
MHz. In such a case, we select the same core as that for 100 Hz following the same
procedure as discussed above. This leads to core loss 52 times larger, which is not
acceptable from an efficiency point of view. Therefore, it is necessary to reset

maximum flux density (Byqy) to a lower value, which requires trial-and-error efforts”

[12].

1.3.1 Typical Requirement for Inductor Design

As can be seen from Eq. (1.1) that the factors such as flux density, supply frequency,
current density and the window fill factor (which defines the maximum space occupied
by the copper windings in the window) influence the inductor area product. It can be
observed from Eq. (1.1) that the physical parameters of the inductor equate to the
electrical parameters. The core area A, indicates the flux conduction capabilities
whereas parameter W, indicates the current conduction capabilities of an inductor

[10].
1.3.2 Inductor Sizing Constraints

While designing an inductor, it is important to take the limitations of flux density and
current density into account. It is very clear from (1.1) that the area product is inversely
related to the operating flux density and current density of an inductor. Flux density in
the core is limited by material saturation whereas the current density in the conductor
is limited by the thermal limit of the inductor. High flux and current densities will
result in a lower area product and hence lower overall weight. However, this comes at
the expense of potential higher core and copper losses which results in higher

operating temperatures which is clearly a trade-off between weight and loss [10].
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1.3.3 Inductor Sizing Calculation

The area product approach can be practically implemented for EE, EI or toroidal core
depending on the application of an inductor. The physical layout for EE core inductor
and the algorithm of calculating inductor size are shown in Figure 1.4 and Figure 1.5
respectively. As stated earlier, the sizing of an inductor greatly depends upon its
apparent power handling capability, which in turn depends on the area product of the
window and core. Initially, the specifications of required inductance, peak flux
density, fill factor, RMS current and RMS current density have to be selected to
compute the area product. To determine the copper and iron core area, window-to-
core area ratio (W, /A.) of the inductor can be assumed. The window-to-core area ratio
indicates a trade-off between core and copper losses. The core length ratio
(Lstack/Liimp) and window aspect ratio (G/F) can then assume in order to set the
lengths of the core and window respectively. It has been suggested in [10] to set a low
window to core area ratio (W, /A.) in order to keep the fringing flux at minimum level.
The value of window aspect ratio is typically varies between 3 to 4 based on the core
manufacturer [10] and the value of core length ratio is application specific.
Subsequently, the turns per phase must be determined based on the specified voltage
across the inductor. In the end, airgap can be calculated to get a required inductance

of an inductor.

<« F —>
— G ﬂ Wa
N = l LIimb
|
v
AC Lstack

Figure 1.4: Physical layout of EE core inductor
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1.4 RESEARCH GOALS AND THESIS STRUCTURE:

The goal of this research is to transform the traditional way of manufacturing and
integrating filter inductor into motor drives to get a high power dense integrated drive
both structurally and functionally. As stated earlier, the passive filter inductor occupies
a significant amount of space in traditional motor drives and have penalties of higher
losses and its associated weight. Filter inductor is introduced separately after the drive
system components have been fixed which leads to a discrete subsystem. This discrete
subsystem ultimately requires to be fully integrated into a single unit to prevent the

drive system from becoming bulky and lossy.

To achieve the research goals, this thesis is structured into seven chapters. A brief

overview of the contents of each chapter is outlined below,

Chapter 2 gives an insight into passive filter topologies which is used to smooth out
the harmonics from the voltage and current waveforms in motor drives system. Input
filters, output filters, and DC link filters are reviewed that are being used in
conventional motor drives at present. Also, the literature review on the functional and

structural integration of passive filters are presented.

Chapter 3 presents a concept of permanent magnet synchronous motor (PMSM) with
integrated output filter inductor. A detailed analytical model of the motor with an
integrated inductor is presented, taking switching effect and modulation into account.
The design procedure for external EE core inductor and the practical implementation
of the integrated inductor is discussed. The analytical results of the motor with
integrated inductor are analyzed and compared with the motor with external inductor.
Subsequently, the motor with external and integrated inductor are validated with finite
element analysis (FEA) and their FEA based performance comparison is presented. In
the end, integrated inductance is optimized and the effect of varying the integrated

inductance is investigated.

Chapter 4 gives a description of the experimental rig and test setup for the integrated
motor proposed in chapter 3. The experimental results of the motor with external and
integrated inductor are presented respectively. The experimental comparison between

the motor with external inductor and motor with integrated inductor has been made.
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Finally, the chapter is concluded by giving a comprehensive experimental

characterization of the motor with the integrated inductor.

Chapter 5 introduces an idea behind the integrated motor-shaped inductors. The
motor-shaped rotational and rotor-less inductors are explored and demonstrated in this
chapter. The design method of transforming EE core inductor into motor-shaped
inductor is discussed. Afterwards, design optimization of motor-shaped inductors in
terms of losses and associated weight has been done, taking into consideration of
different slot-pole combinations and winding configurations. The chapter finishes with

a comparative analysis of EE core and motor-shaped inductors.

Chapter 6 validates the concept of integrated motor-shaped rotational inductor
proposed in chapter 5. The experimental results of the rotational inductor in terms of
power losses at different rotor speeds and supply frequencies are presented.
Successively, the performance of both rotational inductor and conventional EE core
inductor are compared in terms of synchronous inductance, power losses, DC and AC

resistance, power quality, weight, and volume.

Chapter 7 enlists the conclusive remarks drawn from this work with suggestions on
areas where improvements can be made. The appendices include the basics of
magnetic circuits, a method to calculate the 3-phase inductances, technical

specifications and construction drawings.

1.5 NOVELTY & CONTRIBUTION OF THE THESIS:
1.5.1 Novelty of the Thesis:

The thesis presents:

= novel options for integrating passive filter inductor embedded inside the

electrical machine both from functional and physical point of view.

= functional integration uses the motor inherent magnetics which eventually act
as a filter inductance for RLC output filter applications in motor drive systems.
This leads to elimination of added inductor losses and its associated mass and

volume.
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= physical integration which encompasses: motor-shaped rotational and rotor-
less inductors. Rotational inductor rotates at synchronous speed of the stator
magnetic field thereby reducing the rotor iron losses due to no rotor magnetic
induction. Both rotational and rotor-less inductors share the existing

motor/generator housing which allow us to design at high current density.

= the high current density inductor design which offer enoumous reduction in
weight and volume which is pre-requisite for aerospace and marine

applications.

1.5.2 Contribution of the Thesis:

The work carried out in this thesis has resulted in four international conference
publications. The work published in these papers is presented in chapters 3, 4, 5 and 6
respectively. The key contribution of this thesis includes: design, development,
simulation, testing and practical verification of novel integrated passive filter inductors

for motor drive applications. The published papers are:

M. Raza Khowja, C. Gerada, G. Vakil, P. Wheeler and C. Patel, "Integrated
output filter inductor for permanent magnet motor drives," IECON 2016 - 42nd
Annual Conference of the IEEE Industrial Electronics Society, Florence, 2016

= M. Raza Khowja, C. Gerada, G. Vakil, P. Wheeler and C. Patel, "Novel
integrative options for passive filter inductor in high speed AC drives," IECON
2016 - 42nd Annual Conference of the IEEE Industrial Electronics Society,
Florence, 2016

= M. Raza Khowja, C. Gerada, G. Vakil, C. Patel and P. Wheeler, "Design
optimization of integrated rotational inductors for high-speed AC drive
applications," 2017 IEEE International Electrical Machine <& Drives
Conference (IEMDC), Miami FL, USA, 2017

= M. Raza Khowja, C. Gerada, G. Vakil, C. Patel and P. Wheeler, "Design
optimization of integrated rotor-less inductors for high-speed AC drive
applications," 2017 IEEE Workshop on Electrical Machines Design, Control
and Diagnosis (WEMDCD), Nottingham, United Kingdom, 2017
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1.5.2.1 Journal Publications:

The first draft of the enlisted journal publications have been prepared and being

reviewed by the supervisors before the submission.

= M. Raza Khowja, C. Gerada, C. Patel, G. Vakil, S.A. Odhano, A. Walker and
P. Wheeler, "Experimental Verification of Permanent Manget Motor with

Integrated Filter Inductor,"

= M. Raza Khowja, C. Gerada, G. Vakil, R. Abebe, C. Patel and P. Wheeler,

"Experimental Validation of Integrated Motor-shaped Rotational Inductor,"

= M. Raza Khowja, R. Abebe, Chris Gerada, G. Vakil, A. Walker, C. Patel

"Integrated Passive Filters — An overview of the Modern Technolgies,"
1.6 SUMMARY:

This chapter presented an introduction about the project background, motivation and
goals by highlighting the need of integration technologies in the motor drives system.
The chapter also underlined the structure of the thesis and the contribution of the work

that has been carried out as a part of this project.

The next chapter presents the reviewed literature in detail on passive filters topologies

that are being used in the industry at present with emphasis on its structural integration.
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CHAPTER

PASSIVE FILTERS FOR MOTOR DRIVES

The variable frequency drives system is one of the major sources of harmonics,
which drastically affects the power quality of the system. Implementing the
technology of variable frequency drives potentially improve the energy efficiency.
However, the use of such technology results in unwanted harmonics injection which
leads to high losses and instability in the power system [1-6]. This chapter deals with
the application of passive filters in motor drives system to smooth out the voltage
and current waveforms. Input filters, DC link filters and output filters are described
from the functional point of view. The chapter also presents the layout of structural

integration of passive filter inductor being used at present.

2.1  GRID SIDE FILTERS:

The grid side filters, also known as grid input filters are desired in motor drives
system to smooth the grid input current and satisfy the electromagnetic compatibility
(EMC) standards. The input currents drawn from the grid have the high order

switching ripples along with a desirable fundamental component [7-9].



Passive Filters for Motor Drives | 16

Three types of input filter are being employed to reduce the harmonics of grid
current and hence, improve the power quality and meet the grid standards. They

include: L filter, LC filter and LCL filter.
2.1.1 LFilter:

In L type filter [10-17] as illustrated in Figure 2.1, a large amount of inductance is
desired to attenuate the switching frequency component which increases the size and
hence, cost of the inductor counterparts. Furthermore, the excessive voltage drop
across the filter inductor prevents it from being used for the grid applications [18].
The selection of filter inductance (L) is based on the allowable maximum current

ripple at the switching frequency [13, 19, 20] which is given by,

Vac

Ly =
! 6fswAlmax

2.1)

where v, is the DC link voltage, f;,, is the switching frequency of the converter and
Al qx 18 the maximum current ripple of the converter which is a rough estimation
recommended by an empirical relation. A 20% current ripple of the rated current is
considered acceptable in [13, 17] and a 10% ripple of the rated current is preferred in
[20] for the design of grid side inductor (L;). It is recommended in [9], the filter
inductance (L;) is selected such that the voltage drop across it should not exceed 5%
of the input voltage. Again the value of current ripple and voltage drop across the
inductor is application specific and governed by targeted application requirement.

L1

— —
]
— —

Grid side L Filter Diode Bridge Rectifier

DC LINK

GRID SUPPLY
o

Figure 2.1: L Type Grid Side Filter
2.1.2 LCAND LCL Filter:

On the contrary, higher order LC filter [18, 21, 22] and LCL filter [10-13, 15, 18-21,
23-30] as shown in Figure 2.2(a) and Figure 2.2(b) delivers two or three times higher
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attenuation than a simple L type filter depending on the selection of filter’s
resonance frequency. This reduces the amount of inductance required for the filter

that in turn results in reduction of size and cost [10, 13, 14, 16-18].

(a) LC Filter

LZ
>
= ——{ S
e =
2 ol 5
a &)
z — 8
S 1

Cf
R, m Diode Bridge
Rectifier
Grid Side LC Filter

(b) LCL Filter
L

1

GRID SUPPLY
e}
=EE -
=EE
DC LINK

LT

R, Eij Diode l'?rjidge
Rectifier

Grid Side LCL Filter

Figure 2.2: L.C and LCL Type Grid Side Filter

The design of the converter side inductance (L;) follows the same procedure [13] as
discussed in section 2.1.1. For the design of the filter capacitance (Cy), the reactive
power desired by the filter capacitor is typically set to 2—5% of the base capacitance
at rated conditions in [18-20] whereas, a design factor for reactive power of 15% is
used in [13]. The maximum filter capacitance as a percentage (y) of base capacitance
is given by the following expression [13, 18, 20],

Cr = %) 22)

21 fo Vs
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where S is the apparent power rating of the converter, y is the filter capacitance
design factor in percentage, f, is grid fundamental frequency and 1}, is the grid
line-to-line RMS voltage. The grid side inductance L, can be calculated from the
limit of total inductance. The total inductance (L;+L,) should not exceed 10% of
base inductance which restricts the voltage drop across both inductances. The base

inductance is defined by,

L, = Voms (2.2)
2nf,S

With the filter parameters (L4, Cr and L;) determined, it is essential to confirm the

range of resonance frequency [19]. Typically, the resonance frequency is half of the
switching frequency and at least 10 times higher than the grid fundamental frequency
[13, 20]. Therefore, the resonance frequency must lie in the range of the following

equation [13, 19, 20, 26],

10£, < foos < 0.5fs (2.3)

In order to avoid the resonance between the filter components, the damping is

achieved by connecting a damping resistance (Ry) in series with the filter
capacitance (Cr). The damping resistance (Ry) attenuates the ripple on the switching
frequency and hence dampens the oscillations caused at the resonance. The value of

the damping resistance (Rr) can be determined using following relation [20],

1
30Ures Cf

Ry (2.4)

2.2 DCLINKFILTERS:

The DC current drawn by the voltage source inverter contains significant amount of
switching pulsations in voltage and current waveforms. The DC link input filters,
also known as smoothing filters are employed to reduce the amount of switching
fluctuations that oscillates between its average dc values. The pulsating component
of the DC link voltage and current has to be limited to a low value in order to meet

the electro-magnetic compatibility (EMC) requirements. This is achieved by the use
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of DC link inductor and capacitor, the details of which are described in section 2.2.1

[31].
2.2.1 LCFilter

The LC resonance circuit as shown in Figure 2.3 is used to improve the power
quality of the DC link. The inductor basically helps to limit the switching ripples in
the current waveform, whereas the capacitor serves to reduce the amount of voltage
oscillations across the input terminals of the voltage source inverter. The criteria and

procedure [31, 32] of selecting DC side L and C components is discussed below,

de
>
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g o———— el
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Rectifier

Figure 2.3: DC side LC Filter

The DC side filter capacitance needed to absorb the voltage fluctuations can be
calculated by using an energy based equation of the capacitor [32]. The energy

supplied by the filter capacitor and the required filter capacitance are defined by,

P; 1
We = == CacVax — Vidin (2.5)
fripple 2

ZPinv

Cac =
2 2
fripple X (Vmax - Vmin

(2.6)

Where, Cy. 1s the DC side filter capacitance, Py, is the inverter capacity in KW,
frippie 1s the ripple frequency of diode bridge rectifier and V4, Vinin are the
magnitude of maximum and minimum voltage ripple at the DC link respectively.
The minimum allowable voltage (V,;,;,,) at the DC link has to be calculated with the

limitation of maximum allowable ripple voltage (Vyippie), Which is given as,
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Vinin = Vmax — Vripple 2.7)

Once filter capacitance (Cy.) is assessed using (2.6), the filter inductance (Lg4.) can
be estimated by selecting the resonance frequency of the DC link filter [31]. The
resonance frequency of the DC link filter must be lower than switching frequency of
the inverter. In the case of six-step inverter, the resonance frequency must satisfy the

given equation,

fres < 6fsw (2.8)

In the case of PWM inverters, the resonance frequency must satisfy the given

equation,

fres < 2N foy (2.8)

where, N is the number of pulses per half-cycle in the line-to-line voltage of the
inverter output. In [31], the dc side filter inductance (L,.) is selected by keeping the

resonance frequency one-fifth of the inverter switching frequency.
2.2.2 Electronic Smoothing Inductor (ESI) System

The DC side inductance occupies considerable amount of space in motor drives
system which increases its size and weight. In order to overcome this issue, the
electronic smoothing inductor (ESI) was initially introduced in [33] and the control
strategy has been improved in [4, 33-39]. In [33], the classical DC side inductor as
shown in Figure 2.3 is replaced by an ESI system as shown in Figure 2.4(a). The ESI
system consists of a DC side inductor, two diodes, two MOSFETs and a DC link
capacitor. The ESI system is able to control the output DC current of diode bridge
rectifier and makes it possible to reduce both voltage ripple across the inverter and

current harmonics present in the grid.

The ESI voltage (v,) is the difference of rectifier output voltage (v,-) and the inverter
input voltage (v,). The gate signals of MOSFETs produced by the PWM control are
shown in Figure 2.4(b). The inductor current (i;) is controlled at a constant DC value

by operating switch T; and T, with variable duty cycle. When switches T; and T, are
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turned ON, the DC link capacitor (C) discharges and inductor current (i;) increases.
On the contrary, DC link capacitor (C) will charge and inductor current (i)
decreases when switches T; and T, are turned OFF. In the period when either of the
switch T; or T, is turned ON, inductor current (i;) will not flow in DC link capacitor
(C). Therefore, DC link capacitor (C) is charged when voltage across ESI is positive
and discharge when voltage across ESI is negative [34, 36-39].

(a) Electronic Smoothing Inductor
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(b) Gating Signals by PWM Control
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Figure 2.4: Electronic Smoothing Inductor (ESI) System
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In ESI system, the DC side inductance is chosen just as equation (2.9) such that the
amplitude of the current ripple is £15% of DC side inductor current (i) at the rated
operating condition [37, 38] whereas the amplitude of the current ripple is selected as

+20% of DC side inductor current (i;) in [34, 39].

(\/5/2) X Vinp — (170 - vc)
Lpr =
be 0.3 X iy X 2fs,

X Dax (2.9)

where, i; is the average value of the inductor current, D,,,, is the maximum duty
cycle, vy, is the grid voltage, v, is the inverter terminal input voltage, v, is the

voltage across DC link capacitor in the ESI system.

2.2  OUTPUT PASSIVE FILTERS

In inverter-driven AC machines, voltage source inverter (VSI) can generate a high
voltage gradient (dv/dt) of around 10 KV /us across the motor terminals. The
inverter output voltage with high (dv/dt) propagate through the motor cable that
behaves like a transmission line and voltage overshoots appears at the motor
terminals. High voltage gradient (dv/dt) results in an increase high frequency
conducted and radiated emissions, motor insulation stress, leakage currents, bearing
stress, acoustic noise, core losses and skin-effect losses in the motor windings.
Depending on the specific application, the eradication of some of these concerns

becomes mandatory [40-48].

The output filters are employed to eliminate the steep PWM voltage pulses from
appearing on the motor terminals. Four output filter solutions that are commonly

being used in industrial applications which are outlined below [40],
2.2.1 Output Choke

The output chokes are also known as series reactors or output inductors is a kind of
(dv/dt) filter without a capacitor as shown in Figure 2.5 [40, 42, 43, 49, 50] but
have the drawback of causing voltage overshoots with a very poor damping which
increases the risk of “voltage doubling” across the motor terminals [40]. The chokes

are inserted as three phase coils between inverter and the motor terminals to provide
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additional inductance to the system. Output chokes are often used to reduce the high
(dv/dt) stress on the motor insulation. However, these are not effective enough to
reduce the bearing stress, high frequency emissions, leakage currents and acoustic

noise [40, 50].

il
C E

DC LINK

Voltage Source Output Chokes

Inverter

Figure 2.5: Output chokes

The degree of suppression is almost proportional to the value of output chokes which
leads to increase in cost, volume and weight, and deteriorates the power factor of the
drive system. Moreover, the series reactor will introduce the significant amount
voltage drop at the fundamental frequency which reduces the ability of the machine
to produce the rated torque. Nevertheless, due to its simple functional and physical
structure, the output chokes are often adopted in applications where motors are built
with poor insulation [40] and where the motor is designed with lower winding
inductance to provide enough inductance to control the drive. Output chokes are not
always enough to eliminate the high frequency harmonics from the inverter output
voltage due to its functional limitations. Therefore, LC filters are the most commonly

used compared to output chokes when it comes to mitigate the high frequencies [50].
2.2.2 LCFilter

It is well known that the PWM inverter injects the high frequency electromagnetic
interference (EMI) noises: that flows within the power-feeding paths known as
differential-mode (DM) noise, and that flows between the power conversion system
and the ground known as common-mode (CM) noise [51]. The effect of high
frequency (EMI) excites the parasitic capacitances (i.e. the capacitance between the
motor windings and the ground; and the capacitance between IGBT inverter and its

heat sink) which leads to severe serious problems such as radiated and conducted
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high frequency emissions, shaft voltage and bearing currents, motor over voltage and

reduced life of the motor insulation [40, 52-54].
2.2.2.1 Common-mode Filter:

Common-mode (CM) LC filter as shown in Figure 2.6 is consists of three common-
mode inductors and three common-mode capacitors. They are used to reduce
conducted and radiated high frequencies (above 150 kHz) common-mode noise from
the motor cable. The resonance frequency of common-mode filter is usually selected
higher than the switching frequency which reduces its overall size and provides a
cost effective solution [40, 49, 55, 56]. The criterion of selecting resonance
frequency is given by (2.10) where f,, is the high frequency emission getting

eliminated from the system.

fsw < fres < fre (2.10)

In terms of design, author of [50] suggests that the CM inductor must be designed in
a way that the core does not saturates as the saturation of the core may lead to
excessive amount of CM current through the parasitic capacitances. Therefore, the
maximum flux density in the core at fundamental frequency must limit below the

saturation flux density of the core material.
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Figure 2.6: Common-mode Filter
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2222 Differential Mode 4V/ 4 Filter:

Differential mode (dv/dt) filter (LC or RLC) as shown in Figure 2.7 has been used
to reduce the differential mode dv/dt on the motor terminals to protect insulation of
the motor cables. However, dv/dt filters are not effective solutions for reducing
leakage current, induced shaft voltage, high frequency emissions and acoustic noise
[40, 43]. Filter resistors are often used to overdamp the ringing oscillations caused
by long cables between inverter and motor terminals [42, 55]. The resonance

frequency of this kind of filter is also greater than the switching frequency [40].

L

DC LINK
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\’_L— | 7%@
—l
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Inverter Ry

Figure 2.7: Differential-mode dv/dt or sine-wave Filter

K MOTOR

The resonance frequency is chosen using the relation (2.11) where t., is the critical
rise-time. Based on the relationship shown in [42], critical rise time corresponding to
a 20% motor side overvoltage for a cable length of 15m, 30m and 60m, the critical

rise time (t.,) is approximately 1.5 us, 2.5 us and 3.5 us respectively [42, 55].

fres = (2.11)

2tcr

The values of L and C can be selected with the help of RLC network transfer function
for 3 dB attenuation at a given resonance frequency (2.11). The damping resistor
(Ry) is picked to critically damped the filter circuit using characteristic impedance of

the cable which is given as [42, 55],



Passive Filters for Motor Drives | 26

,4Lf
Rez |~ (2.12)
f

A number of articles have been published to improve the functional performance of
dv/dt filters [48, 55, 57, 58]. In paper [55], the neutral point of the filter capacitors
is connected to the midpoint of DC link as shown in Figure 2.8 which significantly
reduces both common-mode and differential-mode effects i.e. the voltage over
shoots on the motor terminals, high frequency leakage currents and induced shaft
voltages. Another paper [57] presented a similar [55] filter design which is
practicable for the applications where midpoint of DC link is not accessible. Two star
points are obtained with six resistors and six capacitors that are connected to the

positive and negative terminal of the DC buses respectively.
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Figure 2.8: dv/dt with RLC filter connection to DC Link Midpoint

The author of [58] proposed a diode clamping filter design shown in Figure 2.9
which uses six clamping diodes to connect each phase to both positive and negative
DC buses. The approach effectively reduces the dv/dt of the inverter output voltage

and, in addition, eliminates the effect of ringing oscillations at the motor terminals.

