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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 ܧܨ

models of the integrated motor have been made using ݅ܵ−®ܤܣܮܶܣܯ ݉ ݈݇݊݅ݑ and

ܰ݃ܽܯ −ݐ݁ ܫ݊ ݈݂݋ ܽܿݐ݅ݕ 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 ܧܧ 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

motorܵܣܯܧܪ is modified and tested on a motorܵܦܦ 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 ܧܧ core inductor in terms of total losses, weight

and ܥܣ 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 ܧܧ core inductor have been compared in terms of

synchronous inductance, power losses, ܥܦ and ܥܣ resistance, power quality, weight

and volume.
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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 ܥܣ 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 ܥܦ 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. ܥܦ link filters, also known as smoothing filters are used to shape

theܥܦ 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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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 ݒ݀) ⁄ݐ݀ ) of about 6 ܸܭ ⁄ݏߤ or

even more. High voltage gradient ݒ݀) ⁄ݐ݀ ) 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 ݒ݀) ⁄(ݐ݀ 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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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 ,ܥ ܧܧ 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, orܫܧ ܧܧ 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 ,ܧܧ ,ܫܧ ,ܮܮ ܫܷ

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 ܥܣ 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 ,(௣ܣ) by a relationship

which is given as,

௣,ଵ௣௛ܣ = ܹ௔ܣ௖ =
௥ܸ௠ ௦.ܫ௥௠ ௦× 10ସ

௠ܤ�ிܭ�௪ܭ ௔௫�݂௦ܬ�௥௠ ௦
[ܿ݉ ସ] (1.1)

where ௪ܭ is the waveform coefficient ௪ܭ) = ߨ2 √2⁄ =4.44 for sine wave), ிܭ is the

window fill factor, ௥ܸ௠ ௦.ܫ௥௠ ௦ is the ܵܯܴ apparent power handling of an inductor in

VA, ௠ܤ ௔௫ is the peak operating flux density in Tesla, ௦݂ is the supply frequency in Hz,

௥௠ܬ ௦ is the ܵܯܴ current density in A/cm2, ܹ௔ is the window area in cm2 and ௖ܣ is the

core cross-sectional area in cm2.

For 3 phase inductor design, the area product is different from the one indicated in

(1.1). Since there are two window areas (ܹ௔) and three iron areas ,(௖ܣ) the window

utilization is different and area product (௣ܣ) changes to,

௣,ଷ௣௛ܣ = 3.൬
ܹ௔

2
൰.ܣ௖ = ௣,ଵ௣௛ܣ�1.5 [ܿ݉ ସ] (1.2)

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

across the inductor. Therefore, the area product is,

ܹ௔ܣ௖ =
௥௠ܫ� ௦.߱௦.ܮ௦.ܫ௥௠ ௦× 10ସ

௠ܤ�ிܭ�௪ܭ ௔௫�݂௦ܬ�௥௠ ௦
[ܿ݉ ସ] (1.3)
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ܹ௔ܣ௖ =
௥௠ܫ�ߨ2 ௦

ଶ ×௦ܮ. 10ସ

௠ܤ�ிܭ�௪ܭ ௔௫ܬ�௥௠ ௦
[ܿ݉ ସ] (1.3)

Where, ߱௦ is the electrical frequency in rad/s, ௦ܮ is the synchronous inductance of the

inductor and ௪ܭ is the waveform coefficient ௪ܭ) = 1 √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 ௠ܤ) ௔௫) 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 ௖ܣ indicates the flux conduction capabilities

whereas parameter ܹ௔ 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 orܫܧ,ܧܧ toroidal core

depending on the application of an inductor. The physical layout for ܧܧ 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, ܵܯܴ current and ܵܯܴ current density have to be selected to

compute the area product. To determine the copper and iron core area, window-to-

core area ratio (ܹ௔/ܣ௖) 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

௟௜௠ܮ/௦௧௔௖௞ܮ) ௕) and window aspect ratio (ܨ/ܩ) 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 (ܹ௔ ⁄௖ܣ ) 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.

Figure 1.4: Physical layout of EE core inductor
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Figure 1.5: EE Core Inductor Design Algorithm
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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 ܧܧ core

inductor are compared in terms of synchronous inductance, power losses, ܥܦ and ܥܣ

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

(ܥܯܧ) standards. The input currents drawn from the grid have the high order

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

In ܮ 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 (ଵܮ) is based on the allowable maximum current

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

ଵܮ =
ௗ௖ݒ

͸ ௦݂௪ ο ௠݅ ௔௫
(2.1)

where ௗ௖ݒ is the DC link voltage,�݂௦௪ is the switching frequency of the converter and

ο ௠݅ ௔௫ is 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 .(ଵܮ) It is recommended in [9], the filter

inductance (ଵܮ) 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.

Figure 2.1: L Type Grid Side Filter

2.1.2 LC AND 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 ܮ 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].