The work presented in [48] also reduces the motor terminals over voltage
considerably by connecting the neutral point of filter capacitors between the two

diodes across the DC bus as shown in Figure 2.10.
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Figure 2.9: Diode Clamp dv/dt Filter with Six Diodes
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Figure 2.10: Diode Clamp dv/dt Filter with Two Diodes

2.2.2.3 Differential Mode Sine-wave Filter:

The sine-wave filter is also a differential-mode filter as shown in Figure 2.7 but have
the resonance frequency well below the switching frequency. There are numerous
guidelines in the literature to choose the resonance frequency. In [40, 59-61], it has
been suggested to pick resonance frequency one-third of the switching frequency to
have enough attenuation at the switching frequency. This provides an attenuation of
about 18 dB at the switching frequency [40]. On the other hand, the resonance
frequency must be at least ten times higher than the fundamental output frequency in
order to avoid the resonance with the motor impedance around the fundamental
frequency [40, 60]. Therefore, the criterion for selecting resonance frequency is

given as,
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1
]-Ofout < fc < §f:s‘w (2-13)

The selection of filter capacitance (Cy) is based on the resonance between the filter
capacitance and motor windings. In [62], it is recommended that the filter
capacitance should be selected such that resonance between the motor winding and
the filter capacitance does not interfere with the control loop of the drive system.

Therefore,

Cr < (2.14)

(277,' fmax)z- Lm

Where, L,, is the inductance of the motor windings and f;,,, is the maximum
frequency that control loop is able to reject. When sine-wave filters are employed,
the voltage across the motor terminals is no longer contain PWM pulses which leads
to near sinusoidal power being fed to the motor i.e. no voltage overshoot arises at the
motor terminals, reduced motor losses with reduced acoustic noise due to PWM

switching [40, 63].

A variety of sinusoidal filters have been presented [59, 64, 65] that can not only
reduce common-mode currents but can also reduce differential-mode effects. In [64],
six diodes are employed to link phases to positive and negative DC bus terminals as
shown in Figure 2.11. The topology reduces the high voltage gradient at the motor
terminals and remove voltage spikes due to ringing oscillation. The major benefit

when compared to RLC filter is smaller filter size and lower power losses.
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Figure 2.11: Diode Clamp Sine-wave Filter with connections to DC Link
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Figure 2.12: Sine-wave “All Cure” Filter

The author of [59] introduced an “all-cure filter” as shown Figure 2.12. The filter
consists of separate differential-mode and common-mode filters and the star points
of both common-mode capacitors are connected with positive and negative terminals
of the DC bus. The right-hand side common-mode inductor is added to filter out the
high-frequencies beyond 150 kHz. The left-hand side common-mode inductor is
used to mitigate the switching frequency harmonics. This filter topology effectively
reduces stress on the motor insulation, bearing currents, acoustic noise, and high-

frequency emissions to the mains.
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Figure 2.14: CM and DM Filter with CM Transformer

Several output filters have also been proposed in the literature which is based on the
common-mode transformer [64, 66]. Paper [64] proposed an output filter which
replaces the common-mode inductor with potential-type suppression transformer as
shown in Figure 2.13. The star point of shunt capacitors and resistors is connected to
the ground through an additional fourth winding of the common-mode transformer.
The voltage across a neutral point generates a common-mode current through the
fourth winding. The common-mode current induces a voltage which is equal to the
common-mode voltage across the other windings which cancels out the common-

mode voltage at the motor terminals.

A similar concept of output filter with a separate differential-mode filter inductor is
presented in [66] as shown in Figure 2.14. This topology is consists of a differential-
mode filter inductance and a common-mode transformer with its fourth winding
connected with the mid-point of the DC bus. In comparison, this approach requires
one capacitor less than the approach used in [65] but it needs one extra transformer
winding in the common-mode transformer. However, the analysis of the common-
mode circuit is more complicated for the filter presented in [66] as that presented in

[65].

2.3 INTEGRATED PASSIVE FILTERS:

Traditional motor drive structure similar to the one shown in Figure 1.1, has been in
use for many years which utilizes the physical structure of passive inductor as

indicated in section 1.2. The power electronics and drive industries are shifting more
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towards integration of passive components to gain the benefits such as compact
design, reduction in cost, mass, size and fewer manufacturing process. In recent
times, there has been a shift from traditional passive elements into integrated
package enclosed within the drive's system [67-70]. Therefore, applications where
high power density is required, the use of the integrative options present to be the

best solution [71, 72].

There are few studies aimed at achieving the goals of integrating passive inductor
inside the machine. In [67, 69, 70], the perspectives on the integrated filter inductors
are presented, that motivates for the drive integration on a system level. The design
of integrated filter inductor that may be required for power factor correction

application is presented in [69] as shown in

Figure 2.15. The paper modified the stator laminations to increase the stator back
iron which acts as an integrated filter inductor. This modification of stator lamination
increases the outer diameter of the motor which in turn increases the overall weight
and size of the motor. However, the integrated inductor design does not interact with

the magnetic field of the motor itself.
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Figure 2.15: Integrated Filter Inductor [69]
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In another publication [67, 70], the complete stator back iron is used as a magnetic

component for one or more discrete inductors or transformers as shown in

Figure 2.16. This is done by integrating toroidal winding which drives alternating
magnetic ring flux in the back of the stator core. This ring flux shares the back iron
with main motor flux. The ring flux always travel in one direction at the back of the
core whereas main flux at any instant has as much flux going anti-clockwise in the
back of the core as is going clockwise. The drawback of this approach is that the
presence of ring flux due to inductor winding will affect the main motor flux if the
stator back iron of the machine is operating above the linear region for a given soft

magnetic material.
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Figure 2.16: Integrated Filter Inductor [67, 70]

The paper [73] presents a structural integration of grid side passive LCL filter into
the permanent magnet synchronous machine which achieves high power density.
Both inductors are wound into the outermost slots of the double slot machine as
shown in Figure 2.17. The proposed integrated inductor is iteratively optimised in
terms of iron and copper weight and compared with the traditional separate inductor.
The integrated filter inductors on the outermost slots are free from cross-coupling of
magnetic fields between the main machine and filter winding. This is possible by
adopting different pole numbers of filter winding to that of torque producing motor

windings.
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Filter Windings

Main Windings

Figure 2.17: An Electrical Machine with integrated grid-side LCL filter

Different pole number combinations for the main machine and filter windings result
in either balanced or unbalanced magnetic poles. Therefore, for the balance case,
pole numbers of main machine and filter windings must be separated by a multiple
of two pole pairs. This will allow both magnetic fields rotate at a different speed and
hence minimum flux linking between them. The approach is validated through Finite
Element Method by energizing both windings simultaneously at different supply
frequency. The results showed the minimum cross-coupling between the filter and

main torque producing winding.

Article [74] designs a passive DC link inductor to reduce the grid side harmonics,
DC side voltage ripple, current stress of the DC link capacitors and stress on rectifier
side diodes. The design of separate DC link inductor as shown in Figure 2.18(a) is
shifted to an integrated structure on a single magnetic core. It has been advised that
the inductor can be integrated by directing the flux either in the middle leg or outer
leg as shown in Figure 2.18(b) and Figure 2.18(c) respectively. All inductor designs
(Figure 2.18(a)-(c)) can be constructed to have the same amount of inductance

depending on the design specifications.
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Figure 2.18: Integrated Filter Inductor [74]

Several studies have been considered to integrate both passive inductor and capacitor
into same component [75-83]. The principle of electromagnetic integration is used to
integrate the capacitance in the same magnetic component as that of the inductor. In
[75-81], the planar LC filter is integrated which consists of alternating layers of
magnetic material, conductors, dielectrics and insulation which results in integrated
LC structure. The LC winding is a dielectric substrate with conductor windings

directly deposited on both sides, thus resulting in a distributed inductance and
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capacitance structure as shown in Figure 2.19(a). By properly connecting the four
terminals A, B, C and D of the LC winding, different equivalent structures can be
obtained such as equivalent LC series resonator, parallel resonator or low-pass filter.

This is shown in Figure 2.19(b).
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Figure 2.19: Integrated Planar LC Filter [75-81]

The same principle of [75-81] is applied in articles [82, 83] for EMI filter
applications. The principle of electromagnetic integration increases the capacitance
in the winding by introducing a dielectric layer between the windings. The
distributed capacitance is implemented in a traditional way i.e. the anode and
cathode foil are etched with aluminum oxide dielectric layers. On the other hand, the
inductor is made by using the cathode and anode aluminum foils of the capacitor to

implement the windings wound around the magnetic core as shown in Figure
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2.20(a). The inductor windings are packed in a can, which has a hole in the middle
for the magnetic core as shown in Figure 2.20(b). It has shown that the volume of the
integrated EMI filter is reduced significantly by 45% when compared to the discrete
EMI filter while satisfying the EMC standards.
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Figure 2.20: Integrated Planar LC Filter [75-81]
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2.4 SUMMARY:

A comprehensive review of the passive filters used in the motor drives system is
provided in this chapter. Classification of those passive filters such as gird side input
filters, DC link filters, and output filters is provided along with a brief description of
their functionality, design rules and design process. The layout of the passive filters
from a physical point of view is also discussed. Finally, different options for passive

filters integration documented in literature is presented.
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CHAPTER

PMSM WITH INTEGRATED FILTER INDUCTOR

3.1 INTRODUCTION

This chapter proposes a functional integration of passive filter inductor as an inverter
RLC output filter for PMSM drives. The RLC output filter is the most common type
of filter which is used to filter out the switching harmonics from the motor terminals
thus reducing the PWM stress on the motor winding insulation. The proposed motor
with integrated filter inductor minimises the need of external filter inductor in the
traditional motor drive system, which is usually placed separately (or externally)

between the inverter and the motor.

A brief introduction of the proposed motor with integrated filter inductor and its
practical implementation is provided in this chapter. Along with this, the design
procedure of external EE core filter inductor and integrated filter inductor is discussed.
The vector controlled mathematical modelling of the proposed motor is also presented
that takes into account switching and modulation effects. The MATLAB /Simulink
results based on vector controlled mathematical models in all operating modes, i.e.
when motor is operating without output filter, with traditional output filter and with
proposed output filter, are presented. Subsequently, the performance based on FEA
for both motors with external and integrated filter inductor are presented. This is then

followed by comparative analysis of the motor with and without integrated filter



PMSM with Integrated Filter Inductor | 46

inductor in terms of mean electromagnetic torque, torque ripple, motor losses, filter
inductor losses, and its weight and volume. At the end, optimization of the filter branch
windings has been done to improve the performance of the integrated motor in terms

of reducing total losses and output torque ripple.
3.2 PMSM WITH INTEGRATED FILTER INDUCTOR

Instead of introducing an external filter inductor, the integrated filter inductor utilizes
the motor inherent magnetics as filter inductance. This filter inductor is usually located
aside with the motor which introduces additional filter inductor losses and its associated
weight and size added with the drive's system. Figure 3.1(a) and Figure 3.1(b) shows
both traditional drives and proposed integrated drive respectively. It can be observed
that the proposed motor with integrated filter inductor does not include an external
inductor, thus eliminating added filter inductor losses and its weight and volume. Filter
capacitor and damping resistor are connected between the motor windings to form a
RLC output filter using the magnetics of the motor winding. The value of the filter
inductance can be varied by varying the proportion of the motor windings once the

filter capacitance is decided using the method detailed in chapter 2 and paper [1].

(a) Traditional PMSM Drive System
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Figure 3.1: Traditional and Integrated PMSM Drives
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3.2.1 Filter and Motor Branch

The proposed motor with integrated filter inductor is separated into two branches; filter
branch and the motor branch as shown in Figure 3.2(a) and Figure 3.2(b). The windings
in the motor branch will experience the filtered sinusoidal currents and voltages due to
the filtering effect from the filter branch which behaves as a RLC output filter. On the
other hand, the currents with PWM switching components will flow through the filter

branch winding, which is the fraction of the entire motor windings.

a) Filter Branch
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b) Motor Branch
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Figure 3.2: Filter and Motor Branch
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3.2.2 Practical Implementation of the Filter Branch

The existing HEMAS motor was chosen to validate the concept of the motor with
integrated filter inductor. The motor is single layer concentrated wound machine and
was chosen to have a redundancy in the system which leads to two 3-phase units
operating independendly. Each 3-phase unit is magnetically coupled and electrically
isolated. Figure 3.3 shows the practical implementation of the filter branch. The filter
branch uses a part of motor windings as a filter windings. This filter inductance forms
a part of integrated RLC filter that attenuates the harmonic frequencies (switching
frequency and its side bands) for a defined resonance frequency. In Figure 3.3, the
vectors A1, B1 and C1 represent the filter branch, whereas the vectors A2, B2 and C2
correspond to the motor branch. The value of filter inductance is fixed by the filter
design process which is half of the entire motor windings in this case. However, the
filter branch winding can be less than half of the entire motor winding and this is
decided based on the inductance required for the motor drive to attenuate the switching

frequency component.

B1 Cc2

Ph-A equivalent circuit - Tap Winding

Figure 3.3: Practical Implementation of the Filter Branch and Motor Branch in PMSM
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3.3 ANALYTICAL MODEL OF PMSM WITH INTEGRATED FILTER INDUCTOR

A detailed vector control model of the proposed motor with integrated filter inductor,
taking into account modulation and device switching has been developed using
MATLAB /Simulink and is shown in Figure 3.5. 12 slots, 5 pole-pairs surface
mounted permanent magnet motor is considered as shown in Figure 3.3. The motor

drive specifications are shown in Table 1.

Table I: Motor Drive Specifications

PARAMETERS VALUES UNITS
DC Bus Voltage 200 \Y
RMS Line Voltage 141.42 \%
Fundamental Frequency 0.175
Switching Frequency 10 kHz
Current Loop Frequency 1
Motor Connections STAR -
No. of Turns per phase 2%x46 -
Operating Torque 1.5 Nm
Maximum Torque 2x4 Nm
Operating Speed 2100 RPM
Phase Resistance 2x0.21 Q
Phase Inductance 2x%1.3 mH
Operating Peak Current 5.85 A
Maximum Peak Current 31 A
No-load Flux Linkage 2x0.017122 Wb.T
Motor Inertia 2x1.65 Kg.m?

The motor has a base operating speed of 2100 RPM and mechanical load torque of
1.5Nm with the peak current of 5.85A. An RLC output filter is designed using the
procedure as explained in [1] and chapter 2. The resonance frequency is fixed to
2 kHz, whereas the maximum frequency to avoid the resonance between the filter
capacitance and motor inductance is 1.2 kHz [1]. Based on the chosen resonance

frequency, the design of RLC output filter is given below:
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= The RLC output filter is designed by specifying the resonance frequency of the
filter, damping conditions and the resonance between the filter capacitance and
the motor inherent inductance.

= Based on the method shown in section 2.2.2, the filter capacitance can be

calculated as:

1
<
(2T frnax)?-Lm — (27.1200)2. 0.0026

Cr < < 6.77 uF

» To avoid the reosance between filter capacitance and motor inductance is the
filter capacitance is selected as 5 pF.
= Since the resonance frequency of the is chosen as 2000 Hz therefore, the filter

inductance is estimated using the relation:

1 1

Ly = - =127 mH
F= (27 fros)®- L, _ (27.2000)2. 0.000005 m

* The damping resistance of 2Q is chosen using trial and error method in the

MATLAB simulation.

The bode plot of the RLC output filter is shown in Figure 3.4. The magnitude and
phase response of the output filter is plotted against the frequency. As expected, the
cut-off frequency is 2000 Hz at which the filter resonance occurs. Both magnitude and
phase changes after the cut-off frequency thereby providing the attenutation to the
motor voltage which resulted in surpass high frequency switching component into

through RC branch instead of flowing through the motor branch.
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Figure 3.4: Bode Diagram of RLC output Filter
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3.3.1 Mathematical Model in a-b-c Reference Frame

The motor with integrated filter inductor is modelled in this section with the
assupmtions of linear magnetic saturation, sinusoildal distribution of flux linakge,
phase resistance and phase inductance without end winding effects taken into account.
The mathematical model is based on the abc reference frame. The abc currents are
transformed into d — g reference frame for control purpose. As the number of turns in
filter branch and motor branch are identical, i.e. 50% of the total number of turns, the
filter branch currents are controlled to produce maximum torque of the filter branch.
The motor branch can also be controlled to produce the maximum torque if the current
sensors are placed in the motor branch. The filter capacitor and damping resistor are
connected in between the filter and motor branch. It should be noted that, inserting
filter capacitance and resistance between the filter branch and the motor branch will
introduce a slight phase shift between two branch currents, i.e. i14p and izgpc. The
mathematical equations needed to model the proposed motor with integrated filter
inductor can be obtained by using per phase equivalent circuit. The per-phase
equivalent circuit of the proposed motor with integrated filter inductor is shown in

Figure 3.6.

Riabe Liabe E1abc Rzabc Lzabe E2abc

——mm—{—) mm [

A abe i

c,abc

V CF,abc i
Laabe Y

RF,abc

Figure 3.6: Equivalent Circuit of PMSM with Integrated Filter Inductor

By applying KVL on the filter branch, the filter branch voltage can be determined by,

. d d
Ve (t) = Ryiqq + Llalla + Elpl cos 6,

1
+ 2 [ (e = oo + Ry (g = 20 (3.1)
F
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Converting (3.1) into s-domain by applying Laplace transformation on both sides, the

filter branch voltage can be given as,

1
(i1g — i2¢) + Rr(i1q — i2q) (3.2)

V.a(s) = Ryiyq + L1i14S — w4 Sin O, + — Cos

Solving for i,

. . . . . 1 1
lig = I (Vca + wepy SinB, — Ryiyq — Rpiyq + Rflza - sCp lig + sC lZﬂ) (3.3)
1

The current of phase b and ¢ with 120° phase shifts are,

1 2m
= (Vcb + a)ell)l Sln <8€ + ?) - Rlilb - RFilb + Rpizb -

lip = oL, Eilb

+ %Fl2b> 3.4
] 1 ) 21 ) . . .
lic = s (Vcc + wepy sin (9e + ?) — Rilic — Rpiyc + Rpiye — Ehc

+ %Flz(;) (3.5)

Similarly, the motor branch can be calculated as,

d d 1
0 =Ryiys + L, aim + alpz cos 6, + C_f(iZa —i1g)dt + Rp (izq —i14)  (3.6)
F

Converting (3.6) into s-domain by applying Laplace transformation on both sides, the

motor branch current can be given as,
. . 1 . . .
0 = Ryizq + LaizgS — wepp sin 6 + — Crs (iza = i1a) + Rr(izq — i1a) (3.7)

Solving for i,,,

; . . ) 1 1
log = L. (0 + WY, Sin O, — Ryizq — Rplzq + Rplyq — Elm + Ella> (3.8)
2

The current of phase b and ¢ with 120° phase shifts are,
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_ 1 _ 2 . . .
by =1~ (0 + w1y, sin (93 + ?) — Ryizp — Rpizp + Rplyp —

, Elzb
1
+El1b) (3.9
. 1 . 2 . . . .
lye = E (O + w1, sin <He + ?> — Ryi5. — Rpiye + Rpiqe — EIZC
1
+—i 3.10
sCg llc) (3.10)
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3.3.2 Per-Phase Phasor Representation

The per-phase equivalent circuit and the phasor diagram of the proposed motor with
integrated filter inductor are shown in Figure 3.6 and Figure 3.7 respectively. The filter

branch and motor branch voltage equations for steady state analysis can be given as,
71 = ZR1 + ZXLl + E_1 (3.11)
V, = Ry + ;X1 + B = iRy + 10X, (3.12)
Therefore, the voltage across inverter terminal can be determined by,

Vo=Vi+ 1, (3.13)

Im

A

i
|
Figure 3.7: Per-phase Phasor of PMSM with Integrated Filter Inductor
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The back-EMF of filter branch (E;) and the back-EMF of motor branch (E,) are taken
as reference to realize the phasor representation of the motor with integrated filter
inductor. Since the current through the filter branch (i;) is controlled, the resistive
voltage drop of the filter winding (i; * R;) is in phase with filter branch back-EMF
(E;), whereas the reactive voltage drop of filter winding (i, * X;) is displaced 90° with
respect to the current in the filter winding (i;). The inverter voltage (1) is the resultant
phasor of filter and motor branch windings. Since the current in the motor branch
winding (i) is left uncontrolled, the current through the filter branch winding (i;) is
leading the current through motor branch winding (i,) due to the addition of filter
capacitance and damping resistance. The active and reactive drop for the motor branch
is in phase and orthogonal with respect to the current in the motor branch windings
(i) respectively and the voltage across the motor branch (V) is the resultant phasor
of all voltage drops in the motor branch. Capacitor current (i) is leading the voltage
across motor branch (V) by less than 90° due to the damping resistance. The phasor
summation of current through the capacitor (i) and motor winding (i,) will form the
filter branch current (i;). Filter branch current (i,) is phase shifted (leading) to motor
branch current (i,) by an angle («). The phase shift angle () between the filter branch
current and motor branch current can be defined as,

if+ 15— i
a= cos™! (%) (3.14)
12

3.3.3 Electromagnetic Torque Developed by the LCL PMSM

The electromagnetic torque developed by the conventional surface mounted

permanent magnet motor can be calculated by cross product as,

Tom = 5 Ymane X imane (3.15)
Where, Y,,,1s the peak no-load flux linkage and i, is the peak value of the fundamental
motor current when integrated filter inductor is not considered, i.e. 100% motor branch
and 0% filter branch. From the equivalent circuit of proposed motor, shown in Figure
3.6(a), equation (3.15) is not applicable to estimate the electromagnetic torque
developed by the motor with integrated filter inductor. There are now two torque

components developed by the motor with integrated filter inductor,
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= Torque due to the filter branch windings, (T,;) and,

» Torque due to the motor branch windings, (T,)

Therefore, the electromagnetic torque developed by the motor with integrated filter

inductor can be given as,

Tem S Tal + Taz (3.16)

_pp

Tem - 7 (lpml,abc X il,abc COS(O) + lpmz,abc X iz,abc cos 0{) (3-17)

The electromagnetic torque in terms of d — g components can be derived as,

pp . .
Term =3 7 (lpmllql + l/’mzlqz) (3.18)

This electromagnetic torque (T,,) will cause the speed response that can be given by,

1
Wy = ]_S (Tem - Tload) (3'19)

3.4  DESIGN OF FILTER INDUCTORS

3.4.1 External Filter Inductor Design

To size the inductor, a design process as stated in section 1.3 is used. The area product
approach is the most commonly used design method to size the transformers and
inductors. To drive the motor (as defined in Table I) with an RLC output filter, the
inductor is sized up by specifying the required inductance, maximum flux density, RMS
current, window fill factor, RMS current density and the type of the core material,

where the details of which are given in Table II.

Based on the design specifications given in Table II, the area product can be estimated

by,

I%,c.Ls X 10%
=W,A, =15%x2n——"= =27.1cm* (3.20)

A
p3ph Kw KF Bmax ]rms
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Table II: External Filter Inductor Specifications

PARAMETERS VALUES UNIT

Core Material Non-oriented Silicon i
Steel M — 15

Required Inductance 1.3 mH
RMS Current 12.73 A
Maximum Flux Density 1.3 T
Window Fill Factor 0.5 -
Waveform Coefficient 1/V2 -
RMS Current Density 235.66 Alecm?

The window to core area ratio (W, /A,) is assumed as 0.25 as suggested in [2] to have

smallest ratio. Therefore, the window and core areas can be calculated as,

’0.25 x A
W, = 1—5’””’1 = 2.125 cm? (3.21)

W, _2125 2
025 025 °o°¢m (3.22)

A=

The core stack to limb length ratio is assumed as 15.5. Thus, the limb and stack length

can be calculated as,

A
Liimp = 15C5 = 0.743 cm (3.23)
Lstack = 15.5 X Llimb =115cm (324)

The window height to width is assumed to be 3 based on the 3-phase cores designs

detailed in [2]. So, the window height and width can be calculated as,

Wa
F=|5t=119cm (3.23)

G=3xF=357cm (3.24)
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The number of turns required to support the voltage across inductor based on the given
inductance is,

Vims X 10

=———— =197~ 20T (3.25
KF Bmax fs Ac )

The air gap length to get the required inductance is,

(4 x 1077 )N?A,
L,= - =0.033 cm (3.26)
S

The fringing flux factor is calculated as 1.05 for the above inductor design using the
method detailed in [2] and Appendix A. The fringing factor of 1.05 does not change

the original inductor design and therefore neglected for this analysis.

Ly 2G
FF=\|1+ In|— ] |=1.05 (3.27)
\/Acore Lg

The EE cores with silicon steel magnetic material were chosen [3, 4] for the application
of RLC output filter. The FE model was developed in MagNet — Infolytica to
validate the inductance and the degree of saturation in the core material. The 2D cross-
section of the filter inductor is shown in Figure 3.8(a) and its flux distribution plot is
shown in Figure 3.6(b). The flux density and inductance results are shown in Table III.
It can be seen that the values obtained from FE simulation for inductance and maximum

flux density in the limb closely match the specified ones in the design procedure.

a)

Figure 3.8: Cross-section and Flux Distribution of External EE Core Inductor
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Table III: FE Validation of Inductance and Flux Density

PARAMETERS FINITE ELEMENT DESIGNED UNITS
Synchronous Inductance | 1.28 1.3 mH
Maximum Flux Density 1.35 1.4 T

3.4.2 Integrated Filter Inductor Design

The integrated filter inductor is implemented using the principle as explained in
section 3.2. The practical implementation of the integrated filter is shown in Figure 3.9.
Initially, the motor has a total inductance of 2.6mH and 92 turns per phase. The
required inductance of 1.3mH is considered for filter branch leaving 1.3mH for the
motor branch. The filter branch is not tapped since the required inductance is exactly

half of the total inductance of the motor winding.

c2

Tap
Winding

Figure 3.9: Practical Design of Integrated Filter Inductor

3.5 MATLAB & FEA SIMULATION RESULTS

This section presents the simulation results for the traditional motor and proposed
motor with integrated filter inductor, which is driven by the voltage source inverter
with switching and modulation effects taken into account. The space vector

modulation strategy is considered for both traditional and proposed motors. The
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simulation tests have been conducted on “MATLAB — Simulink” R2012a version and
its corresponding 3 phase motor currents are injected into finite element package
“MagNet — Infolytica” to validate and compare the performance of the proposed
motor with the traditional one. In both the cases, motors are operating at a speed of
2100 rpm and the mechanical loading of 1.5 Nm. The simulation results without output

filter, with integrated and traditional filter are presented in the next sections.
3.5.1 Results for the Motor without Output Filter
3.5.1.1 Simulink Results

Simulink results are analyzed when the motor shown in Figure 3.9 is operating alone
1.e. voltage source inverter drives the motor without output filter. Figure 3.10 and
Figure 3.11 shows the motor terminal voltage and the currents through the motor
windings respectively. The FFT of the motor terminal voltage and current is shown in
Figure 3.12 and Figure 3.13 respectively. The first dominant switching component of
motor voltage is at 20 kHz frequency, which is 80.03% of the fundamental component.
The motor voltage THD is 186%. On the other hand, motor current also contains the
first dominant switching component is at 20kHz, which is 2.05% of the fundamental

component. The motor current THD is 3.28%.
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Figure 3.10: Line-to-line Motor Terminals Voltage without Filter (Vaz)
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Figure 3.11: Motor Current without Filter
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Figure 3.12: FFT of Motor Terminal Voltage without Filter
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Figure 3.13: FFT of Motor Current without Filter
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3.5.1.2 Finite Element Results

Result in Figure 3.14 shows the electromagnetic torque developed by 2the motor
without output filter when the motor is driven by the currents illustrated in Figure 3.11.
Table IV shows the torque ripple frequency, mean electromagnetic torque developed
by the motor and the torque ripple under different loading conditions followed by total

motor losses at rated torque of 1.5Nm.

1.54

1.51

1.48

1.45

Electromagnetic Torque (Nm)

1.42 T T T T
0 0.0001 0.0002 0.0003 0.0004 0.0005

Time (Seconds)

Figure 3.14: Electromagnetic Torque without Output Filter

Table IV: FEA Based Performance of the motor without Output Filter

PARAMETERS VALUES | UNITS

Torque Ripple Frequency 20 kHz

1.49 Nm
Mean Torque at Loading of 1.5, 3 and 2.99 Nm
4.5Nm

4.49 Nm
Torque Ripple at Tj, 54 = 1.5Nm 9.55 %
Torque Ripple at Tj,,4 = 3.0Nm 5.35 %
Torque Ripple at Tjpqq = 4.5Nm 4.25 %
Total Motor Losses (at 1.5Nm) 32 W

3.5.2 Results for the Motor with Integrated Filter Inductor
3.5.2.1 Simulink Results

Results in this section analyze the effectiveness and performance of the motor with

integrated filter inductor in the steady state condition. Figure 3.15 and Figure 3.16
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shows the line voltage across the inverter terminals (V. 45.) and the line voltage across

the motor branch winding (V; 4p.) respectively, whereas the current through the filter

branch (iy 45.) and the motor branch current (i 4p.) are shown in Figure 3.17 and

Figure 3.18 respectively.
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Figure 3.15: Line-to-line Inverter Terminals Voltage with Integrated Filter (Vas) (i.e.

line-to-line voltage across the filter branch)
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Figure 3.16: Line-to-line Motor Branch Voltage with Integrated Filter
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Figure 3.17: Filter Branch Currents with Integrated Filter
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Figure 3.18: Motor Branch Currents with Integrated Filter
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Figure 3.19: FFT of Inverter Terminal Voltage with Integrated Filter
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Figure 3.20: FFT of Motor Branch Voltage with Integrated Filter



PMSM with Integrated Filter Inductor | 66

. 8 T T T T T T T
< I I I I I I I
2 I I I I I I I
e [ [ T
S
o I I I I I I I
S | | | | | | |
e 4 - A-—————= Fo————= e to—————— —————= t-—————= F-—————-
S | | | | | | |
j i I I | | i i
o | I I | | i i
g 5 I I I I I I I
£ | | | A | |
| | | | | | |
I I I I I I I
0 + - + + —t— + t
0 10 20 30 40 50 60 70 80
Frequency (kHz)
Figure 3.21: FFT of Filter Branch Current with Integrated Filter
8 T T H T T T T
< I I I I I I I
2 l I I I l l l
£ 6 p--—--- T P F N I A IR b
5 I I I I I I I
o I I I I I I I
< | | | | | | |
e 4 f-—---- t-————— ro————= === to—————— === t-—————= ===
S | | | | | | |
j i I I | | i i
el i I I | | i i
= | | | | | | |
22 |- fr-ee s R munEE e
) I I I I I I I
= I I I I i i i
| | | | | | |
[ | | | [ [ [
0 t t t t t t t
0 10 20 30 40 50 60 70 80

Frequency (kHz)

Figure 3.22: FFT of Motor Branch Current with Integrated Filter

From the simulation results, it can be observed that the half part of the motor windings
experiences the filtered sine-wave voltages. This reduces the insulation stress from
half of the motor windings and the power losses associated with the PWM switching
components. Furthermore, the added losses, weight and size due to external filter
inductor will also be eliminated. The FFT of the inverter terminals voltage (V) and
the voltage across motor branch (V) are shown in Figure 3.19 and Figure 3.20
respectively, whereas FFT of the filter branch current (i;) and motor branch current
(i) are shown in Figure 3.21 and Figure 3.22 respectively. In comparison to the motor
operating without filter, the switching component of motor branch voltage is reduced
by 98.4% with it’s THD reduced to 4.3%. On the other hand, the switching component
of motor branch current is reduced by 97.1% with it’s THD reduced to 0.25%.

It is important to note that the voltage with high dv/dt is appeared across the filter

branch windings. The insulation of the filter branch can be made high to tolerate the
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high dv/dt voltage. This will allow the motor with integrated filter inductor feasible

for the applications where long cables are used between inverter and motor terminals.

To get maximum benefit out of the proposed motor with integrated filter inductor, the
filter branch windings has to be a quarter or less of the entire motor winding so that a
higher portion of the motor branch windings experience the filtered voltages and
currents. This will depend on the design of a RLC output filter i.e. inductance and
capacitance required to attenuate the switching component of the inverter. However,
the reduction in filter inductance will increase the required capacitance for a given

resonance frequency, according to the equation (2.14).

3.5.2.2 Finite Element Results

Results in this section validate the effectiveness of the filter inductor which is
integrated into the motor. This can done by injecting the filter branch current obtained
from MATLAB — Simulink into the FE model of the motor. The motor branch
currents from FE model of the the motor are shown in Figure 3.23. It can be seen that
the FE currents of the motor branch are identical to that of MATLAB — Simulink

model.

Motor Branch Currents (A)
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Figure 3.23: MATLAB & FEA Motor Branch Currents

The motor performance in terms of mean electromagnetic torque, current angle («)
percentage torque ripple and total motor losses has been examined. Table V illustrate
the performance of the motor with integrated filter inductor. It is worth noting that the
effect on the mean torque of the motor is negligible due to lower current angle («)

which is about 1°. Therefore, only 0.67% of the total mean torque is affected.
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The variation in electromagnetic torque developed by the motor can be observed in
Figure 3.23. The torque ripple remains the same when compared with the motor
operating without output filter (Figure 3.14). This is because the filter branch winding
was fixed half of the entire motor windings which in turn doubled the magnitude of
switching component as shown in Figure 3.21. This will increase the torque ripple by
twice in the filter branch but at the same time, eliminates the torque ripple in the motor
branch. Similarly, the total losses dissipation inside the motor are observed very close

to the case when the motor is operating without output filter.

Table V: FEA Based Performance of the motor with Integrated Filter Inductor

PARAMETERS VALUES | UNITS
Torque Ripple Frequency 20 kHz
1.485 Nm
Mean Torque at loading of 1.5, 3, and 2.985 Nm
4.5Nm
4.485 Nm

Current Angle (@) 1.02 deg
Torque Ripple at Tj,,4 = 1.5Nm 9.54 %
Torque Ripple at Tj,,4 = 3.0Nm 5.33 %
Torque Ripple at Tjpqq = 4.5Nm 4.2 %
Total Motor Losses (at 1.5Nm) 36 W
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Figure 3.23: Electrometric Torque with Integrated Filter when Tj,,4 = 1.5Nm
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3.5.3 Results for the Motor with External Filter Inductor
3.5.3.1 Simulink Results

The MATLAB — Simulink results of the motor with traditional output filter as shown
in Figure 3.1(a) are presented. Figure 3.25 and Figure 3.26 shows the line voltage
across the inverter terminals (V. 45.) and the line voltage across the motor terminals
(Vin.anc) respectively, whereas the currents (ir 45.) through the external filter inductor

and motor (i, qpc) are illustrated in Figure 3.27 and Figure 3.28.
-200

0.2881 0.2901 0.2921 0.2941 0.2961 0.2981

200

100

—  ——F————+

Inverter Teriminal Voltages (V)
o

Time (Seconds)

Figure 3.25: Inverter Terminals Voltage with External Filter Inductor (Vag)
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Figure 3.26: Motor Terminals Voltage with External Filter Inductor
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Figure 3.27: Filter Inductor Currents with External Filter Inductor
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Figure 3.28: Motor Currents with External Filter Inductor

The FFT of the inverter terminals voltage (V) and the voltage across motor terminals

(Vy,) are shown in Figure 3.29 and Figure 3.30 respectively, whereas FFT of the

external filter inductor current (ir) and motor current (i,,) are shown in Figure 3.31

and Figure 3.32 respectively. In comparison with the motor operating without output

filter, the switching component of motor terminals voltage is reduced by 98.4% with

its THD reduced to 2.22%. On the other hand, the switching component of motor
current is reduced by 98.4% with it’s THD reduced to 0.1%.
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Figure 3.29: FFT of Inverter Terminals Voltage with External Filter Inductor
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Figure 3.30: FFT of Motor Terminals Voltage with External Filter Inductor
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Figure 3.31: FFT of Inverter External filter Inductor Current
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Figure 3.32: FFT of Motor Current with External Filter Inductor
3.5.3.1 Finite Element Results

The simulation results for motor currents as illustrated in Figure 3.28 obtained from
MATLAB — Simulink are injected into the FE model of motor (Figure 3.9) in order
to evaluate the performance in terms of mean electromagnetic torque, torque ripple and
total losses. Similarly, the currents shown in Figure 3.27 are injected into the FE model
of external filter inductor (Figure 3.8) to evaluate its performance in terms of total

losses and its associated weight and volume.

Table VI: FEA Based Performance of the Motor with External Filter Inductor

PARAMETERS VALUES | UNITS
Torque Ripple Frequency Only low -
order
1.49 Nm
Mean Torque at 1.5, 3 and 4.5 Nm 3.99 Nm
Loading
4.49 Nm
Torque Ripple at Tjy 54 = 1.5Nm 0.7 %
Torque Ripple at Tj,,4 = 3.0Nm 0.58 %
Torque Ripple at Tjpqq = 4.5Nm 0.54 %
Total Motor Losses (at 1.5Nm) 26.1 W
External Inductor Losses 40.67 w
External Inductor Weight 1.52 Kg
External Inductor Volume 338.7 cm®
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Figure 3.33: Electromagnetic Torque with External Filter Inductor

Table VI shows the performance of the motor with external filter inductor whereas the
variation of electromagnetic torque developed by the motor when fed through external
filter inductor is shown in Figure 3.33. From Table VI, it can be seen that the torque
ripple is reduced significantly when compared to the motor operating without output
filter. The total losses remained in the motor are only due to the fundamental
component of the motor current, whereas the losses associated with the PWM
switching are eliminated. However, the filter inductor losses and its associated weight

and volume have been added to the motor drive system.

3.5.4 Comparison of Motor with Integrated and External Filter Inductor

Referring to the Figure 3.22, Figure 3.23, Figure 3.28 and Figure 3.32, it can be
observed that the filtering effect of the motor with integrated filter inductor and motor

with external filter inductor are alike. Table VII and Table VIII show the FE based

performance comparison of the motor with integrated and external filter inductor.

From the results obtained, it can be concluded that the filter inductor losses and its
weight and volume have been removed in the motor with integrated filter inductor. It
is also worth noting that the effect on the average electromagnetic torque due to the
angle () is negligible. Nonetheless, torque ripple have been found relatively higher
when compared to the motor with external filter inductor and remained same when
compared to motor without filter. This is due to the presence of switching current

component in the filter branch. This can be observed from
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Figure 3.34 which shows the electromagnetic torque without output filter, with
traditional filter inductor and with integrated filter inductor, when motor is loaded with

1.5Nm.

Table VII: Loss, Weight & Volume Comparison of Motor with Integrated Filter Inductor

and the External Filter Inductor

External External
MOTOR Motor External Total Inductor Inductor
WITH Losses Inductor Losses Weight Volume
W Losses (W W
(W) (W) (W) (Kg) (o)
Integrated
Filter Inductor 36 0 36 0 0
External
Filter Inductor 26.1 40.67 66.77 1.52 338.7

Table VIII: Mean Torque and Torque Ripple Comparison of Motor with Integrated Filter

Inductor and the External Filter Inductor

MOTOR Mean Torque Ripple Torque Ripple Torque Ripple
WITH Torque (%) at Typqa = (%) at Tipaa = (%) at Typqq =
(Nm) 1.5Nm 3Nm 4.5Nm
Without
Filter 1.49 9.54 53 4.2
Integrated Filter
Inductor (INT) 1.485 9.54 5.33 4.2
External
Filter Inductor 1.49 0.7 0.57 0.54
(EXT)
__ 165
£ ——NO Filter
£ 16 ——INT Filter
g — EXT Filter
g 1.55
h)
2 15
@
&
o 1.45
S
o
s 14
g
wl
1.35
0.2 0.2001 0.2002 0.2003 0.2004 0.2005

Time (Seconds)

Figure 3.34: Comparison of Electrometric Torque with Integrated and External Filter

Inductor when Tj,,4 = 1.5Nm
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3.6 Optimization of Filter Branch Windings

The filter branch of the motor with integrated filter inductor is optimized in order to
improve the performance of the motor in terms of reducing total motor losses and
output torque ripple. This is done by adjusting the percentage of the filter branch
windings from 50% to 10% of the complete motor windings i.e. the filter inductance
is varied from 1.3mH to 0.28mH as shown in Figure 3.35. The resonance frequency
of the output filter is fixed to 2000Hz and filter capacitance is varied. The variation in
filter components due to the change in inductance is shown in Table IX and their
respective bode plots are shown in Appendix B. The motor was simulated using FE
package with its rotor rotating at 2100 rev/min and mechanical loading varied from 1
Nm to 3 Nm in step of 0.5 Nm. The PWM switching currents were then injected into
the motor with an integrated filter inductor and the motor with an external filter

inductor.

50% — 10%

R L E>
R1 L1 E:
) mm )
T I; .
IC
V. Cr
i, ¥
O

Figure 3.35: Equivalent Circuit of Motor with Integrated filter inductor

Table IX: Values of Filter Components

Le=Li(mH) | Cr(uF) | Re(Q)
1.3 49 2
1.13 5.64 2
0.92 6.63 2
0.79 8 2
0.62 10 2
0.45 14.1 5
0.28 225 7
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Figure 3.36 shows the motor losses with an integrated inductor with respect to load
torque at a different inductance of the filter branch windings. It is important to note
that the fundamental copper losses have been neglected as the change in the

fundamental copper losses is negligible with the change in the filter branch inductance.

It can be seen that the overall motor losses have been reduced as the inductance of the
filter branch is decreased. Since the fundamental current is same for all the inductance
values, and hence the fundamental losses, the only loss component which is varying
is due to PWM ripple current. As we reduced the filter inductance, the ripple
component seen by the filter branch at inverter terminals will increase but at the same

time, the motor branch windings will experience more filtered currents.

1 ——0.28mH
0.45mH
3 ——0.62mH
13 1 0.79mH
§ ——0.92mH
= 1.13mH
§ 11 1 ——1.3mH
S
2
ke 9 1
c
O
c
e
= 7
5 T T T T T T
0.5 1 1.5 2 2.5 3 3.5 4

Mechanical Load Torque (Nm)

Figure 3.36: Comparison of total motor losses with an integrated inductor at different

inductance of the filter branch winding

Furthermore, the transformer action is taking place in the motor branch windings as
the filter branch inductance is reduced from 50% of the entire motor windings. Since
both filter and motor branch windings are wound on the same slots which leads to
switching ripples of both branch to be opposite therefore, the motor branch windings
carry switching ripples which is 180 degrees out of phase with respect to ripple current
of the filter branch. The effect of the transformer action between filter and motor

branch current can be seen from Figure 3.37 and Figure 3.38.



PMSM with Integrated Filter Inductor | 77

14

—— Filter Branch
Motor Branch

Motor Currents (A)
o

0 0.001 0.002 0.003 0.004 0.005

Time (Seconds)

Figure 3.37: Filter and Motor Branch Motor PWM Currents at 0.28mH Filter Inductance

and 3Nm Mechanical Load
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Figure 3.38: Filter and Motor Branch Motor PWM Currents at 0.28mH Filter Inductance

and 3Nm Mechanical Load (Zoom View)

3.6.1 Comparative Analysis between Integrated and Traditional System

This section presents the comparative analysis between the motor with an integrated
filter inductor and an external filter inductor in terms of total system losses, torque

ripple, and power quality.
3.6.1.1 Total Loss Comparison

The loss comparison of the motor with an integrated filter inductor and the motor with
an external filter inductor is shown in Figure 3.39 (a)-(g). The total losses of the motor

with an integrated filter inductor include: motor iron losses, motor copper losses and
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the ohmic losses of the permanent magnets, whereas the total losses of the motor with
an external filter inductor include: motor iron losses, motor copper loss, PM ohmic
loss, inductor iron losses and inductor copper loss. The losses in the RC branch is
neglected in this comparative analysis as they are assumed to remain unchanged for

both integrated and traditional motor drive systems.

From Figure 3.39(a)-(g), it can be observed that the total losses in the motor with
integrated filter inductor are lower than in the motor with an external filter inductor.
Moreover, the total losses are increased as the filter branch inductance is decreased.
This is due to the fact that lower inductance of an external filter inductor will lead to
an increase in switching ripple seen by the motor which has resulted in higher losses
in the traditional motor drive system. However, losses in the motor with an integrated
filter inductor have been reduced due to the fact that the switching ripple in the motor

branch is compensated in the filter branch by transformer’s action (cf. Figure 3.38).
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Figure 3.39: Comparison of total system losses between Integrated and Traditional
PMSM

3.6.1.2 Torque Ripple Comparison

Percentage torque ripple of the motor with and without output filter is compared.
Torque ripple of the motor without output filter at different load conditions and the
torque ripple of the motor with traditional and integrated filter at 0.28mH inductance

is illustrated in Table X.

From Table X, it is shown that the torque ripple for the optimized inductance value is
improved in the motor with integrated filter inductor when compared to the motor
operating without a filter. This is due to the switching ripples cancellation between
filter branch and the motor branch. Moreover, the motor branch experiences increased

filtration of 3 phase voltages when the inductance of the filter branch is reduced.
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Table X: Motor Torque Ripple with and without OQutput Filter

Torque Ripple Torque Ripple Torque Ripple
o | C9atTiaa= | (6 atTigga= | (%)t Tioaq=
INm 2Nm 3Nm

No Filter 11.53 6.41 4.84

Integrated
Inductor at 5 2.97 2.12

0.28mH

External
Inductor at 4.18 2.52 2.10

0.28mH

The performance of the motor with an integrated filter inductor and the external filter
inductor at 0.28mH inductance is similar in terms of torque ripple reduction. When
compared with the motor operating without output filter, the motor with integrated
filter inductor provides the reduction of 56.2%, whereas 57.2% reduction is achieved

in the motor with an external filter inductor.

The comparison of torque ripple of the motor with an integrated filter inductor and
external filter inductor with respect to the filter inductance is shown in Figure 3.40(a)-
(c). It can be observed that the traditional filter performs better for higher filter

inductance when compared to the integrated filter.
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Figure 3.40: Percentage Torque Ripple Comparison between motor with Integrated
and traditional filter inductor at Different Loading Conditions

For the lower amount of filter inductance, the torque ripple is increased drastically due
to higher switching ripple component which deteriorates the filter performance and

increases the requirement of damping resistance than usual and is indicated in Table
IX.

It can be argued that the frequency of torque ripple as seen in Figure 3.38 is very high
(the same as PWM frequency) and a ripple at this frequency is easily filtered out by
the rotor mechanical inertia. However, for high power machines where the switching
frequency is limited to 4 kHz (or even less) due to high current required to be
controlled, rotor mechanical inertia is not sufficient to filter out the torque ripple and

extra arrangements have to be made.
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3.6.1.3 Volume and Mass Comparison

The complete volume and mass of the RLC output filter is determined and compared
in this section. Figure 3.41(a)-(b) shows the volume and mass comparison of RLC
output filter with integrated and external filter inductor. Since the reduction in filter
inductance increases the volume and mass of the filter capacitor therefore, it is
necessary to choose the output filter with minimum volume and mass. It should be
noted here that the volume and mass of the motor is neglected in this comparison of
output filter and the volume and mass of the filter inductor does not exist in motor

with integrated filter inductor.
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Figure 3.41: Volume and Mass of RLC output Filter
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From Figure 3.41(a), it can be observed that the volume of the output filter with
external filter inductor decreases as the filter inductance is reduced until 0.62mH and
starts increasing again until 0.28mH. This is because the capacitor volume dominates
the inductor volume beyond 0.62mH and vice versa. On the other hand, the filter
inductor volume is zero in the motor with integrated filter inductor. The overall
volume of the motor with an integrated filter inductor is increasing as the filter

capacitance is increased or the filter inductance is decreased.

Figure 3.41(b) shows the overall mass of the RLC output filter. It is observed that
overall mass of the external RLC output filter is decreasing proportionally as the filter
inductance is reduced. This is because the weight of inductor is dominating throughout
and increase in capacitor does not affect the overall weight of the output filter.
However, weight of the motor with integrated filter inductor follows the same trend as
in the case of volume i.e. weight increases as the filter inductance is reduced due to

the absence of inductor volume.
3.7 SUMMARY

This chapter demonstrates a novel approach to integrate the output filter inductor into
permanent magnet synchronous machine. The introduction of the integrated output
filter inductor along with its practical implementation inside the machine is also
presented. A detailed vector control model of the proposed motor with integrated filter
inductor, taking into account of modulation and device switching, have been
developed using software called “MATLAB — Simulink”. The equations for the

torque and three phase current was derived to model the proposed motor.

Subsequently, the design of an external EE core inductor was briefly described in
order to compare its performance with integrated filter inductor. MATLAB —
Simulink & FEA results of the proposed motor had been presented with and without
output filter. For the motor with integrated filter inductor, the MATLAB — Simulink
& FEA results had been compared with the motor with external filter inductor when
the filter branch windings were half of the entire motor windings. The results showed
that the motor with integrated filter inductor does not require an external inductor
which eliminates its losses, weight and volume. However, this comes at the expense

of relatively higher torque ripple.
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In the end, FEA based optimization of the filter branch was done in terms of the
reducing total losses and torque ripple. In the optimization process, filter branch
winding was varied from 50% to 10% of the entire motor windings whilst keeping the
filter resonance frequency constant. It was noticed that the transformer’s action was
taken place between the filter and motor branch windings when the filter branch
windings were less than half of the entire motor windings. In the optimization process,
the torque ripple of the motor with integrated filter inductor was reduced drastically
which than becomes comparable to the torque ripple of the motor with external filter

inductor.
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CHAPTER

PMSM WITH INTEGRATED
FILTER INDUCTOR:
EXPERIMENTAL VALIDATION

4.1 INTRODUCTION

This chapter presents the experimental verification of the motor with an integrated
inductor that has been proposed in chapter 3. To validate the concept of integrated
motor, the HEMAS (Helicopter Electromechanical Actuation System) machine is
modified which was recently built at The University of Nottingham, UK for HEMAS

Project.

All test were conducted on an instrumented test-rig which is appropriate for validating
and measuring the required performance. The experimental tests were conducted for
the motor operating without output filter, motor with an integrated inductor and the
motor with an external inductor. The results and discussion have been presented at

different rotor speed, mechanical load and inverter switching frequency.
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The performance of both integrated and conventional motors have also been compared
in terms of its current ripple and FFT followed by a comprehensive experimental loss
characterization. The measured experimental losses is also compared with finite

element model of the motor with integrated filter inductor.
4.2 EXPERIMENTAL TEST RIG & SETUP

Figure 4.1(a) and Figure 4.1(b) shows the experimental rig and test setup for testing
and validating the proposed motor with integrated filter inductor with 50% filter
branch windings. For the purpose of validation, the 12 slots 10 poles permanent
magnet synchronous machine is modified whose practical implementation is fully
described in section 3.2.2 of chapter 3. The prototype of the test machine with filter
and motor branch windings is shown in Figure 4.2(a) to Figure 4.2(c¢).

To test the machine, SpectraQuest’s “Drivetrain Diagnostic Simulator” test-rig is used
[1] along with 3-phase voltage source inverter. The test-rig and setup are equipped
with a DC power supply, 3-phase PWM voltage source inverter, 3 phase integrated
motor, torque transducer and the magnetic brake which is acting as a mechanical load

on the machine under test.

(a) Voltage Source Inverter and Control Platform

Power
Analyser

Control
Platform
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(b) Test-Rig (Drivetrain Diagnostic Simulator)

Magnetic

Transducer

Figure 4.1: Experimental Setup and Test-rig
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(a) Prototype Integrated Motor with Housing

(b) Prototype Integrated Motor without Housing

Filter Branch: A, B, C,
Motor Branch: A, B, C,

Figure 4.2: Prototype of Integrated Motor and Windings Pattern
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4.2.1 Integrated Motor

As discussed in chapter 3, 12 slots 10 poles permanent magnet synchronous machine
was selected to validate the concept of integrated output filter inductor. This machine
was built at The University of Nottingham, UK for HEMAS (Helicopter
Electromechanical Actuation System) project [2-5]. The stator prototype of the

machine is shown in Figure 4.2 whereas the rotor structure is shown in Figure 4.3.

(a) PM Rotor of HEMAS Machine

- —_

—————

(b) Halback Array Arrangement

%1 NP

Figure 4.3: PM Rotor of the motor with integrated filter inductor [2-5]

The stator stack is made up of Vacoflux 50 Cobalt-Iron laminations. Each phase
consists of 40 turns with 1 mm diameter and class H wire insulation. On the other
hand, the rotor is made up of Halback array permanent magnets with non-magnetic

stainless sleeves of 0.3mm thickness [5].

The complete motor parameters are shown in Table I and the flight profile [2, 3] for
which HEMAS machine was designed is shown in Appendix Cl. The maximum
operating speed for this experimental validation is chosen 2100 RPM due to the
SpectraQuest’s “Drivetrain Diagnostic Simulator” speed limitation. Since the HEMAS
motor was not designed to produce the maximum torque for continuous operation, the
operating torque is not exceeded beyond 3 Nm i.e. it is varied from 1.5 Nm to 3 Nm

for the experimental validation.
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Table I: Motor Specifications

PARAMETERS VALUES UNITS
Motor Connections 2XSTAR -
No. of Turns per phase 2%x46 -
Operating Torque I Nm—-3Nm Nm
Peak Torque 2X4 Nm
Operating Speed 2100 RPM
Maximum Speed 5242 RPM
Phase Resistance 2x0.21 Q
Phase Inductance 2%1.3 mH
Operating Peak Current 5.85 A
Maximum Peak Current 31 A
No-load Flux Linkage 2x0.017122 Wb. T
Motor Inertia 2x1.65 Kg.m?

4.2.2 RLC Output Filter

A RLC output filter is designed using the procedure as explained in [6] and chapter 2.
The filter resistance, inductance and capacitance are chosen as 2€Q, 1.3mH and 4.9pF.
The resonance frequency is fixed to 2 kHz, whereas the maximum frequency to avoid
the resonance between the filter capacitance and motor inductance is 1.2 kHz. The
external filter inductor is shown in Figure 4.4 (a) whereas the filter capacitor and

damping resistor are shown in Figure 4.4 (b).

The design procedure of the filter inductor is presented in chapter 3. The filter inductor
has 20 turns per phase. The inductance of 1.1lmH has been measured which is
comparable with its designed value. The method of measuring the inductance is
presented in Appendix B. The film type capacitance (KEMET) of 4.7uF is used for
the experimental verification with model “R46KR447050M2K Film Capacitor, 4.7uF,
X2, 275V, PP (Polypropylene), £ 10%”. 5W, 2Q resistance used is wire-wound

resistors having silicon coated axial leads.
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(a) Filter Inductor

(b) Filter Capacitor and Damping Resistor

!31‘&.\’ ‘15';-‘ -

Damping . Filter
Resistors Capacitor

Figure 4.4: Filter Capacitor and Damping Resistor (3-phase)
4.2.3 Power Converter

The motor with integrated filter inductor is supplied by the power converter. The
converter used in the experimental test-rig is the same as that used for the HEMAS
project as it serve to prove the only the functional concept of integrated output filter
inductor. The converter prototype consist of a gate driver board, control board, power
switches and input filters board as shown in Figure 4.5 [5]. Three 3-phase IGBT
module and the gate-drive circuit are combined with a shared control platform based

on FPGA, DSP and the power quality input filter.
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Figure 4.5: Prototype of HEMAS Power Module

4.2.4 Drivetrain Diagnostic Simulator (DDS)

SpectraQuest’s Drivetrain Diagnostics Simulator (DDS) is specifically designed to
simulate industrial drivetrains for experimental and educational purposes. The
drivetrain consists of motor, power converter, gearbox system, torque transducer,
speed encoder, bearing loader, and magnetic brake as shown in Figure 4.1. It is robust
enough to handle heady loads and spacious enough for easy gear placement, setup,
and installation of monitoring devices. The features of the DDS is shown in Appendix
C2, where the motor and converter is replaced with the HEMAS motor and converter

for validation purpose [1].
4.2.5 Voltage, Current and Power Measurements

The setup to measure the voltage, current, power, and the output torque is shown in

Figure 4.6(a) and Figure 4.6(b) and the device details are listed below:

1. LeCroy High Voltage Differential Probe (ADP300, 1000 Vrwms-GROUND)
LeCroy Current Probe (CP150, 150A, 0.01V/A)

Power Analyser (N4L PPAS550)

KISTLER Torque Transducer (100Nm — 50V. Type: 4502A100RA)

Ll

The motor losses were evaluated by measuring the input power to the motor terminals
and output power at the shaft. The motor losses is the difference of input electrical

power and the output mechanical power which can be expressed as,
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Pm,loss = Py, — Poyr = Py — (Tout -wr) (4'1)

where, P;, is the input electrical power in watts, P,,; 1s the output mechanical power

in watts, T, 1s the measured output torque in Nm and w,- is rotor speed in rad/s.
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Figure 4.6: Voltage, Current & Power Measurements
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4.3 EXPERIMENTAL RESULTS & DISCUSSIONS:

This section presents the experimental results of the motor with and without output
filter. The motor with output filter includes motor with conventional EE core inductor
and the motor with integrated inductor. In all cases, motor is driven by voltage source
inverter with switching frequency of 10 kHz. The measured filter and motor branch
current ripple are presented for switching frequencies of 5, 10 and 15 kHz. Also, the
comparison study between motor with conventional inductor and the motor with
integrated inductor is presented in terms of motor performance followed by a
comprehensive experimental characterization of the motor with integrated inductor.
Both motors (with conventional and integrated inductor) were tested at different range
of speed and load torque. The motor speed is varied from 1200 RPM to 2100 RPM

whereas the load torque is varied in between 1.5 Nm to 3 Nm.
4.3.1 Motor without Output Filter
4.3.1.1 Measured Voltage & Currents

Experimental results were analysed when the motor shown in Figure 4.2 is operated
by voltage source inverter drive without any output filter at speed of 2100 RPM and
load torque of 1.5 Nm where the inverter is switched with 10 kHz switching frequency.
Figure 4.7 and Figure 4.8 shows the motor terminal voltage and motor current
respectively. The FFT of the motor terminal voltage and current is shown in Figure
4.9 and Figure 4.10 respectively. The first dominant switching component of motor
voltage is at 20 kHz frequency, which is 79.2%, whereas the motor current carries the
first dominant switching component at 20 kHz frequency, which is 2.6%. These values

are closely comparable with the Simulink results as discussed in chapter 3.
200

Inverter Terminal Voltage
(V)
o

0.07 0.072 0.074 0.076 0.078 0.08 0.082
Time (Seconds)

Figure 4.7: Line-to-line Motor Terminals Voltage without Filter (Vag)
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Figure 4.10: FFT of Motor Current without Filter (14)
4.3.1.2 Measured Output Torque

The output torque shown in Figure 4.11(a)-(d) is measured using KISTLER torque
transducer. The available torque transducer is designed to generate maximum 5V at
100Nm torque. Since the load torque varies from 1.5Nm — 3Nm, it is difficult to
precisely measure it using the torque transducer which is rated at 100Nm. In order to

see the effect of switching ripple the output torque is estimated through measured
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motor currents. Since the no-load voltage is sinusoidal it is possible to estimate the

output torque by the given relation,

i E_.i E_.i E i E_ i E i
= [( 1(11+ alp1 alcl)+<a2a2+ azlb2 aZCZ)
2 We We We We We

] (4.2)

where the T,,; is the estimated output torque in Nm, P is the number of poles, E . 1s
the 3 phase no-load voltages in volts, i, is the measured 3 phase motor currents in
ampere and w, is the electrical speed in rad/s. Due to the imprecision of torque
measurements the output torque is estimated using Eq. 4.2 which corresponds to the

measured motor currents.
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Figure 4.11: Measured & Estimated Output Torque without Filter
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4.3.2 Motor with Integrated Filter Inductor

4.3.2.1 Measured Voltages, Currents and Output Torque

In this section, the experimental results are analysed to determine the effectiveness
and performance of the motor with integrated filter inductor in steady state condition.
The tests were performed at a motor speed of 2100 RPM and load torque of 1.5 Nm.
Figure 4.13 and Figure 4.14 shows the line voltage across the inverter terminals
(Ve,apc) and the line voltage across the motor branch winding (V; 4p.) respectively,
whereas the current through the filter branch (i; 45.) and the motor branch current

(i2,apc) are shown in Figure 4.15 and Figure 4.16 respectively.

The output torque is estimated from the measured filter and motor branch currents and
is shown in Figure 4.17. The torque ripple at 1.5Nm load is 20% which is identical to
torque ripple when the motor is operating without output filter. This is because half of
the motor winding is seeing the filtered currents and the half of the motor winding is
exposed to PWM currents. When the motor is operating without output filter, full
PWM voltages are applied across the motor windings and hence motor windings carry

the entire PW M currents.
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Figure 4.13: Line-to-line Inverter Terminals Voltage with Integrated Filter (Vas)
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Figure 4.17: Estimated Output Torque with Integrated Filter

From the experimental results, it can be observed that half of the motor windings
experience the filtered sine-wave voltages. This reduces the insulation stress from half
of the motor windings and the power losses associated with the PWM switching
components. Furthermore, the added losses, weight and size due to external filter

inductor is also be eliminated.

The FFT of the inverter terminals voltage (V) and the voltage across motor branch
(V) are shown in Figure 4.18 and Figure 4.19 respectively, whereas FFT of the filter
branch current (i, ) and motor branch current (i,) are shown in Figure 4.20 and Figure
4.21 respectively. In comparison with the motor operating without filter, the switching
component of motor branch voltage is reduced by 97.9% whereas the switching

component of motor branch current is reduced by 95%.
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A detailed experimental analysis and tests were carried out to validate the motor with
integrated filter inductor whilst varying the motor speed, load torque and switching
frequency of the inverter. The motor speed is varied from 1200 RPM to 2100 RPM in
step of 300 RPM. The load torque is varied between 1.5 Nm to 3 Nm in step of 0.5 Nm.
For both variables (motor speed and load torque), the switching frequencies of 10 kHz,

5 kHz, and 15 kHz is considered.

The waveforms of inverter terminal voltage, motor branch voltage, filter branch
current, motor branch current and output torque at switching frequency at 10 kHz is
shown in Appendix D1 whereas, the filter and motor branch current ripple at switching

frequencies of 5, 10 and 15 kHz is shown in section 4.3.2.2.
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4322 Filter and Motor Branch Current Ripple

Due to the wide measuring range of the torque transducer, it is difficult to measure the
torque precisely in the range of 3Nm, so the switching ripple component is evaluated
in terms of filter and motor branch currents. Various tests were conducted in order to
determine the switching current ripple. The ripple current is expressed in percentage of
the fundamental value. The filter and motor branch currents were measured at different
speed, mechanical load and switching frequency of the inverter. The motor speed and
mechanical load were varied from 1200 RPM to 2100 RPM, 1.5 Nm to 3 Nm
respectively at switching frequencies of 5, 10 and 15 KHz. The percentage current
ripple of filter branch at different switching frequencies are shown in Figure 4.22 (a)-

(c), whereas the motor branch current ripple is shown in Figure 4.23 (a)-(c).
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Figure 4.23: Measured Motor Branch Current Ripple (%)

It can be observed that both filter and motor branch currents are reduced as the load
torque is increased since the switching ripple component is solely dependent on the
filter branch inductance which remains unchanged with the mechanical load on the
motor. On the other hand, the ripple current is decreased as the switching frequency
of the inverter is increased. This is because the switching period is high for lower

switching frequency and hence switching current rises for a longer duration.
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4.3.2.3 Phase shift between Filter and Motor Branch Current («)

The addition of filter capacitance and damping resistance between the motor windings
produce a phase shift (a) between filter and the motor branch current. This phase shift
affects the electromagnetic torque since only filter branch current is controlled and
motor branch current is left uncontrolled. In order to see this effect, the phase shift is
estimated using the measured filter and the motor branch current at different rotor

speed and load torque and switching frequency held at 10 kHz.

As can be seen from Figure 4.24 that the phase shift due to the filter RC branch is very
small. This is because the filter RC branch is designed to act as a high impedance
branch at fundamental frequency and act as a low impedance branch above the filter

resonance frequency, which will allow the switching component to pass through it.
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Figure 4.24: Phase shift between Filter and Motor Branch Current at Fs,=10 KHz

4.3.3 Motor with External EE Core Filter Inductor

4.3.3.1 Measured Voltages, Currents and Output Torque

Experimental results in this section are examined to determine the performance of the
motor with external filter inductor in steady state condition. The tests were performed
at a motor speed of 2100 RPM and load torque of 1.5 Nm. Figure 4.25 and Figure 4.26
shows the line voltage across the inverter terminals (V. 4,) and the line voltage across
the motor windings (V o) respectively, whereas the current through the external filter
inductor (i 4) and the motor current (i, ,p,) are shown in Figure 4.27 and Figure 4.28

respectively.
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The output torque is estimated from the measured motor currents and is shown in
Figure 4.29. The torque ripple at 1.5Nm load is 7% which is lower than the motor with
integrated filter inductor as expected. This is because half of the motor winding in the
integrated motor is exposed to PWM currents and the other half seeing the filter
currents. On the other hand, entire motor winding sees the filtered currents when the

external filter inductor is used which is free from the switching frequency component.
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Figure 4.25: Line-to-line Inverter Terminal Voltage with External Filter Inductor (Vag)
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Figure 4.26: Line-to-line Motor Voltage with External Filter Inductor
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Figure 4.29: Estimated Output Torque with External Filter Inductor

The FFT of the inverter terminals voltage (V) and the voltage across motor windings
(V) are shown in Figure 4.75 and Figure 4.76 respectively, whereas FFT of the filter
inductor current (i1) and motor current (i) are shown in Figure 4.77 and Figure 4.78

respectively. In comparison with the motor operating without filter, the switching
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component of motor terminal voltage is reduced by 97.4% whereas the switching
component of motor current is reduced by 95%. The comparison of filter performance
in terms of reduction in the switching component is shown in Table II for the motor

without output filter, with integrated filter inductor and with external filter inductor.

Table II: % Comparison of Switching Component with and without Filter

Switching Component | Motor without Motor with Motor with Units
(20 KHz) Output Filter | Integrated Inductor | External Inductor

Motor Voltage 62 1.31 1.62 \V4
Motor Current 0.15 0.008 0.008 A
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Figure 4.30: FFT of Inverter Terminal Voltage with External Filter Inductor
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Figure 4.31: FFT of Motor Branch Voltage with External Filter Inductor
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Figure 4.33: FFT of Motor Branch Current with External Filter Inductor

The waveforms of inverter terminal voltage, motor branch voltage, filter inductor
current, motor current and output torque at switching frequency at 10 kHz is shown in
Appendix D2 whereas, the motor current ripple at switching frequencies of 5, 10 and

15 kHz is shown in section 4.3.3.3.
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4.3.3.3 Motor Current Ripple

Various tests were conducted in order to determine the switching ripple of motor
current. The ripple current is expressed in percentage with respect to the fundamental
value. The motor currents were measured at different speed, mechanical load and
switching frequency of the inverter. The motor speed and mechanical load were varied
from 1200 RPM to 2100 RPM, 1.5 Nm to 3 Nm respectively at switching frequencies

of 5, 10 and 15 kHz. The percentage current ripple of the motor current is shown in
Figure 4.34 (a)-(c).
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Figure 4.34: Measured Motor Current Switching Ripple (%)
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4.4 Comprehensive Experimental Loss Characterization
4.4.1 Total Loss Comparison

The motor losses were evaluated by measuring the input electrical power to the motor
terminals and output mechanical power delivered at the shaft as illustrated in Figure
4.6 (a)-(b). The motor losses is the difference of input electrical power and the output

mechanical power which can be expressed as,
P ioss = Pin — Pout = Pin — (Tout - @r) (4.2)

where, Py, is the input electrical power in watts, P,,,; is the output mechanical power

in watts, T, 1s the measured output torque in Nm and w,- is rotor speed in rad/s.

The motor losses were measured at different rotor speed and mechanical load while
keeping the inverter switching frequency at 10 kHz. The motor speed is varied from
1200 RPM to 2100 RPM in step of 300 RPM whereas the load torque is applied from
1.5 Nm to 3 Nm in step of 0.5 Nm.

Figure 4.35 (a)-(d) shows the total loss comparison of the motor with an integrated
inductor and the motor with an external inductor at the frequency of 100 Hz, 125 Hz,
150 Hz and 175 Hz respectively. It can be observed that the total losses in the motor
with external filter inductor are higher than the integrated motor due the added losses
associated with the external inductor. The added losses of the external inductor and its
associated weight and volume are removed since the integrated motor does not require

the external inductor to filter out the switching component.
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Figure 4.35: Total Loss Comparison of motor with integrated and external inductor
4.4.2 Comparison with Finite Element

In order to compare the finite element results with experimentation, the integrated
motor was current driven at 1.5 Nm, 2 Nm 2.5 Nm and 3 Nm. The simulations were
carried out at different rotor speeds (electrical) which was varied from 100 to 175 Hz
in step of 25 Hz as shown in Figure 4.36 (a)-(d). The total losses include: iron loss,
copper loss and eddy current ohmic loss in the permanent magnets whereas the

windage and bearing friction losses have been neglected.

It can be observed that the measured motor losses are in a good agreement with the

finite element. The difference between the finite element and measured losses might



PMSM with Integrated Filter Inductor: Experimental Validation | 16

come from the contact resistances, windage and bearing friction losses which have not

been considered in the finite element model.
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Figure 4.36: FE and Measured Losses of motor with integrated Inductor

4.5 SUMMARY

This chapter described briefly the experimental setup and test-rig to validate the
proposed motor with integrated filter inductor with 50% filter branch windings. The
experimental results were presented for the motor operating without output filter,
motor with integrated inductor and the motor with external EE core inductor. The
experimental tests were conducted at different rotor speeds, mechanical load on the
shaft and inverter switching frequency. The results were presented in terms of inverter
terminal voltage, motor voltage, filter current, motor current output torque and torque
ripple. The FFT of inverter voltage, motor voltage, and filter current, motor current

had been compared.

The experimental results showed that the proposed integrated motor with 50% filter
branch windings effectively eliminates the need of an external filter inductor which
reduces the overall losses and associated weight and volume however, the torque
ripple is alike when compared to motor operating without filter. From the experimental
results, it can be observed that the voltage stress and losses due to PWM current are
eliminated in half of the motor windings. Furthermore, the voltage drop due to the
external filter inductor is eliminated as well when the integrated motor topology is
adopted which reduces the need for extra voltage required by the motor drives from

the DC link.

The effectiveness of the motor with integrated and motor with external inductor was

determined by comparing the switching ripple current of the motor. The results show
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identical reduction for both integrated and conventional motors. A comprehensive loss
characterization was presented in terms of total losses of the motor with integrated
filter inductor followed by the comparison of losses estimated through the finite
element with the experimental ones. The finite element losses showed a good

agreement with the measured losses of the integrated motor.
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CHAPTER

INTEGRATED MOTOR-SHAPED
FILTER INDUCTORS

5.1 INTRODUCTION

This chapter demonstrates novel integrated motor-shaped inductors for motor drive
applications. Motor-shaped inductors can be of two types: integrated rotational inductor
and integrated rotor-less inductor. The chapter presents the idea of motor-shaped
inductors. The integrated rotational inductor is then validated through the finite element
to demonstrate the effectiveness of the proposed novel approach followed by its
importance and applications. Subsequently, the design procedure of motor-shaped
inductors is then presented. At the end, design optimization of motor-shaped inductors
is carried out in terms of total losses, weight and AC copper resistance for different slot-

pole combinations and winding configuration.

5.2 MOTOR-SHAPED INDUCTORS

The inductor shown in Figure 5.1 is completely different from the traditional inductors
that are commonly being employed in the power electronics & drives industry. The

motor-shaped integrated inductors are categorized into the following class,

1. Motor-shaped Rotational Inductor and,
2. Motor-shaped Rotor-less Inductor
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Housing

Integrated Motor or
Motor-shaped Inductor Generator

Figure 5.1: Axial View of Integrated Motor-shaped Inductor
5.21 Rotational Inductor

The motor-shaped rotational inductor shown in Figure 5.2 has a stator and a rotor just
like electric motor or generator but without any magnets, windings or saliency on the
rotor. This motor like shape makes it feasible for the inductor to integrate within the
motor or generator by keeping the inductor’s rotor on the common rotating shatft.
Moreover, the stator of the motor-shaped inductor can use the same motor housing,
which completely eliminates the need for a separate cooling system. Since the motor-
shaped inductor utilizes the shared cooling system as that of the motor, it can be sized
with higher current densities. This would allow a design engineer to design a more

compact inductor which leads to a reduction in overall weight and volume.

On the other hand, iron losses through the rotor of the motor-shaped rotational inductor
can be minimized if its rotor is rotating synchronously with the motor shaft. Since the
magnetic field in the stator of the motor and inductor is rotating at synchronous speed,
the magnetic field through the rotor of the inductor will remain induction free.
Furthermore, there is a possibility of optimizing its inductance by varying its physical
layout such as slot opening, slot opening height, teeth width, teeth height etc. In terms
of applications, the motor-shaped rotational inductor is more appropriate for output
filter applications, where rotor can be placed easily on the motor shaft and iron losses

can be minimized at synchronous speed.
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Windings

Stator

Figure 5.2: 2D View of Motor-shaped Rotational Inductor
5211 FE Validation of Rotational Inductor

A FE model was developed as shown in Figure 5.3 in MagNet — Infolytica to verify
the concept of motor-shaped rotational inductor. The rotational inductor was driven at
the peak current of 18A and the supply frequency of 1000Hz with the rotor rotating
and with rotor at standstill. The X and Y components of magnetic flux density in the
rotor at one fixed point were assessed for both standstill and rotating rotor. The X and
Y components of magnetic flux density were then converted into the d — q reference
frame. As the ¢ component of the rotor flux density is zero, only the d component of

the rotor flux density is shown in Figure 5.3.
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Figure 5.3: 2D View of Motor-shaped Rotational Inductor
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From the results obtained, it can be observed that the magnetic field in the rotor is
stationary when the rotor rotates at synchronous speed therefore, minimizes the iron
losses through the rotor. However, it does contain harmonics due to slotting effect of
the stator core. On the other hand, the magnetic field is varying sinusoidally with time
when the rotor is at standstill. The iron losses of rotational inductor associated with
hysteresis and eddy currents are shown in Table I. The core material used for the motor
shaped rotational inductor is silicon steel (M — 15) [1, 2]. From Table I, it is important
to note that both hysteresis and eddy currents losses have been reduced considerably
in the rotor when rotor is rotating synchronously with the speed of magnetic field in
the stator, which is produced by the stator currents. 78.2% loss reduction is obtained
for the rotational inductor when the rotor is rotating as compared to the stationary
rotor. However, a small amount of iron loss is still present due to the slotting effect of

the stator windings and the non-uniform distribution of magnetic field in the rotor.

Table I: Rotor Iron Loss for Rotational Inductor

PARAMETERS STATIC MOTION UNITS
Hysteresis Loss 17.4 1.33 W
Eddy Current Loss 33.6 9.77 W
Total Losses 51 11.1 W
Loss Reduction - 78.2 %

5.22 Rotor-less Inductor

As its name suggests, the motor-shaped rotor-less inductor as shown in Figure 5.4 has
the same structure as the motor-shaped rotational inductor without rotor and with
larger slot opening height to avoid the magnetic saturation. The rotor-less inductor can
also be integrated with the motor or generator by placing it axially inside the same
housing. In terms of applications, this design is a suitable solution for high power line
inductors or isolation transformers where supply frequency is fixed and cooling
requirements are high. It can also be employed for power transformer applications,
where there is a need of integrating power transformers within the same housing as

that of the generator.
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Winding

Stator

Figure 5.4: 2D View of Motor-shaped Rotor-less Inductor

5.3  DESIGN PROCEDURE FOR MOTOR-SHAPED INDUCTORS

This section presents the design procedure of motor-shaped integrated inductor i.e.
rotational inductor and rotor-less inductor. The design procedure of motor-shaped
inductors are linked to the design of EE core inductor as explained in section 1.3. Once
the area product (W,. A.) is calculated for the design of EE core inductor, the motor-

shaped inductors can be sized up by the following procedure.

5.3.1 Sizing of Motor-shaped Inductors

The structural layout of the motor-shaped rotational and rotor-less is shown in Figure
5.5(a) and Figure 5.5(b) respectively, whereas the flowchart algorithm of converting
EE core inductor into motor-shaped inductors is shown in Figure 5.6. For both motor-
shaped inductors, windows area (I/,) is kept same for each slot in order to have a
common reference point for comparison between EE core and motor-shaped
inductors, hence the cooling system is kept the same for EE core and motor-shaped
inductor. For 6 slots inductor, the tooth width (7,,) is selected close to the limb length
(Liimp) of EE core inductor as the core area (4,) is variable near the tooth. For higher
slots inductor tooth width needs to be adjusted in proportion to the total number of

slots. The back iron width (B,,) is adjusted to keep the identical flux density in the
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core. The airgap length (L, ) and the slot opening (S, ) are varied until the required flux
density (B4x) 1S reached in the stator teeth and back iron. Subsequently, the rotor
width (R,,) is varied until the same flux density is achieved as that of teeth and back
iron. In the end, rotor is removed for the rotor-less inductor and slot opening height
(Son) 1s increased to keep the uniform flux density throughout the stator slots. Since
the airgap between rotor and stator is absent in case of rotor-less inductor, the

inductance is only controlled by the width of stator slot openings.

a) Rotational Inductor

b) Rotor-less Inductor

Figure 5.5: Structural Layout of Motor-shaped Inductors
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Figure 5.6: Method to Converter EE Core Inductor to Motor-shaped Inductor
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5.4 DESIGN OPTIMIZATION OF ROTATIONAL INDUCTOR

A number of motor-shaped inductors were designed, with various slot-pole
combinations for integrated rotational inductors. The rotational inductors were
optimized and then compare with conventional EE core inductor in terms of total
losses, weight and AC resistance of the stator windings. 2, 4 and 6 poles with 6, 12 and
18 slots have been considered. On the other hand, concentrated winding (CNW') and
distributed winding (DW) with single layer (SL) and double layer (DL) were
considered. All inductor designs were modelled and analyzed through two
dimensional finite element analyses (FEA). EE core inductor, which is designed in
chapter 3 is compared with motor-shaped rotational inductors. For the purpose of fair
comparison, the type of core material, synchronous inductance, operating flux density,
fundamental frequency, switching frequency, number of turns per slot, slot fill factor,
slot area, conductor diameter and cooling considerations were kept same, the details

of which are provided in Table II.

Table II: Specifications of Rotational Inductor Design

SPECIFICATIONS VALUES UNITS

Core Material Non-oriented Steel -
M-15

Required Inductance 1.3 mH
Operating Current 18 A
Operating Frequency 1000 Hz
Switching Frequency 10, 15 & 20 kHz
Turns per slot 20 -
Slot Fill Factor 0.5 -
Slot Area 212 mm-sq
Conductor Diameter 2.6 mm
RMS Current Density 2.36 A/mm?
Shaft Diameter 27 mm
Cooling Considerations Natural Convection -

In the inductor design procedure, the DC copper loss (without end windings) and axial
length of the inductor were initially kept same for both EE core and rotational
inductors. Since the DW gives higher inductance than CNW, the axial length of

rotational inductor was altered to keep the synchronous inductance constant for all
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rotational inductor designs.

The effect of the end winding power loss is also considered in the comparative analysis
between the EE core and rotational inductors. The calculation of end winding length is
approximated through an arc of a semi-circle as shown in Figure 5.7. The total mean
length per turn of a conductor is twice the sum of axial length and end winding which
is an arc of semi-circle around the corner. The side cross-section of end winding

lengths for different winding configurations is shown in Figure 5.8.

Active Stack Length

End Winding Length

Active Stack Length

Figure 5.7: Single Conductor with End Winding Length

(a) SL Distributed Windings

(b) SL Concentrated Windings Copper
Stator

™

(c) DL Concentrated Windings

T IrTrTrT

Figure 5.8: Side-cross-section of End Winding Length
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The motor-shaped rotational inductors are optimized, analyzed and compared with EE
core inductor (shown in Figure 3.7) in terms of total losses and weight. The design
optimization and the comparative analysis of EE core and rotational inductor with
different slot-pole combination are presented below. DW and CNW with SL and DL
for each slot-pole combination are considered. The slot-pole combinations which are

feasible for SL and DL windings respectively are shown in Table III and Table IV.

Table III: Possible Combinations for Single Layer Windings

Pole-Slot 6 12 18
2 v v v
4 X X
6 X X

Table IV: Possible Combinations for Double Layer Windings

Pole-Slot 6 12 18
2 v v | v
4 V V
6 X X N

5.4.1 2 Poles with 6, 12 and 18 slots Combination

The design optimization and performance comparison of 2 poles rotational inductor
with 6, 12 and 18 slots combination is presented in Table V. The flux distribution and
winding configuration of 2 poles rotational inductor designs with 6, 12 and 18 slots
combination are shown in Figure 5.9(a) to Figure 5.9(1). The flux distribution is plotted
at an instant when phase A is reached at its peak value. The total inductor losses
include iron and copper losses at fundamental supply current whereas, the total weight
includes the weight of the stator, rotor, and copper winding including the end

windings.

It can be observed from the Table V, the DW gives the higher inductance as compared

to CNW . This is because; the full pitch arrangement of the DWW induces higher voltage
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across it. The short pitch arrangement of the CNW resulted in a lower synchronous
inductance. The comparison of the axial length of the rotational inductor is also shown
which is varied in proportion to keep the required synchronous inductance of 1.3mH.
The synchronous inductance is the same for SL and DL design since changing from SL

to DL affects only the end winding length.

With respect to the EFE inductor, most efficient motor-shaped rotational inductor
design is 2 poles combination with 18 slots DW with both SL and DL arrangements.
The total losses reduction in 18 slots rotational inductor with DW is 45.3% when
compared with EE core inductor. In general, 12 slots rotational inductor contributes
better performance in terms of total inductor losses. For 12 slots rotational inductor,
the total losses are reduced from 151.4W to 92.6W, which is 38.8% reduction.
However, there is a slight increase in the weight of about 5.2% with respect to the EE
core inductor. Moreover, the CNW requires higher axial length to meet the inductance
requirement of 1.3mH which in turn increases the total inductor losses and its
associated weight. The comparison of the total losses and weight; between EE and
rotational inductor with 6, 12 and 18 slots combination is presented in Figure 5.10 and

Figure 5.11 respectively.

Table V: Comparison of 2 Poles with 6, 12 and 18 Slots Rotational Inductor

A Rl Bl e

Total Losses [W]

6 151.4 166 119.9 2154 154.1

12 151.4 146.6 92.6 320.8 92.6

18 151.4 156.2 82.7 362.7 82.7
Total Weight [Kg]

6 2.28 2.74 2.39 3.5 2.35

12 2.28 3.53 2.4 4.92 2.44

18 2.28 3.7 3.17 59 3.17

Synchronous Inductance [mH]

6 1.3 1.2 2.3 1.2 2.3

12 1.3 1.4 5.1 1.4 5.1

18 1.3 1.8 8.4 1.8 8.4

Stack Length for Required Synchronous Inductance of 1.3mH [mm]

6 114.5 124 64.7 124 64.7

12 114.5 106.3 29.2 106.3 29.2

18 114.5 84.6 17.71 84.6 17.71
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(a) 6 SLOTS SL DW

1.3T
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(1) 18 SLOTS DL CNW

1.3T

Figure 5.9: Flux Distribution and Winding Configuration of 2 Poles
Rotational Inductor
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EE AND ROTATIONAL INDUCTOR DESIGN

Figure 5.10: Loss Comparison of 2 Poles Rotational Inductor
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W 6 Slots Weight B 12 Slots Weight B 18 Slots Weight
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EE Core CNW SL DW SL CNW DL DW DL

EE AND ROTATIONAL INDUCTOR DESIGN

Figure 5.11: Weight Comparison of 2 Poles Rotational Inductor
5.4.2 4 Poles with 6, 12 and 18 slots Combination

The design optimization and performance comparison of 4 poles rotational inductor
with 6, 12 and 18 slots combination are presented in Table VI. The flux distribution
(when phase A is reached at its peak value) and winding configuration of 4 poles
rotational inductor designs with 6, 12 and 18 slots combination are shown in Appendix
El. From the Table VI, it can be observed that the SL DW gives the higher inductance
as compared to SL CNW due to different windings arrangement. The DL DW also
gives the higher inductance than DL CNW in 12 and 18 slots inductors, whereas the
inductance remain unchanged in DL DW and DL CNW for 6 slots inductor.

Table VI: Comparison of 4 Poles with 6, 12 and 18 Slots Rotational Inductor

wors | & | Me™ | Mo | oW | e

Total Losses [W]

6 151.4 - - 178 185.9

12 151.4 102.7 107.5 105.4 114.5

18 151.4 - - 257.1 98.4
Total Weight [Kg]

6 2.28 - - 2.63 2.63

12 2.28 3.39 2.5 3.5 2.5

18 2.28 - - 4.25 2.76

Synchronous Inductance [mH]
6 1.3 - - 1.16 1.16
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12 1.3 1.53 2.56 1.5 2.56

18 1.3 - - 1.9 4.7
Stack Length for Required Synchronous Inductance of 1.3mH [mm]

6 114.5 - - 128.2 128.2

12 114.5 97.23 57.7 99.2 58.1

18 114.5 - - 78.3 31.7

As stated earlier, the axial length is varied in proportion to keep the synchronous
inductance of 1.3mH whereas, the new inductor axial length is shown in Table VI. The
synchronous inductance and hence axial length is remain unchanged (negligible
change) for SL and DL inductor designs. With respect to the EE core inductor, the
most efficient motor-shaped rotational inductor design is a 4 poles combination with
18 slots DL DW. For 18 slots rotational inductor with DL DW, the total losses are
reduced from 151.4W to 98.6W, which is 35% reduction. For 12 slots inductor with
SL DW, the total losses are reduced by 29%. The weight of the 12 slots rotational
inductor with SL DW is increased by 9.6% with respect to the EE core inductor. The
comparison of the total losses and weight between EE and rotational inductor with 6,

12 and 18 slots combination is shown in Figure 5.12 and Figure 5.13 respectively.

W6 Slots Losses M 12 Slots Losses @ 18 Slots Losses

300

250

2 200
2

8 150
~J
I
~

100
o

50

0 T T T
EE Core CNW SL DW SL CNW DL DW DL

EE AND ROTATIONAL INDUCTOR DESIGN

Figure 5.12: Loss Comparison of 4 Poles Rotational Inductor
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Figure 5.13: Weight Comparison of 4 Poles Rotational Inductor

5.4.3 6 Poles with 18 slots Combination

The performance comparison of 6 poles rotational inductor with 18 slots is presented
in Table VII as the combination of 6 poles with 6 and 12 slots is not possible. The flux
distribution (when phase A is reached at its peak value) and winding configuration of
6 poles rotational inductor designs with 18 slots combination are shown in Appendix
E2. It can be observed from the Table VII that the SL and DL DW gives the higher
inductance as compared to CNW. The new axial length is changed in accordance to
keep the synchronous inductance of 1.3mH. The most efficient design in 6 poles
combination is 18 slots rotational inductor with SL DW which comes at the cost of
relatively higher weight. For 18 slots rotational inductor with DW, the total losses are
reduced from 151.4W to 113.7W for SL and 114.8W for DL inductor design, which is
a reduction of 24.9% and 24.1% respectively. The comparison of the total losses and
weight between EE and rotational inductor with 18 slots combination is shown in

Figure 5.14.
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Table VII: Comparison of 4 Poles with 6, 12 and 18 Slots Rotational Inductor

sors | B | e [ v | Mg |
Total Losses [W]
6 151.4 - - - -
12 151.4 - - - _
18 151.4 139.1 113.7 218.4 114.8
Total Weight [Kg]
6 2.28 - - - -
12 2.28 - - - _
18 2.28 3.71 2.78 3.91 2.87
Synchronous Inductance [mH]
6 1.3 - - - -
12 1.3 - - - _
18 1.3 1.5 2.97 1.48 2.88
Stack Length for Required Synchronous Inductance of 1.3mH [mm]
6 114.5 - - - -
12 114.5 - - - _
18 114.5 99.2 50.2 100.6 51.7
[ 18 Slots Losses W 18 Slots Weight
250 4
N e Losses 3 g—
EJ..’: 150 uE.:
§ Weight 2 E
-
CE) 100 S
=
50 !
0 T T T T 0
EE Core CNW SL DW SL CNW DL DW DL

EE AND ROTATIONAL INDUCTOR DESIGN

Figure 5.14: Weight and Loss Comparison of 6 Poles Rotational Inductor
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5.5 DESIGN OPTIMIZATION OF ROTOR-LESS INDUCTOR

Same winding configurations as that of the motor-shaped rotational inductor discussed
in the previous section are employed for motor-shaped rotor-less inductors. The design

optimization with different slot-pole combinations are discussed below.

5.5.1 2 Poles with 6, 12 and 18 slots Combination

The design optimization and performance comparison of 2 poles rotor-less inductor
with 6, 12 and 18 slots combination are presented in Table VIII. The flux distribution
and winding configuration of 2 poles rotational inductor designs with 6, 12 and 18
slots combination are shown in Appendix E3. As described in the previous section for
the rotational inductor, the total inductor losses for rotor-less inductor include iron and
copper losses at fundamental supply current whereas, the total weight include the

weight of the stator, rotor, and copper winding including the end windings.

It can be observed from Table VIII that the DW gives the higher inductance for rotor-
less inductors as compared to CNW . This is because; the full pitch arrangement of the
DW induces higher voltage induction. The short pitch arrangement of the
CNW resulted in a lower synchronous inductance. The axial length of the rotor-less
inductor is varied in order to keep the required synchronous inductance with respect
to EE inductor. The synchronous inductance remain same in DW for SL and DL design

for 6, 12 and 18 slots inductor designs.

With respect to the EFE inductor, the most efficient inductor design for a 2 poles
combination is 18 slots DW with both SL and DL arrangements. The total losses in 18
slots rotor-less inductor with DW is reduced by 44.5% when compared to EE core
inductor. In general, 12 slots rotor-less inductor contributes better performance in terms
of total inductor losses and weight at the same time. For 12 slots rotor-less inductor,
the total losses are reduced to 92.8W, which is 39% reduction and its associated weight
is slightly increased by 7%. Moreover, the CNW requires higher axial length to meet
the inductance requirement which in turn increases the total inductor losses and its
associated weight. The comparison of the total losses and weight between EE and
rotational inductor for 2 poles with 6, 12 and 18 slots combination is presented Figure

5.15 and Figure 5.16 respectively.
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Table VIII: Comparison of 2 Poles with 6, 12 and 18 Slots Rotor-less Inductor

sors | ZE | Mg | Nw | Mo | wow
Total Losses [W]
6 151.4 128.8 146.4 244.9 179.1
12 151.4 143.7 92.8 303.4 96.3
18 151.4 144.5 84 433.1 84
Total Weight [Kg]
6 2.28 2.63 2.27 3.6 2.21
12 2.28 3.05 2.44 6.32 2.77
18 2.28 3.8 3.51 9.77 3.51
Synchronous Inductance [mH]
6 1.3 1.3 2.3 1.3 2.3
12 1.3 1.39 2.81 0.81 2.79
18 1.3 1.43 3.41 0.66 3.41
Stack Length [mm]
6 114.5 114.5 64.7 114.5 64.7
12 114.5 107.1 52.94 183.8 534
18 114.5 104 43.6 225.5 43.6
W6 Slots Losses W12 Slots Losses @ 18 Slots Losses
420
S 350
Q
g 280
§ 210
= 140
70
0

EE Core CNW SL DW SL CNW DL DW DL

EE AND ROTATIONAL INDUCTOR DESIGN

Figure 5.15: Loss Comparison of 2 Poles Rotor-less Inductor
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Figure 5.16: Weight Comparison of 2 Poles Rotor-less Inductor
5.5.2 4 Poles with 6, 12 and 18 slots Combination

The design optimization and performance comparison of 4 poles rotor-less inductor
with 6, 12 and 18 slots combination are presented in Table IX. The flux distribution
(when phase A is reached at its peak value) and winding configuration of 4 poles
rotational inductor designs with 6, 12 and 18 slots combination are shown in Appendix
E4. From the Table IX, it can be observed that the DW gives the higher inductance as
compared to CNW due to different winding arrangements, whereas the inductance
remain unchanged in DL DW and DL CNW for 6 slots inductor. The axial length is
varied in order to keep the required synchronous inductance (with respect to EE
inductor) and the new inductor axial length is shown in Table VI. With respect to the
EE core inductor, the most efficient inductor design is 4 poles combination with 18

slots DL DW.

For 18 slots rotor-less inductor with DL DW, the total losses are reduced to 98.1W,
which is a reduction of 35.1% with respect to the EE core inductor. The weight of the
12 slots rotor-less inductor with SL and DL DW is lower than 18 slots inductor. The
total loss reduction of 25.6% is achieved for 12 slots rotor-less inductor with DL DW
but the weight is increased by 13.1% with respect to EE core inductor. The comparison

of the total losses and weight between EE and rotational inductor with 6, 12 and 18
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slots combination is shown in Figure 5.17 and Figure 5.18 respectively.

Table IX: Comparison of 4 Poles with 6, 12 and 18 Slots Rotor-less Inductor

el A Rl
Total Losses [W]
6 151.4 - - 196.1 197.5
12 151.4 117.3 114.5 192.4 112.6
18 151.4 - - 225.1 98.1
Total Weight [Kg]
6 2.28 - - 2.31 2.39
12 2.28 3.22 2.61 3.78 2.58
18 2.28 - - 5.34 3.14
Synchronous Inductance [mH]
6 1.3 - - 1.16 1.16
12 1.3 1.3 2.56 1.3 2.59
18 1.3 - - 1.3 3.52
Stack Length [mm)]
6 114.5 - - 128.2 128.2
12 114.5 114.5 58.1 114.5 57.4
18 114.5 - - 114.5 423
@ 6 Slots Losses W 12 Slots Losses W 18 Slots Losses
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200
S
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3
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EE AND ROTOR-LESS INDUCTOR DESIGN

Figure 5.17: Loss Comparison of 4 Poles Rotor-less Inductor
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Figure 5.18: Weight Comparison of 4 Poles Rotor-less Inductor

5.5.3 6 Poles with 18 slots Combination

The performance comparison of 6 poles rotor-less inductor with 18 slots is presented
in Table X. The combination of 6 poles with 6 and 12 slots is not possible. The flux
distribution and winding configuration of 6 poles rotor-less inductor designs with 18

slots combination are shown in Appendix ES5.

Table X: Comparison of 6 Poles with 6, 12 and 18 Slots Rotor-less Inductor

wors | & | e | v [ M [

Total Losses [W]

6 151.4 - - - -

12 151.4 - - - -

18 151.4 124.7 128.7 201.2 122.1
Total Weight [Kg]

6 2.28 - - - -

12 2.28 - - - -

18 2.28 3.81 2.73 3.96 2.81

Synchronous Inductance [mH]

6 1.3 - - - -

12 1.3 - - - -

18 1.3 1.45 2.95 1.45 2.95
Stack Length [mm]

6 114.5 - - - -

12 114.5 - - - -

18 114.5 102.7 50.5 103.4 50.5
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It can be observed from Table VII that the DWW gives the higher inductance as compared
to CNW in both SL and DL case. The axial length is changed in order to keep the
required synchronous inductance (with respect to the EE core inductor). The most
efficient design is a 6 poles combination with 18 slots with both SL DW and DL DW'.
For 18 slots rotor-less inductor with DW, the total losses are reduced to 128.7W for
SL and 122.1W for DL, which is a reduction of 15% and 19.3% respectively. But the
weight of 18 slot with DL DW is increased to 2.81Kg which an increase of 23.2%. The
comparison of the total losses and weight between EE core and rotational inductor with

18 slots combination is shown in Figure 5.19.

W 18 Slots Losses W 18 Slots Weight

Losses

TOTAL LOSSES (W)
N
TOTAL WEIGHT (Kg)

EE Core CNW SL DW SL CNW DL DW DL
EE AND ROTOR-LESS INDUCTOR DESIGN

Figure 5.19: Weight and Loss Comparison of 6 Poles Rotor-less Inductor
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5.6 COMPARISON OF AC COPPER LOSS

The most efficient designs were chosen from the design optimization of motor-shaped
inductors to analyze its AC copper loss. The AC copper loss due to skin and proximity
effects are compared with traditional EE core inductor. For the rotational inductors
single inductor design has been chosen from each of the pole and slot column. The
selected rotational inductor designs are: 6 slots (6S) 2P DW SL, 12 slots (12S)
2P DW SL, 18 slots (18S) 2P DW SL, 12S 4P DW SL and 18S 6P DW SL. All the

chosen designs of rotational inductor are lowest in total losses.

For the rotor-less inductors one inductor has been chosen from each of the slot
combination with 2 poles. This is because 2 poles stator windings contributes the
lowest leakage flux. The designated rotor-less inductor designs are: 6 slots (6S)
2P CW SL, 12 slots (12S) 2P DW SL, 18 slots (18S) 2P DW SL. The flux distribution
(when phase A is reached at its peak value) and the induced current density of each of

the selected inductor design is shown in Figure 5.20(a) to Figure 5.20(i).

The solid conductors were modelled in order to evaluate the AC copper loss at both
fundamental and switching frequencies. The magnitude of the switching harmonic
component is assumed to be 5% of the fundamental current. The switching harmonic
current superimposed on the fundamental current was injected into the FE model. The
FE model is modeled considering a controlled current source. The injected current
waveforms are shown in Figure 5.21. The relation between the DC and AC copper loss

is defined by the given expression,
Peopper = Pac + Fac
Where, P.opper 18 the total copper losses, Py is the DC copper loss considering the

end winding effect and P,. is the AC copper loss due to skin and proximity effect

where end winding AC copper loss effect is neglected.



Integrated Motor-shaped Filter Inductors | 147

(a) EE Core Inductor

Shaded Plot
J 7 smoothed
10000255

385355 2e+007
2 B2205e+007
1.255935e+007
-1.04965:+006
-1.46546e+007
-2.83196e+007
-4.19345e+007

Shaded Plot
J 7 smoothed
1: 0000255

2.13559e+07
1.42373e+07
7.11864e+06
0
-1.11864e+08
-1.42373e+07
-2.13558e+07




Integrated Motor-shaped Filter Inductors | 148

(c) RT 2P 128 DW SL
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(e) RT 4P 12 DW SL
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(9) RL 65 2P SL CNW

Shaded Plot
J 7 smoothed
1:0.00025s

1.88552e+07
1.25693e+07
6.28451e+06
-815.844
5.28614e+06
-1.25715e+07
-1.88568e+07

Shaded Plot
J 7 smoothed
1:0.00025s

2.5358e+007
1.89054e+007
8.45255e+006
0
-8.45273e+006
-1.69054e+007
-2.53581e+007




Integrated Motor-shaped Filter Inductors | 151

(i) RL 2P 12S DL DW
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Figure 5.20: Flux Distribution and Current Density of Motor-shaped Inductors
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Figure 5.21: FEA Injected Currents at different Switching Frequencies
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The AC copper loss in the EE core inductor is determined to be higher than that of
motor-shaped inductors at fundamental and all considered switching frequencies (10,
15 and 20 kHz), the details of which are illustrated in Table XI, Table XII, Figure 5.22
and Figure 5.23. The current density plot of EE core inductor can be seen from Figure
5.20 (a). The peak point of current density due to proximity effect is occurring near

the airgap which is 41.9 A/mm?.

6 slots 2 poles rotational inductor with single layer distributed windings
(RT 6S 2P SL DW) contributes the lowest AC copper resistance at both fundamental
and all considered switching frequencies among all selected inductor designs. The AC
copper loss reduction of 72% is achieved at fundamental the frequency, while the AC
copper loss reduction of 74% is achieved at all considered switching frequencies
respectively, when compared to the EE core inductor. The current density plot of 6
slots 2 poles rotational inductor can be seen from Figure 5.20 (b). The peak point of
current density due to proximity effect is occurring near the slot opening airgap which

is 21.3 A/mm>.

12 Slots 2 poles rotational inductor with single layer distributed winding
(RT 125 2P DW SL) offers the reduction of 53.43% at fundamental frequency,
whereas the reduction of 58.26%, 59.25% and 59.93% is achieved at all switching
frequencies respectively. The current density plot of 12 slots 2 poles rotational
inductor can be seen from Figure 5.20 (c). The peak point of current density due to

proximity effect is occurring near the slot opening airgap which is 23.8 A/mm?.

On the other hand, 18 Slots 2 poles rotational inductor with single layer distributed
winding (RT 18S 2P DW SL) is unable to offer AC loss reduction due to higher
leakage and fringing fluxes around the stator slots opening. Since the number of the
conductors per slot are kept constant, the number of turns per phase is increased with
increase in number of slots. This leads to increase in overall AC copper resistance. The
current density plot of 18 slots 2 poles rotational inductor can be seen from Figure
5.20 (d). The peak point of current density due to proximity effect is occurring near

the slot opening airgap which is 31.5 A/mm?.
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It is important to note that most of the conductors are placed close to the airgap in EE
core inductor which results in to more fringing effect. In contrast, conductors of motor-
shaped inductors are placed far from the slot opening and airgap therefore, the fringing
flux cutting through the conductors is reduced. The effect of leakage flux is likewise
reduced in rotational inductor due to the distributed configuration of the stator
windings which leads to the lower leakage flux [3, 4]. The fringing and leakage fluxes
crossing the conductors is the main reason for the increased AC resistance, and hence,

increases AC copper loss at both fundamental and all switching frequencies.

For the 12 slots 4 poles rotational inductor with single layer distributed windings
(RT 125 4P SL DW), the AC copper loss at fundamental frequency is reduced by
2.78% and reduction of 5.83%, 8.5% and 10.33 is obtained at all considered switching
frequencies respectively. The current density plot of 12 slots 4 poles rotational inductor
can be seen from Figure 5.20 (e). The peak point of current density due to proximity

effect is occurring near the slot opening airgap which is 24.5 A/mm?.

The AC copper loss are increased more than twice for 18 slots 6P rotational inductors,
when compared to the conventional EE core inductor. This is because the flux path for
4P and 6P inductors is smaller than the 2P inductor and has increased the effect of
leakage flux crossing through the stator slots and conductors. The current density plot
of 18 slots 6 poles rotational inductor can be seen from Figure 5.20 (f). The peak point
of current density due to proximity effect is occurring near the slot opening airgap

which is 46.1 A/mm?.

For the rotor-less inductor (RL 6S 2P SL CNW), the AC loss reduction of 53.7% is
obtained at fundamental frequency, whereas the reduction of 59.5%, 59.8 and 60.1% is
obtained at all switching frequencies respectively with respect to the EE core inductor.
The current density plot of 6 slots 2 poles rotor-less inductor can be seen from Figure
5.20 (g). The peak point of current density due to proximity effect is occurring near

the slot opening airgap which is 18.8 A/mm?.

12 slots 2 poles rotor-less inductor with single layer distributed windings
(RL 128 2P SL DW) does not contribute AC loss reduction at fundamental frequency,
the whereas a reduction of 12.3%, 15.8 and 16.4% is achieved at all considered
switching frequencies respectively. The current density plot of 12 slots 2 poles rotor-

less inductor can be seen from Figure 5.20 (h). The peak point of current density due
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to proximity effect is occurring near the slot opening airgap which is 25.3 A/mm?.

On the other hand, 18 slots 2 poles rotor-less inductor with single layer distributed
windings (RL 18S 2P SL DW) is also incapable to give AC copper loss reduction due
to increased leakage and fringing fluxes around the stator slots opening and also due to
increased number of turns per phase. The current density plot of 12 slots 2 poles rotor-
less inductor can be seen from Figure 5.20 (i). The peak point of current density due

to proximity effect is occurring near the slot opening airgap which is 43.3 A/mm?.

Table XI: AC Copper Loss Comparison of Rotational Inductors with EE Core Inductor

FSW | EE | RT6S2P | RT 12S2P | RT 18S2P | RT 12S4P | RT 18S 6P UNIT
(kHz) | Core | SLDW SL DW SL DW SL DW SL DW
1 1749 | 4.89 8.15 15.39 17.00 53.23 w
10 | 142 0.37 0.59 112 1.33 3.77 w
15 1.98 0.51 0.81 1.53 1.81 5.45 w
20 | 247 0.64 0.99 1.89 2.21 6.87 w

Table XII: AC Copper Loss Comparison of Rotor-less Inductors with EE Core Inductor

FSW EE RL 6S 2P RL 12S 2P RL 18S 2P UNIT
(kHz) Core SL CNW SL DW SL DW
1 17.49 8.10 17.49 53 W
10 1.42 0.57 1.24 4.07 W
15 1.98 0.80 1.67 5.90 W
20 2.47 0.99 2.06 7.43 W
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5.7 INTEGRATED INDUCTOR DESIGN FOR 45KW STARTER-GENERATOR

A case study of the motor-shaped integrated inductor has been presented by designing
a high current density output choke used to smooth the current of 45kW starter-
generator as shown in Figure 5.24. The design details of the 45 kW starter-generator
are shown in Table XIII. The aim of this study is to investigate the effect of high current
density on the inductor design and to compare its design with conventional EE core

air-cooled inductor in terms of weight and volume.

Since the inherent inductance (99 uH) of the starter-generator is very low, an additional
inductance is needed to increase the overall inductance by twice as seen by the
converter module. This increase in inductance will not only reduce the switching ripple

from the current waveform but also aid the control system of the starter-generator.

Figure 5.24: 36 Slots 6 Poles 45KW Starter-Generator



Table XIII: Parameters of Starter-generator
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PARAMETERS VALUE UNIT
No. of Slots 36 -
No. of Poles 6 -
Base Speed / Rated Speed 8 KRPM
RMS Current at 8 kKRPM 236.7 A
RMS Current Density 18 A/mm?
Active Stack Length 80.2 mm
Outer Diameter 164 mm
Inner Diameter 96 mm
Shaft Diameter 4 mm
Phase Resistance 13.2 mQ
d-axis Inductance 99 uH
g-axis Inductance 99 puH

5.7.1 Inductor Sizing

6 slot integrated rotor-less inductor with DL CNW is chosen to design it at RMS current
density of 18 A/mm? whereas the EE core inductor is designed for natural convection
cooling system. The DL CNW is chosen in order to limit the overall volume of the end-
windings. Both conventional and integrated inductor are sized up using the design
process as explained in section 3.4.1 and section 5.3.1 respectively. The cross-section
and flux distribution (when phase A is reached at its peak value) of conventional and
integrated inductor is shown in Figure 5.25(a)-(d). The specifications of the
convectional and integrated inductor are presented in Table XIV and Table XV

respectively.

The following assumptions have been made while sizing the both integrated and

conventional EE core inductor. They are:

1. Window to Core Area Ratio, Wi/A;=0.7
2. Core Stack to Limb Length Ratio, Lstack/Liimb = 0.77

3. Window Height to Length Ratio, G/F =3
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Figure 5.25: Cross-section and Flux Distribution of Conventional & Integrated Inductor

Table XIV: Specifications of EE core Inductor

SPECIFICATIONS VALUE UNIT
Core Material Hiperco 50A 0.014 -
Required Inductance 100 uH
RMS Operating Current 236.9 A
Peak Flux Density 2.3 T
Slot Fill Factor 0.5 -
RMS Current Density 4.8 A/mm?
Waveform Factor (Ky) 4.44 -
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Table XV: Specifications of Integrated Inductor

SPECIFICATIONS VALUES UNIT
Core Material Hiperco 50A 0.014 -
Required Inductance 100 uH
RMS Operating Current 236.9
Peak Flux Density 2.3 T
Slot Fill Factor 0.5 -
RMS Current Density 18 A/mm?
Waveform Factor (Ky) 4.44 -
Hole for the motor shaft >4 mm
Outer Diameter 164 mm

5.7.2 Comparison of EE core and Integrated Inductor

Both conventional and integrated inductors are compared in terms of their weight and
volume. The total weight and volume include iron core and copper including the end-
windings. The end-windings length is calculated using the method described in section
5.4. The comparison of sizing parameters between conventional and integrated inductor

is shown in Table XVI whereas its design parameters are shown Table X VIL

Table XVI: Sizing Comparison of EE core and Integrated Inductor

EE Core Integrated
SIZING PARAMETERS UNIT
Inductor Inductor
Iron Weight 6.84 2.44 Kg
Copper Weight (With End Windings) | 3.10 1.99 Kg
Total Weight (Iron + Copper) 9.94 4.43 Kg
Total Volume (Iron + Copper) 2078 981.8 cn’

Table XVII: Design Parameters of EE core and Integrated Inductor

EE Core Integrated
DESIGN PARAMETERS UNIT
Inductor Inductor
Area Product 181.6 45.7 cm?*
Synchronous Inductance 90 90 pH
Peak Flux Density 2.2 2.2 T
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Phase Resistance 1.0 8.2 mq2
Turns per Phase 10 36 -
Slot Fill Factor 0.5 0.5 -
Slot Area 1840 925 mm?
Conductor Diameter 8.0 4.0 mm
Active Stack Length 32 20 mm
Active Stack Length for 100pH 36 2255 mm
thal .Stack Length (With End 66.8 46.5 mm
Windings)

Significant reduction in weight and volume is achieved by designing the integrated
inductor at the same current density of starter-generator. The weight of the integrated
inductor is reduced by 55.4% whereas its associated volume is reduced by 52.7% when

compared to conventional EE core inductor.

The phase resistance of the integrated inductor is 8.2 times higher than EE core inductor
due to different current density specifications whereas the associated thermal losses are
assumed to manage by the existing cooling system of the starter-generator. The
synchronous inductance of 90uH is obtained for both conventional and integrated
inductors which can be increased to required value of 100puH by adjusting the active

stack length of the stator. The inductance values are validated using the FE simulations.
5.8 SUMMARY

Novel integrated options for passive filter inductors were presented in this chapter that
can potentially be implemented for input grid filters, DC link filters and inverter output
filters. The novel integrated options include: motor-shaped rotational and motor-shaped
rotor-less inductor. The study that has been carried out in this chapter suggests the rotor-
less inductor is more appropriate where the operating frequency is fixed and hence can
be employed for input grid and DC link filter inductors whereas the rotational inductor
is a suitable solution for inverter output filters where the operating frequency is variable
and the rotor losses can be minimized through the rotor magnetic path. The potential
advantage of employing the motor-shaped inductor is that it shares the existing cooling
system of the motor or generator which allow us to design it with higher current

densities. This leads to enormous reduction of inductor weight and volume.
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A number of motor-shaped inductors were designed and optimized in terms of total
loss and weight while considering the degrees of freedom of slot-pole combinations
and winding configuration. All the design were compared with conventional EE core

inductor in terms of total loss and weight.

12 slots 2 poles rotational inductor with SL DW seems to be a best candidate in terms
of total losses. The total losses at fundamental frequency was reduced by 39% with
only 5.2% increase in weight. On the other hand, 6 slots rotational inductor with SL DW
has contributed the lowest AC copper resistance at both fundamental and switching
frequencies of 10, 15 and 20 kHz. The reduction of 72.04% was achieved at
fundamental frequency, whereas the reduction of 74.14%, 74.13 and 74.12% is

achieved at all switching frequencies respectively with respect to the EE core inductor.

12 slots 2 poles rotor-less inductor with SL DW looked to be a best candidate in terms
of total losses. The total losses at fundamental frequency was reduced by 39% with
only 7% increase in weight. On the other hand, 6 slots rotor-less inductor with SL DW
has contributed the lowest AC copper resistance at both fundamental and switching
frequencies of 10, 15 and 20 kHz. The reduction of 72.04% was achieved at
fundamental frequency, whereas the reduction of 59.5%, 59.8 and 60.1% is achieved

at all switching frequencies respectively with respect to the EE core inductor.

A case study of motor-shaped integrated inductor was also presented in this chapter.
The application of aerospace starter-generator was considered to smooth out the
switching ripple from the current waveforms by introducing the inductance of 99 puH.
The integrated inductor was designed at RMS current density of 18 A/mm?. The
integrated inductor was compared with conventional EE core inductor which had
provided the reduction of 55.4% and 52.7% in weight and volume of the inductor

respectively.
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CHAPTER

INTEGRATED MOTOR-SHAPED
ROTATIONAL INDUCTOR:
EXPERIMENTAL VALIDATION

6.1 INTRODUCTION

This chapter describes an experimental validation of the integrated motor-shaped
rotational inductor proposed in chapter 5. For concept validation, 12 slots 2 poles
rotational inductor is chosen from the design optimization which is presented in
section 5.4. The tests were conducted on 3-phase induction motor drive rated at 49
kW, 20,000rpm which is suitable for validating and measuring the required
performance of the rotational inductor whilst spinning the induction motor at no-load.
The shaft of the induction motor is coupled with the rotor of rotational inductor

whereas its stator is supplied by programmable AC power source.

The results and discussion have been presented at different rotor speeds and supply
frequencies. Subsequently, the performance of both the rotational inductor and
conventional EE core inductor have been compared in terms of synchronous

inductance, power losses, DC and AC resistance, power quality, weight and volume.
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6.2  DESCRIPTION OF THE EXPERIMENTAL SETUP

Figure 6.1(a)-(c) shows the experimental rig, test inductor, and setup for testing and
validating the concept of the rotational inductor. For the purpose of validation, 12 slots
2 poles rotational inductor is chosen from the design optimization of motor-shaped
integrated inductors as presented in section 5.4. The construction of the test inductor
is shown in Figure 6.2(a)-(b). The inductor’s rotor is mounted on the external shaft
which is coupled to the shaft of the induction motor. The ball bearing with an inner
and outer diameter of 20mm and 32mm is chosen as shown in Figure 6.1(b) which is
rated at 20,000 rpm and suitable for testing the required performance. The stator of
the inductor is fitted inside the casing with the endcaps at each end. The specification
of induction motor drive, the technical drawings and construction of EE the core and

rotational inductor are shown in Appendix G.

To test the inductor, the induction motor is driven at no-load whereas the stator of the
rotational inductor is supplied by the programmable power supply (Chroma
Programmable AC Source 61511). The power loss measurements have been taken
using power analyser (N4L PPAS550) which is interfaced with the Desktop PC as
shown Figure 6.1(c).

To compare the performance of rotational inductor, the EE core inductor is also tested
which is supplied by the same Chroma AC source whose design procedure is
presented in chapter 3. The filter inductor has 20 turns per phase and the inductance
of 1.1mH has been measured which is comparable with its designed value. The method

of estimating the inductance is presented in Appendix F.

(a) Experimental Test Rig

Converter/
Control Setup

Test Inductor

Induction Motor
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(b) Test Inductor
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Figure 6.1: Experimental Rig and Test Setup for Rotational Inductor
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(a) Stator Construction

Windings

(b) Casing, Rotor shaft, Casing and Endcaps

Figure 6.2: Construction of Rotational Inductor
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6.3 EXPERIMENTAL MEASUREMENT

The setup to measure the power losses of the rotational inductor is shown in Figure

6.3 and the devices used for the experimental measurements are listed below:

1. Chroma AC Source 61511 (0—300V, 0— 1500 Hz)
2. Power Analyser (N4L PPAS550)
3. PC for Interfacing the Power Analyser

The inductor losses were evaluated by measuring the input power at the terminals of
the inductor at different supply frequencies and controlling the peak current of 18A by
adjusting the voltage of AC power supply. For measuring the power losses of EE core

inductor, same procedure is applied as that of rotational inductor.

z Converter & Rotational
N
Control Programmable AC Source
3 Al
N Induction == 3
N Motor EEEEE S
i@p ws sl
i
; ; 3
\ 3 N
N L 3
Pin

A
\ 4

PC Interface Power Analyser

Figure 6.3: Experimental Measurements of Rotational and EE core Inductor



Integrated Motor-shaped Rotational Inductor: Experimental Validation | 169

6.4 PARAMETERS MEASUREMENT

In this section, the DC resistance, synchronous inductance, active weight and volume
of the rotational and EE core inductors are measured. The parameters comparison of
rotational and EE core inductors are illustrated in Table I. For measuring the DC
resistance FLUKE (8846A 6-1/2 DIGIT) multimeter is used as shown in Appendix H.
The synchronous inductance is estimated using the measured current and power factor
by adjusting the voltage supplied of programmable power supply. The method to
estimate the synchronous inductance is shown in Appendix F. Furthermore, the PC is

interfaced with the power analyser in order to measure inductor losses in real time.

Table I: Parameter Comparison of Rotational and EE core Inductor

EE CORE ROTATIONAL
PARAMETERS INDUCTOR INDUCTOR UNIT
Synchronous 1.09 1.52 mH
Inductance
43 80 mQ
DC Resistance
39.4 52.6 mQ/mH
2.2 2.20 Kg
Active Weight
2.02 1.45 Kg/mH
529.9 754.3 cm’
Active Volume
493.2 496.2 cm®/mH

Both rotational and EE core inductors were designed for 1.3mH in chapter 3 and 5
respectively. The EE core inductor gives the inductance of 1.09mH which is very close
to the designed value. However, the inductance of rotational inductor is more than the
designed value. This is due the inductance of end windings added to the synchronous

inductance of 1.09mH.

For the purpose of fair comparison, the parameters shown in Table I are normalized to
the ratio of synchronous inductance since the inductance is different in both inductors.
The active weight and volume of both inductors (Iron, Copper, and Bobbins) have also
been compared whose weight scaling is presented in Appendix H. It can be seen that
weight-to-inductance ratio of the rotational inductor is reduced by 28.2% and the

volume-to-inductance ratio is alike. On the other hand, the DC resistance-to-
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inductance ratio of rotational inductor is more than EE core inductor due to the higher

end windings length.

It is worth noting here that the comparison of weight-to-inductance and volume-to-
inductance ratios are based on the air convection cooling system. Nonetheless, when
the rotational inductor is designed at higher current density the enormous weight and

volume reduction is predictable due to the lower area product.

6.5 EXPERIMENTAL RESULTS & DISCUSSION

This section presents the concept validation, experimental results and discussion of
the rotational inductor and its performance comparison with conventional EE core
inductor in terms of total loss-to-inductance ratio, AC resistance-to-inductance ratio,

synchronous inductance, voltage and current %THD.

6.5.1 Experimental Results of the Rotational Inductor

The rotational inductor is tested under different supply frequency both when the rotor
is rotating and standstill in order to validate the concept. The peak inductor current of
18A is imposed by adjusting the voltage of programmable AC power supply. Figure
6.4 (a)-(c) shows the measured total inductor losses with respect to real time at supply
frequency of 100 Hz, 200 Hz and 300 Hz respectively with standstill rotor and rotor
rotating at synchronous speed of 6 kRPM, 12 kRPM and 18 kRPM respectively. It is
clearly seen that the inductor losses are reduced as the rotor speeds up to its
synchronous speed at different operating supply frequencies. The percentage of loss
reduction increases as the rotor speed is raised. This is due to the fact that the magnetic
field through the rotor of the inductor is induction free when rotating synchronously

with the magnetic field of the stator windings.

Figure 6.5 (a)-(c) shows the variation in the iron losses with respect to different supply
frequencies and rotor speed both in positive and negative directions. The iron losses
were separated by subtracting the 3-phase copper losses and plotted against the rotor
speed. As expected, the iron losses are minimum at synchronous speed whereas it
increases as the slip is increased in the counter-clockwise direction. The maximum
point of losses arises when the rotor is rotating at synchronous speed in the counter-

clockwise direction where the slip is doubled.
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6.5.2 Comparison with EE Core Inductor

This section presents the comparative analysis between the rotational inductor and
conventional EE core inductor in terms of total loss-to-inductance ratio, AC resistance-
to-inductance ratio, synchronous inductance and their respective voltage and current

%THD.

6.5.2.1 Total Loss-to-Inductance Comparison

Table II shows the total loss-to-inductance ratio comparison of rotational and EE core
inductor when peak current of 18A is imposed. As can be observed that the total loss-
to-inductance ratio is reduced and hence total loss reduction is increased for the
rotational inductor as the motor speeds up to 18 kRPM. Since the inductance of EE
core inductor is less compared to rotational inductor along with reduced iron losses
the loss-to-inductance ratio is higher. The reduction of 9.6% and 22.5% is achieved at
the rotor speed of 12 kRPM and 18 kRPM respectively whereas the EE core gives

lower loss-to-inductance ratio at 6 kRPM due to low rotor speed.

Table II: Total Loss Comparison of Rotational and EE core Inductor at 18A Current

Supply Rotor EE Core Rotational Total Loss
Frequency Speed Inductor Inductor Reduction
(Hz) (kRPM) (W/mH) (W/mH) (%)
100 6 29.5 32.12 -8.8
200 12 45.1 40.78 9.6
300 18 66.1 51.19 22.5

6.5.2.2 AC Resistance-to-Inductance Ratio Comparison

To look at the effect of resistance versus supply frequency the phase resistance was
measured using the N4L — PSM1735 Impedance Analyser/LCR meter. The phase
resistance of both EE core and rotational inductor was measured up to 20 kHz in step
of 1.1 kHz which is normalised to resistance-to-inductance ratio. Figure 6.6(a)-(b)
shows the variation of resistance-to-inductance ratio with respect to the supply
frequency. The difference of resistance-to-inductance ratio indicates the leakage and
fringing effect of the particular device. As expected, the leakage and fringing effect in

EE core inductor is higher than the rotational inductor.
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As discussed in chapter 5, most of the conductors are placed close to the airgap in EE
core inductor which results in to more fringing effect. In contrast, conductors of motor-
shaped inductors are placed far from the slot opening and airgap therefore, the fringing
flux cutting through the conductors is reduced. The effect of leakage flux is likewise
reduced in rotational inductor due to the distributed configuration of the stator
windings which leads to the lower leakage flux [1, 2]. The fringing and leakage fluxes

crossing the conductors is the main reason for increased the AC resistance.
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6.5.2.3 Synchronous Inductance and THD Comparison

To determine the point of magnetic saturation in the core the synchronous inductance,
voltage and current %THD of both EE core and rotational inductor are plotted against
RMS current as shown in Figure 6.7 (a)-(c). The inductor current is controlled from
7.2A to 15.8A by adjusting the voltage of programmable AC power supply. As
expected, the point of magnetic saturation is nearby RMS current of 12.5A for both
EE core and rotational inductor. However, the voltage and current %T HD of rotational

inductor appears to be superior when compared to the EE core inductor.
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6.6 SUMMARY

Experimental validation of motor-shaped rotational inductor was presented in this
chapter. For concept validation, 12 slots 2 poles rotational inductor was chosen from
the design optimization as presented in section 5.4. The experimental tests for
rotational inductor were conducted on 3-phase induction motor drive rated at 49 kW,
20,000rpm. The results and discussion of power losses for rotational inductor was
presented at different rotor speeds and supply frequencies. Subsequently, the
performance of both rotational inductor and conventional EE core inductor was
compared in terms of total loss-to-inductance ratio, DC and AC resistance-to-
inductance ratio, weight-to-inductance ratio, volume-to-inductance ratio, synchronous

inductance, voltage and current %THD.

From the experimental study, it was shown that the iron losses in rotational inductor
were minimum when its rotor is rotating at synchronous speed where the slip is zero
and the iron losses were increased as the slip is increased. The maximum iron losses
occurred when the rotor is rotating at synchronous speed in the counter-clockwise

direction where the slip is doubled.

In comparison with EE core inductor, total loss-to-inductance ratio was reduced by
22.5% at synchronous speed whereas the weight-to-inductance ratio was reduced by
28.2%. The AC resistance-to-inductance ratio, voltage and current %T HD of rotational
inductor was also looked to be superior to EE core inductor. However, DC resistance-
to-inductance ratio was higher for EE core inductor and the volume-to-inductance

ratio was alike for both rotational and EE core inductors.



6.7
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CHAPTER

CONCLUSION
&

FURTHER WORK

7.1  CONCLUSION:

This chapter draws together the findings of the research that have been carried out in
this thesis. Two novel integrative approaches were proposed, investigated and
compared with the conventional system. The main objective was to develop and design
a solution to integrate the passive filter inductors within the envelope of the electrical

machine both from the functional and physical point of view.

The problems of traditional motor drives and the necessity of integration were
discussed in chapter 1. Importance was subsequently given to the review of passive
filters being used at present which was reported in chapter 2. It covered the grid-side,
DC link and output passive filter followed by the integrated passive filters which is

being used in motor drives.
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In chapter 3, a functional integration of passive filter inductor has proposed that uses
the motor’s inherent magnetics which eventually acts as a filter inductance by
introducing the filter capacitance and resistance between the motor windings. A
mathematical and FE model of the integrated motor was developed using the
MATLAB® and MagNet - Infolytica in order to predict the performance of motor

drive with integrated inductor and compare it with the traditional motor drives system.

For the purpose of comparing traditional and integrated motor drive systems, a
separate EE core filter inductor was designed and sized using “Area Product”
approach. It was demonstrated that the filtering effect of the motor with integrated
inductor and the motor with external inductor were alike. Moreover, the losses, weight
and volume of the external has been eliminated when the integrated motor was chosen.
Subsequently, the optimization of the integrated motor was presented by adjusting the
filter branch windings from 1.3mH to 0.28mH. The torque ripple, total losses, weight
and volume was compared with the conventional motor drive system. The results have
shown that the total losses and torque ripple in the integrated motor reduces as the
filter branch inductance is decreased due to the transformer action between the filter

branch and motor branch windings.

In comparison with the conventional motor drive system the integrated motor drives
is superior in terms of total losses, weight, and volume. However, the torque ripple of
the integrated motor was improved for the filter branch inductance of 0.28mH with
respect to the motor without output filter and was comparable with the motor drive

system with conventional EE core inductor.

Chapter 4 present the experimental validation of the motor with an integrated inductor
at 50% filter branch windings. The windings of an existing HEMAS motor was
modified to validate the concept of motor with integrated inductor. In order to compare
it with the conventional motor drive, an external EE core inductor was manufactured.
The experimental tests were conducted at different rotor speeds, mechanical load on
the shaft and the inverter switching frequency. The inverter terminal voltage, motor

voltage, filter current, motor current output torque and torque ripple were compared.

A comprehensive experimental loss characterization of the integrated and

conventional motor was presented which was also compared with the FE analysis. The
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FE losses showed a good agreement with the experiments in the integrated. The
experimental results have ultimately shown that the integrated motor completely
eliminates the need of an external inductor which makes it an appropriate solution for
the motor drives which carries a bulky and lossy inductor due to its high current rating.
In comparison with EE core inductor, the weight and volume was completely
eliminated for the motor with integrated inductor whereas the total loss reduction of
20.4%, 25.3%, 35.2% and 34.3% is achieved at the load torque of 3 Nm and supply
frequency of 100, 125, 150 and 175 Hz respectively.

In chapter 5, physical integration of passive filter inductors was introduced which
include: motor-shaped rotational and motor-shaped rotor-less inductor. Both inductors
share the existing motor or generator housing which have resulted in an effective
physical integration. The motor-shaped inductors can potentially be implemented for

applications of input grid filter, DC link filter and inverter output filter.

A number of motor-shaped inductors were designed and optimized in terms of total
loss and weight while considering the slot-pole combinations and winding
configuration as the degrees of freedom. In comparison with conventional EE core
inductor, 12 slots 2 poles rotational inductor with SL DW seemed to be a best
configuration in terms of total losses. On the other hand, 6 slots rotational inductor
with SL DW has the lowest AC copper resistance at both fundamental and all
considered switching frequencies. Finally, a case study of high current density motor-
shaped inductor for the application of aerospace starter-generator have shown the
enormous reduction of inductor’s weight and volume despite of its power losses which

was assumed to be managed by the existing cooling system of motor or generator.

Experimental validation of the 12 slots 2 poles rotational inductor and its performance
comparison with conventional EE core inductor was presented in Chapter 6. It was
shown that the iron losses in rotational inductor were minimum when its rotor is
rotating at synchronous speed. In comparison with EE core inductor, total loss-to-
inductance ratio was reduced by 22.5% at synchronous speed whereas the weight-to-

inductance ratio was reduced by 28.2%.

The AC resistance-to-inductance ratio, voltage and current %THD of rotational

inductor was also looked to be superior to EE core inductor. However, DC resistance-
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to-inductance ratio was higher for EE core inductor and the volume-to-inductance

ratio was alike for both rotational and EE core inductors.
7.2 ADVANTAGES AND LIMITATIONS

The novel outcomes of this research, as detailed in the previous section, summarise its
main advantages. The most significant of these are listed below along with its

limitations:
7.2.1 Motor (PMSM) with Integrated Inductor

» The integrated motor that uses the inherent motor magnetics completely
eliminates the need of an external inductor which makes it a suitable solution

for the motor drives with high current ratings.

= Since the external filter inductor is completely removed, the power losses and

its associated weight and volume are also eliminated.

* The need of extra voltage drop for the external inductor is also eliminated which
has to supply by the DC link in the case of motor drive with external filter

inductor.

* However, only a part of the motor windings will experience the PWM voltages.
The insulation of that part of the motor windings can be made with high grade
insulating material. Since the part of the motor windings that is exposed to
PWM voltages is just a fraction of the entire motor windings, therefore, the

quantity and hence the cost of high grade insulating material will be minimum.
7.2.2 Integrated Motor-shaped Inductors

= The motor-shaped rotor-less inductor is more appropriate for applications
where the operating frequency is fixed and hence can be employed for input

grid and DC link filter inductors and isolation transformers.

= The motor-shaped rotational inductor is a suitable solution for the inverter
output filters where the operating frequency is variable and the rotor losses can

be minimized through the rotor magnetic path.
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= The potential advantage of adopting the motor-shaped inductors is: sharing the
existing cooling system of the motor or generator which allows to size it at
high current density that leads to a significant reduction of inductor weight and

volume.

= The shared cooling system will eliminate the need of an external cooling
system for the inductor which reduces the effort for a thermal engineer to
consider the two separate cooling system for the inductor and the motor or

generator.

= Since the cooling system is shared the rotor-less inductor can also be employed
for power transformer applications, where there is a need of integrating power

transformers within the same housing as that of the generator.

= However, above all advantages, the only limitation comes from the power
losses. The power losses of the inductor or transformer have to be managed by
the cooling system of the existing motor or generator. Additionally, the axial
length of the housing would need to be increased to place the inductor or

transformer.

7.3 FURTHER WORK

Although much has been realized in terms of integrating passive filter inductors and

their related tasks, there is scope to extend this study:

= The concept of the motor with integrated filter presented in chapter 3 can also
be implemented on the other topologies of the electrical machines such as

induction motors and switch reluctance motors etc.

= In chapter 4, the experimental study was only conducted with 50% filter branch
windings. The experimental validation of less than 1.3 mH filter branch
inductance should be experimented to see the ripple cancellation effect

between the filter and motor branch due to the transformer’s action.

= In chapter 5, the analysis has only be done for passive filter inductors. It is

worth to look at the analysis of transformers used in motor drives system where
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the integration is needed. Similarly, the study of motor-shaped inductors is

required for the grid-side input and DC link smoothing inductors.

Although the work presented in chapter 5 is only based on the electromagnetic
models, there is a need of combined electromagnetic-thermal modeling with
the existing motor or generator when the motor-shaped inductor is considered

for integrated technology motor drives application.
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APPENDIX A: BASICS OF MAGNETIC CIRCUIT DESIGN
A. MAGNETIC COMPONENTS DESIGN:

Magnetic components such as inductor and transformer are basic need in almost all
the power electronics and motor drives system. They are used as a filter to reduce
unwanted signals noises and also used to limit the rate of change of current in snubber
circuit etc. Transformers, on the other hand are energy transfer devices which transfers
the energy from one level to another. They can also be used to provide electrical

isolation in a circuit.

Al. MAGNETIC CORE:

Non-magnetic materials such as air, paper, copper etc. have low magnetic permeability
that do not to pass magnetic flux easily whereas magnetic materials like iron, nickel,
cobalt and their alloys that have high magnetic permeability (ranging from hundreds
to thousands). The advantages of using magnetic core over air core are that the
magnetic path length is well defined and flux is essentially confined to the core except
in the vicinity of the winding. The permeance and non-linear nature of magnetic
material set the limit that how much magnetic flux can be established in the magnetic

core before getting it into saturation.
A2. MAGNETIC CIRCUIT:

According to the Ampere’s law,

Ni = Hclc = ®—%— = ®Rcore = MMF (A1)
Ur o Ac

Where, Ni is the ampere turns of the coil that drives the magnetic field around the core
also called the magneto-motive force (MMF), H. is the magnetic field intensity of the
core, /. is the mean magnetic path length, u, and pu, is the relative and free space
permeability respectively, 4. is the cross sectional core area, ¢ is the magnetic flux
and R. is the reluctance of the core. From Eq. A1,

e

Rcore = ——— A2
Hr Ho Ac (42)
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The Eq. Al is the analogous to the ohm’s law in which EMF and MMF drives the
circuit, magnetic flux and electric current flows in the circuit depending on the

material resistance and reluctance respectively.

So far, the discussion has been made for only core material magnetic circuit. Airgap
plays an important role when there is the need of storing the linear energy in the

magnetic circuit.
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Figure A1: Magnetic air-gapped core

Figure A1 shows the air-gapped magnetic core which gives rise to energy storage. This
arrangement is basic of inductor which is used in the field of power electronics and

motor drives. With gapped core the MMF is given by,

MMF = & (R +R)—¢>( b, L >—¢>< lg) (A3)
c Y HrboAc Mo Ac Mo Ac

“Ry » R,

Where Ry is the reluctance of airgap is, [ is the airgap length, [, is the core magnetic
path length, u, is the effective relative permeability of gapped core. In Eq. A3 it is
assumed that cross-sectional area of the core and the airgap are same by neglecting the

fringing effect.
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A3. NECESSITY OF USING GAPPED CORE

Figure A2 shows the B-H characteristic curves of ferrite magnetic material, air and

ferrite material with airgap (gapped core). It can be seen that, saturation of gapped

core occurs at a much higher value of field. This implies that when gapped core is used

there is more room to store the magnetic energy before getting the core into saturation.
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Figure A2: BH curve of iron and air

A4. SELF AND MUTUAL INDUCTANCE:

According to the faraday’s law, whenever conductor cuts the magnetic field or cut by

the magnetic field an EMF is induced as long as the coil flux is changing. The

magnitude of induced EMF is equal to the rate of change of flux linkage in the coil

and its direction is defined by the Lenz’s law. Mutual inductance is the ability of one

coil to induce the voltage in neighbouring coil when current is changing in first coil.

This ability of voltage induction in nearby coil is known as mutual induction whereas

the self-induction is a current carrying coil has flux linkage due to its own current apart

from the outside source of flux.
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Figure A3: Self and mutual inductance

To understand the inductance principle, let’s take two coils as shown in Figure A3,
where current through coil 1 is 11 and 12 is the flux linking to the coil 2 due to coil 1.
This flux linking to the coil 2 gives rise to an induced EMF in coil 2 by mutual

induction.

The flux linkages with coil 1 and 2 when coil 1 carries a current il are given by,
W= NPy =Liiyand ¥y, =Ny Py =My iy (A5)

And the flux linkages with coil 1 and 2 when coil 2 carries a current i, are given by,
Wy = Ny @y =Ly iy and Wpy = Ny @y = My 1y (A6)

Where, L and L, are self-inductance of coil 1 and 2 itself and M2 and M3 are mutual
inductances. If iron saturation is neglected, all four coefficients (Li, L, M2 and M21)

are independent of current and M2 = M21 =M
A5. INDUCTANCE CALCULATION FOR 3 PHASE SYSTEM:

The equivalent circuit of 3 phase inductor is shown in Figure A4, when the inductor

is energised from a 3 phase supply, the electrical dynamic equations per phase is as

~r LI
L (Ol

L Vabe Rabe abc
1 b b Lab

under,

Figure A4: Equivalent circuit of a 3 phase Inductor
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d
V. = R, +$Wa (A7)

d
Vb = RaIb +Elpb (A8)

d
Ve = Ral. +EI‘UC (A9)

Where the flux linkages are,

Vo= Lagly + Loply + Lol = Ll + MIg+MI, (A10)
Wy = Lapla + Lpply + Lyl = Ml + Lglg + M I, (A11)
V.= Loclyg + Ly dy + Lol = MIg+ Mg+ Lg I, (A12)

Where, Ls and M is the self and mutual inductance respectively. The synchronous or
equivalent inductance is L = Ls £ M where sign + is the polarity of windings which
shows the addition or subtraction of flux. In order to find out the inductances, inductor
is energised by only one phase with rated current. When I. = Irated and I = Ic = 0, Eq.

(A10) and (A11) will give the self and mutual inductance respectively.
A6. FRINGING FLUX:

Whenever an air gap is inserted between magnetic paths, fringing flux is induced at
the gap as shown in Figure A1. Fringing flux decreases the total reluctance of magnetic
path, and, therefore increases the inductance by some amount to a value greater than
the designed inductance. The effect of fringing flux is a function of gap dimension,
shape of pole faces and the shape, size and location of the winding. The fringing factor

can be calculate as:

Ly 2G
FF=[1+ In|= (A13)
\/Acore Lg

Where G is the window height as defined in chapter 1. Since the fringing factor can
affect the inductance of an inductor therefore it is necessary to recalculate the number

of turns. The new number of turns using fringing factor is given as:



Appendix A | 188

LgL
N,,, = j s~ (A14)

0.47A0re FF(1078)

It is unlikely to affect the inductance if the fringing factor is close to unity and hence
the fringing effect of the device is minimum. However if the fringing factor is high

the new number turns must recalculate for the final design using the Eq. A13.



Appendix B | 189

20

5.64pF and R

1.13mH, C

BODE PLOT OF RLC OUTPUT FILTER

Bode Diagram when L

APPENDIX B

B1.

(=]
N
_ 0
= [~
=
=
<
P J s T S I S e
= N
< 1l
© =4
o " =
-— _— n ||||||
O 5
T 2
- )
5 89
L) p O
- TR
S n o
] = =
i § E
[T = (V] T i
- S IR S SR : !
m (=} . 1 :
. = 1] ' 1
= = - zzzizzzozzzoy Cooizzooizzozizooci
- [=T)] (=} e CIoIioIoo: 1
= o 1 e Sl i
S a £ i !
TEICIEEED v RRRE Rl B R
; .= £ (SRR 1
u.. ||||_ =] (4] 1 1 1 1 1 1 1
; ' /M E oo oo
_.I... _.I_..m 4.L ) = = = = = (== u (=} U (=}
o ot} H [aa)] m 3] &l 1 w =] . 5] ﬂ H
i i Q I I
(ap) apryubey (Bok) assl 5 2 (8p) apryubey (Bap) aseyq
20 2
F B
o~
m

20

10
6.63puF and R

10

0.92mH, C

E:
Freguency (rad/s)

1
Bode Diagram when L

107

Figure B2



Appendix B | 190

=2Q

0.79mH, C=8pF and R

Bode Diagram when L

B3.

=====A---r-"

-1 a-

]
]
1
-+
]
]
1
'
-+

.......... ”r

.......... AN IS S S

= = m. -||_.. [ ) _n__.. L. (¥p)

[ ) n./_.._ h_ n_._.. h_ nu_u. ﬂ
(gR) apnyuteyy e ——

10°

10

107

Frequency (rad/s)

8uF and R=2Q

79mH, C

=0

Figure B3: Bode Diagram when when L

=2Q

0.62mH, C=10pF and R

Bode Diagram when L

B4.

p——
T====q
T====1
oo
R ——
1]
T====lr===-=1
i
T-"""t~-~~~° n
1]
- -k ---
b
.
1]
|
.
.
1]
1]
.
T
o
1]
r =
- e
[ I T N [P AN IR I 1
1 1 1 1]
L 1 j R ——
1 1 1 1]
r T T====1
L 1 F
1 1 1 1 1 1]
1 1 1 1 1 1]
1 1 1 1 1 1| &
) [ [ [=1 [ ) () = [¥p) [
(3] (o) e (=] - [=F] [1r] (4]
i i T i ] — —
] ]
apnyube
(ap) apnyube |y {Bap) aseyq

10

107

10

107

Frequency (rad/s)

=2Q

0.62mH, C=10pF and R

Bode Diagram when L=

Figure B4



Appendix B | 191

=14.1pF and R=5Q

0.45mH, C

Bode Diagram when L

B5.

(AP} apnyube

(Bap) aseyd

Frequency (rad's)

=50

14.1pF and R

0.45mH, C=

Figure B5: Bode Diagram when L

0.28mH, C=22.5pF and R=7Q

Bode Diagram when L

Bé6.

1

h
= = = =
- i o

(8P} apryube py

(Bap) aseyd

107

Frequency (rad/s)

=7Q

22.5pF and R

0.28mH, C=

Figure B6: Bode Diagram when L



Appendix C | 192

APPENDIX C: HEMAS FLIGHT PROFILE & DDS FEATURES
C1: HEMAS Profile

Table I: HEMAS Flight Profile

Flight Profile Duration (sec) | Speed (rad/s) | RMS Current (A)

1 600 50 2.2
Transient 1 550 24
11 8 50 5

Transient 1 550 24
13 34 50 3.2
Transient 1 550 24
2 60 50 2.2
Transient 1 550 24
15 10 50 7.2
Transient 1 550 24
2 60 50 2.2
Transient 1 550 24
5 40 50 3

Transient 1 550 24
1 600 50 2.9

600

500
400
300
200

Speed (rad/s)

100

600 620 640 660 680 700 720 740 760 780 800 820
Flight Duration (seconds)

Figure C1: HEMAS Speed Profile
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Figure C2: HEMAS Load Profile

The HEMAS flight profile including speed and load characteristics with time is
shown in Table I, Figure C1 and Figure C2 respectively. The transient period of
the profile is 1 seconds at which speed and RMS load current are 550 rad/s and
24A. The speed of the rotor is 50 rad/s for steady state time interval whereas the

load current varies from 2.2A to 7.2A.

C1: DDS Specifications

Table II: SpectraQuest’s DDS Specifications

ELECTRICAL
3 Phase, 3 HP motor, pre-wired self-aligning mounting system for easy
Motor . .
installation/removal.
. 3 HP variable frequency AC drive with multi-featured front panel
Drive
programmable controller
RPM range 0 to 5000 rpm variable speed
Voltage 230 VAC, Three phase, 60/50 Hz
MECHANICAL
Shaft Diameter | 1” diameter; Turned, Ground, & Polished (TGP) steel

Torque meter

Up to 100N.m with built-in 360 pulse encoder

Parallel Gearbox

2 stage, 2.5 maximum ratio per stage, spur or helical gears

Magnetic Brake | 1.5 to 32 Ib.ft capacity heavy duty magnetic particle brake
PHYSICAL

Weight Approximately 200 1b

Dimensions L=45" (114cm), W=20"(50cm), H=24" (60cm)
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APPENDIX D: EXPERIMENTAL RESULTS AT 10 kHz SWICTHING

FREQUENCY
Appendix D1: Experimental Results of the motor with integrated Inductor
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Figure D1.1: Line-to-line Inverter Terminals Voltage & Motor Branch Voltage at 100
Hz and 1.5Nm
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Figure D1.2: Line-to-line Filter & Motor Branch Currents at 100 Hz and 1.5 Nm
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Figure D1.3: Estimated Output torque at 100 Hz and 1.5 Nm
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Figure D1.4: Line-to-line Inverter Terminals Voltage & Motor Branch Voltage at 100
Hz and ZNm
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Figure D1.5: Line-to-line Filter & Motor Branch Currents at 100 Hz and 2 Nm
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Figure D1.6: Estimated Output torque at 100 Hz and 2 Nm
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Figure D1.7: Line-to-line Inverter Terminals Voltage & Motor Branch Voltage at 100

Hz and 2.5Nm
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Figure D1.8: Line-to-line Filter & Motor Branch Currents at 100 Hz and 2.5 Nm
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Figure D1.9: Estimated Output torque at 100 Hz and 2.5 Nm
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Figure D1.10: Line-to-line Inverter Terminals Voltage & Motor Branch Voltage at 100
Hz and 3Nm
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Figure D1.11: Line-to-line Filter & Motor Branch Currents at 100 Hz and 3 Nm
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Figure D1.12: Estimated Output torque at 100 Hz and 3 Nm
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Figure D1.13: Line-to-line Inverter Terminals Voltage & Motor Branch Voltage at 125

Hz and 1.5Nm
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Figure D1.14: Line-to-line Filter & Motor Branch Currents at 125 Hz and 1.5 Nm
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Figure D1.15: Estimated Output torque at 125 Hz and 1.5 Nm
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Figure D1.16: Line-to-line Inverter Terminals Voltage & Motor Branch Voltage at 125

Hz and 2Nm
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Figure D1.17: Line-to-line Filter & Motor Branch Currents at 125 Hz and 2 Nm
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Figure D1.18: Estimated Output torque at 125 Hz and 2 Nm
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Figure D1.19: Line-to-line Inverter Terminals Voltage & Motor Branch Voltage at 125
Hz and 2.5Nm
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Figure D1.20: Line-to-line Filter & Motor Branch Currents at 125 Hz and 2.5 Nm
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Figure D1.21: Estimated Output torque at 125 Hz and 2.5 Nm



Appendix D | 201

S 180 .
9 2
© )

S 80 8
> G

© >
£ =z
g -20 c
= o

2 @
£ -120 £
[}
> =
E

-220
0.008 0.012 0.016 0.02 0.024 0.028 0.032

Time (Seconds)

Figure D1.22: Line-to-line Inverter Terminals Voltage & Motor Branch Voltage at 125

Hz and 3Nm
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Figure D1.23: Line-to-line Filter & Motor Branch Currents at 125 Hz and 3 Nm
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Figure D1.24: Estimated Output torque at 125 Hz and 3 Nm
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Figure D1.25: Line-to-line Inverter Terminals Voltage & Motor Branch Voltage at 150
Hz and 1.5Nm
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Figure D1.26: Line-to-line Filter & Motor Branch Currents at 150 Hz and 1.5 Nm
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Figure D1.27: Estimated Output torque at 150 Hz and 1.5 Nm
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Figure D1.28: Line-to-line Inverter Terminals Voltage & Motor Branch Voltage at 150
Hz and 2Nm
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Figure D1.29: Line-to-line Filter & Motor Branch Currents at 150 Hz and 2 Nm
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Figure D1.30: Estimated Output torque at 150 Hz and 2 Nm
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Figure D1.31: Line-to-line Inverter Terminals Voltage & Motor Branch Voltage at 150
Hz and 2.5Nm
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Figure D1.32: Line-to-line Filter & Motor Branch Currents at 150 Hz and 2.5 Nm
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Figure D1.33: Estimated Output torque at 150 Hz and 2.5 Nm
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Figure D1.34: Line-to-line Inverter Terminals Voltage & Motor Branch Voltage at 150

Hz and 3Nm
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Figure D1.35: Line-to-line Filter & Motor Branch Currents at 150 Hz and 3 Nm
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Figure D1.36: Estimated Output torque at 150 Hz and 3 Nm
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Figure D1.37: Line-to-line Inverter Terminals Voltage & Motor Branch Voltage at 175

Hz and 2Nm
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Figure D1.38: Line-to-line Filter & Motor Branch Currents at 175 Hz and 2 Nm
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Figure D1.39: Estimated Output torque at 175 Hz and 2 Nm
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Figure D1.40: Line-to-line Inverter Terminals Voltage & Motor Branch Voltage at 175
Hz and 2.5Nm

11

i
o

o

cn
w

Filter Branch Currents(A)

'
(RN
[N

0.02 0.022 0.024 0.026 0.028 0.03 0.032 0.034

Time (Seconds)

Figure D1.41: Line-to-line Filter & Motor Branch Currents at 175 Hz and 2.5 Nm
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Figure D1.42: Estimated Output torque at 175 Hz and 2.5 Nm
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Figure D1.43: Line-to-line Inverter Terminals Voltage & Motor Branch Voltage at 175
Hz and 3Nm
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Figure D1.44: Line-to-line Filter & Motor Branch Currents at 175 Hz and 3 Nm
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Figure D1.45: Estimated Output torque at 175 Hz and 3 Nm
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Appendix D2: Experimental Results of the motor with External Inductor
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Figure D2.46: Line-to-line Inverter Terminals Voltage & Motor Branch Voltage at 100

Hz and 1.5Nm
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Figure D2.47: Line-to-line Filter & Motor Branch Currents at 100 Hz and 1.5 Nm
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Figure D2.48: Estimated Output torque at 100 Hz and 1.5 Nm
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Figure D2.49: Line-to-line Inverter Terminals Voltage & Motor Branch Voltage at 100

Hz and 2Nm
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Figure D2.50: Line-to-line Filter & Motor Branch Currents at 100 Hz and 2 Nm
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Figure D2.51: Estimated Output torque at 100 Hz and 2 Nm



Appendix D | 211

——V1-AB 70
< 180 i .
2 —V2-AB| 50 =
o o
o ——V2-BC &%
= 30 ©
o 80 ——V2-CA G
> 2
= 10 =2
£ g
£ -20 10 E
o o
@ -30 =
£ -120 g
E -50 =

-220 -70

0.01 0.015 0.02 0.025 0.03

Time (Seconds)

Figure D2.52: Line-to-line Inverter Terminals Voltage & Motor Branch Voltage at 100
Hz and 2.5Nm
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Figure D2.53: Line-to-line Filter & Motor Branch Currents at 100 Hz and 2.5 Nm
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Figure D2.54: Estimated Output torque at 100 Hz and 2.5 Nm
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Figure D2.55: Line-to-line Inverter Terminals Voltage & Motor Branch Voltage at 100
Hz and 3Nm
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Figure D2.56: Line-to-line Filter & Motor Branch Currents at 100 Hz and 3 Nm
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Figure D2.57: Estimated Output torque at 100 Hz and 3 Nm



Appendix D | 213

S 180 s
Q

©° 80 %
% 2
£ ©
E '20 E
N -
£ -120 2
: s
c

-220

0.01 0.012 0.014 0.016 0.018 0.02 0.022 0.024

Time (Seconds)

Figure D2.58: Line-to-line Inverter Terminals Voltage & Motor Branch Voltage at 125

Hz and 1.5Nm
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Figure D2.59: Line-to-line Filter & Motor Branch Currents at 125 Hz and 1.5 Nm
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Figure D2.60: Estimated Output torque at 125 Hz and 1.5 Nm
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Figure D2.61: Line-to-line Inverter Terminals Voltage & Motor Branch Voltage at 125
Hz and 2Nm
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Figure D2.62: Line-to-line Filter & Motor Branch Currents at 125 Hz and 2 Nm
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Figure D2.63: Estimated Output torque at 125 Hz and 2 Nm
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Figure D2.64: Line-to-line Inverter Terminals Voltage & Motor Branch Voltage at 125

Hz and 2.5Nm
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Figure D2.65: Line-to-line Filter & Motor Branch Currents at 125 Hz and 2.5 Nm
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Figure D2.66: Estimated Output torque at 125 Hz and 2.5 Nm
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Figure D2.67: Line-to-line Inverter Terminals Voltage & Motor Branch Voltage at 125
Hz and 3Nm
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Figure D2.68: Line-to-line Filter & Motor Branch Currents at 125 Hz and 3 Nm
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Figure D2.69: Estimated Output torque at 125 Hz and 3 Nm
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Figure D2.70: Line-to-line Inverter Terminals Voltage & Motor Branch Voltage at 150
Hz and 1.5Nm
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Figure D2.71: Line-to-line Filter & Motor Branch Currents at 150 Hz and 1.5 Nm
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Figure D2.72: Estimated Output torque at 150 Hz and 1.5 Nm
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Figure D2.73: Line-to-line Inverter Terminals Voltage & Motor Branch Voltage at 150
Hz and 2Nm
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Figure D2.74: Line-to-line Filter & Motor Branch Currents at 150 Hz and 2 Nm
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Figure D2.75: Estimated Output torque at 150 Hz and 2 Nm
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Figure D2.76: Line-to-line Inverter Terminals Voltage & Motor Branch Voltage at 150
Hz and 2.5Nm
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Figure D2.77: Line-to-line Filter & Motor Branch Currents at 150 Hz and 2.5 Nm
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Figure D2.78: Estimated Output torque at 150 Hz and 2.5 Nm
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Figure D2.79: Line-to-line Inverter Terminals Voltage & Motor Branch Voltage at 150
Hz and 3Nm
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Figure D2.80: Line-to-line Filter & Motor Branch Currents at 150 Hz and 3 Nm
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Figure D2.81: Estimated Output torque at 150 Hz and 3 Nm



Appendix D | 221

100
= =
- 2
o0 Q
i 50 &
o °
> >
£ 0 8
E E
2 Z
g -50 %
Z =

-100

0.01 0.012 0.014 0.016 0.018 0.02 0.022 0.024

Time (Seconds)

Figure D2.82: Line-to-line Inverter Terminals Voltage & Motor Branch Voltage at 175
Hz and 2Nm
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Figure D2.83: Line-to-line Filter & Motor Branch Currents at 175 Hz and 2 Nm
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Figure D2.84: Estimated Output torque at 175 Hz and 2 Nm
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Figure D2.85: Line-to-line Inverter Terminals Voltage & Motor Branch Voltage at 175
Hz and 2.5Nm
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Figure D2.86: Line-to-line Filter & Motor Branch Currents at 175 Hz and 2.5 Nm
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Figure D2.87: Estimated Output torque at 175 Hz and 2.5 Nm



Appendix D | 223

i

0
o

‘l.l‘h "" i

)
o

7 ]

-

0.01 0.012 0.014 0.016 0.018 0.02 0.022

-120

Inverter TerminalVoltage (V)
Motor TerminalVoltage (V)

-220

Time (Seconds)

Figure D2.88: Line-to-line Inverter Terminals Voltage & Motor Branch Voltage at 175
Hz and 3Nm
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Figure D2.89: Line-to-line Filter & Motor Branch Currents at 175 Hz and 3 Nm
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Figure D2.90: Estimated Output torque at 175 Hz and 3 Nm
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APPENDIX E: WINDING CONFIGURATION AND FLUX
DISTRIBUTION OF MOTOR-SHAPED INDUCTORS

E1. 4 Poles with 6,12 and 18 slots Rotational Inductors

(a) 6 SLOTS DL DW

b) 6 SLOTS DL CNW

1.3T

-~
a1 /g

{ v ik \
o 4 \".. -
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———
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e N7
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(

(d) 12 SLOTS SL CNW
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(e) 12 SLOTS DL DW (f) 12 SLOTS DL CNW
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6 Poles with 18 slots Rotational Inductors

E2.

(b) 18 SLOTS SL CNW

(a) 18 SLOTS SL DW

(1) 18 SLOTS DL CNW

(c) 18 SLOTS DL DW
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E3. 2 Poles with 6, 12 and 18 slots Rotor-less Inductors
(b) 6 SLOTS SL CNW

(a) 6 SLOTS SL DW

13

1.3T

T
N

—

1.3T
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E4. 4 Poles with 6, 12 and 18 slots Rotor-less Inductors

(a) 6 SLOTS DL DW (b)6 SLOTS DL CNW
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() 12 SLOTS DL CNW

(e) 12 SLOTS DL DW

(f) 12 SLOTS DL CNW
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E5. 6 Poles with 18 slots Rotor-less Inductors
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APPENDIX F: ESTIMATION OF SYNCHRONOUS INDUCTANCE

F1. EE Core Inductor

phose 1 phase 2 phose 3

wattsf 205.33”1 20.294”1 229.23.”1 W

VA 26249 23369 va

VAr § 26467 - 2 -2.3257 Vér

ptf 0.0786 00ES 0.0981

22788 2. 2.2433
o 11518 1. 1.0418
frequency  299.99

V4 + (00,00
Af = g
'\ Vi ph=ph 39092

Figure F1: Input Power Measurement at 300 Hz

To estimate the synchronous inductance of EE core inductor RMS current of 1A is

imposed by adjusting the voltage of the programmable AC power supply. The

impedance of the EE core inductor is given as,

Vims _ 2.2788
Lns 11518

Zipy = = 1.97846 O

The measured power factor is 0.0786 therefore, the angle between voltage and current

is given as,
0 = cos™1(0.0786) = 85.49 degrees

The inductive reactance of the EE core inductor at 300 Hz is given as,

2.2788
1.1518

The synchronous inductance can be calculated as,

Xggr 197233
2nf  2m.300

LEEl -

1.04mH
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Similarly, the synchronous inductance of phase 2 and 3 are,
Lgg, = 1.11mH
Lggz = 1.13mH

F2. Rotational Inductor

phase 1

344.73m 337.02m

phase 3

345.40m ¥

28924 29032

1.0084 1.0080
300.00

Figure F2: Input Power Measurement at 300 Hz

To estimate the synchronous inductance of EE core inductor RMS current of 1A is
imposed by adjusting the voltage of the programmable AC power supply. The

impedance of the EE core inductor is given as,

Vims ~ 2.8924
s = = = 2.8683 Q
RTL = . 1.0084

The measured power factor is 0.1182 therefore, the angle between voltage and current

1s given as,
0 = cos™1(0.1182) = 83.21 degrees

The inductive reactance of the EE core inductor at 300 Hz is given as,

2.8924

Xrr1 = Zgr1 - Sin () = 1.0084

.Sin (83.21) = 2.8481 Q

The synchronous inductance can be calculated as,



o _Karn_ 28881
RTL = 5nf ~2m300 ™

Similarly, the synchronous inductance of phase 2 and 3 are,
LRTZ = 152mH

LRT3 S 152mH
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APPENDIX G: Technical Specification and Construction Drawings

G1. Specification of Induction Motor Drive

. B cos ¢ | 0.88 |

7320/ 20000 min 'kME;

3 | encoder

53778 ERO 1420 - 512 Imp.
5V DC - TTL

cooling

| Radial fan D060; M16 3x400V;50Hz;1.4A
Made in Germany www.oswald.de

kS

Figure G1: Specification of Induction Motor Drive
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G2. Technical Drawings of Test Inductor (Rotational Inductor)

G2.1 Physical Layout

%

Wy

< Dro

DSO

Y

Figure G2: Physical Layout of Rotational Inductor

Table C1: Physical Dimensions of Rotational Inductor

PARAMETER VALUE UNIT
Ty 4.50 mm
Th 16.0 mm
Wi 8.00 mm
W; 7.30 mm
Dyo 98.0 mm
Dro 41.2 mm
Dgh 26.6 mm
L, 1.80 mm
Lsu 30.0 mm
Lsu (with end-windings) 100.0 mm
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G2.2 Stator Laminations (60 Laminations of 0.5mm thick stacked together

- EDM Cut)

Figure G3: Stator Laminations (Radial Section)

Figure G4: Stator Laminations (Radial & Axial Section)
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G2.3 Rotor Laminations (60 Laminations of 0.5mm thick stacked together

- EDM Cut)

Figure G5: Rotor Laminations (Radial & Axial Section)

Figure G6: Rotor Laminations (Axial Section)



G3. Technical Drawings of Test Inductor (EE Core Inductor)

G3.1 Physical Layout

<« F —

limb
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limb €=

A

Figure G7: Physical Layout of Rotational Inductor

\/

stack <

Table G2: Physical Dimensions of Rotational Inductor

PARAMETER VALUE UNIT
A 46.10 mm
F 11.90 mm
G 10.60 mm
Liimb 7.430 mm
Lo 115.0 mm
L (with end-windings) | 134.2 mm
Ln 66.0 mm
Ly 56.0 mm
L, 0.300 mm
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G3.2 EE Core Laminations (230 Laminations of 0.5mm thick stacked
together - EDM Cut)

Figure G8: EE Core Laminations (Radial Section)

Figure G9: EE Core Laminations (Axial Section)
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APPENDIX H: WEIGHT SCALING AND PHASE RESISTANCE
MEASUREMENTS

H1. EE Core Inductor

Figure H1: Active Weight of the EE Core Inductor (2188 grams)
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H2. Rotational Inductor

Figure H3: Active Weight of the Stator (175 grams)
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H3. Phase Resistance Measurements of EE Core Inductor

Figure H4: Resistance Measurement of EE Core Inductor

H4. Phase Resistance Measurements of Rotational Inductor

0.08254

I 4wrE 10 F [ & FLTR |

Figure H5: Resistance Measurement of Rotational Inductor