Figure 2.2: LC and LCL Type Grid Side Filter

The design of the converter side inductance (ଵܮ) follows the same procedure [13] as

discussed in section 2.1.1. For the design of the filter capacitance ,(௙ܥ) 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 (ݕ) of base capacitance

is given by the following expression [13, 18, 20],

௙ܥ ൌ ሺݕΨሻ�
ܵ

ߨʹ ௢݂ ௥ܸ௠ ௦
ଶ

(2.2)
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where ܵ is the apparent power rating of the converter, ݕ is the filter capacitance

design factor in percentage, ௢݂ is grid fundamental frequency and ௥ܸ௠ ௦ is the grid

line-to-line RMS voltage. The grid side inductance ଶܮ can be calculated from the

limit of total inductance. The total inductance (ଶܮ+ଵܮ) should not exceed 10% of

base inductance which restricts the voltage drop across both inductances. The base

inductance is defined by,

௕ܮ =
௥ܸ௠ ௦
ଶ

ߨ2 ௢݂ܵ
(2.2)

With the filter parameters (ଶܮ�௙�ܽ݊݀ܥ,ଵܮ) 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 ௢݂ < ௥݂௘௦ < 0.5 ௦݂௪ (2.3)

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

achieved by connecting a damping resistance ( ௙ܴ) in series with the filter

capacitance .(௙ܥ) The damping resistance ( ௙ܴ) attenuates the ripple on the switching

frequency and hence dampens the oscillations caused at the resonance. The value of

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

௙ܴ =
1

3߱௥௘௦ܥ௙
(2.4)

2.2 DC LINK FILTERS:

The ܥܦ current drawn by the voltage source inverter contains significant amount of

switching pulsations in voltage and current waveforms. The ܥܦ 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 ܥܦ link voltage and current has to be limited to a low value in order to meet

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

[31].

2.2.1 LC Filter

The ܥܮ resonance circuit as shown in Figure 2.3 is used to improve the power

quality of the ܥܦ 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 ܥܦ side ܮ and ܥ components is discussed below,

Figure 2.3: DC side LC Filter

The ܥܦ 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,

ܹ ஼ =
௜ܲ௡௩

௥݂௜௣௣௟௘
=

1

2
)ௗ௖ܥ ௠ܸ ௔௫

ଶ െ ௠ܸ ௜௡
ଶ ) (2.5)

ௗ௖ܥ =
ʹܲ ௜௡௩

௥݂௜௣௣௟௘ × ( ௠ܸ ௔௫
ଶ െ ௠ܸ ௜௡

ଶ )
(2.6)

Where, ௗ௖ܥ is the ܥܦ side filter capacitance, ௜ܲ௡௩ is the inverter capacity in ܹܭ ,

௥݂௜௣௣௟௘ is the ripple frequency of diode bridge rectifier and ௠ܸ ௔௫,�ܸ௠ ௜௡ are the

magnitude of maximum and minimum voltage ripple at the ܥܦ link respectively.

The minimum allowable voltage ( ௠ܸ ௜௡) at the ܥܦ link has to be calculated with the

limitation of maximum allowable ripple voltage ( ௥ܸ௜௣௣௟௘), which is given as,
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௠ܸ ௜௡ = ௠ܸ ௔௫ − ௥ܸ௜௣௣௟௘ (2.7)

Once filter capacitance (ௗ௖ܥ) is assessed using (2.6), the filter inductance (ௗ௖ܮ) can

be estimated by selecting the resonance frequency of the ܥܦ link filter [31]. The

resonance frequency of the ܥܦ 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,

௥݂௘௦ < 6 ௦݂௪ (2.8)

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

equation,

௥݂௘௦ < 2ܰ ௦݂௪ (2.8)

where, ܰ 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 (ௗ௖ܮ) is selected by keeping the

resonance frequency one-fifth of the inverter switching frequency.

2.2.2 Electronic Smoothing Inductor (ESI) System

Theܥܦ� 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 ܧ) (ܫܵ was initially introduced in [33] and the control

strategy has been improved in [4, 33-39]. In [33], the classical ܥܦ side inductor as

shown in Figure 2.3 is replaced by an ܧ systemܫܵ as shown in Figure 2.4(a). The ܧ ܫܵ

system consists of a ܥܦ side inductor, two diodes, two MOSFETs and a ܥܦ link

capacitor. The ܧ systemܫܵ is able to control the output ܥܦ 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 ܧ voltageܫܵ (௘ݒ) is the difference of rectifier output voltage (௥ݒ) and the inverter

input voltage .(௢ݒ) The gate signals of MOSFETs produced by the ܹܲ ܯ control are

shown in Figure 2.4(b). The inductor current ( ௅݅) is controlled at a constant ܥܦ value

by operating switch ଵܶ and ଶܶ with variable duty cycle. When switches ଵܶ and ଶܶ are
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turned ON, the ܥܦ link capacitor (ܥ) discharges and inductor current ( ௅݅) increases.

On the contrary, ܥܦ link capacitor (ܥ) will charge and inductor current ( ௅݅)

decreases when switches ଵܶ and ଶܶ are turned OFF. In the period when either of the

switch ଵܶ or ଶܶ is turned ON, inductor current ( ௅݅) will not flow in ܥܦ link capacitor

.(ܥ) Therefore, ܥܦ link capacitor (ܥ) is charged when voltage across ܧ isܫܵ positive

and discharge when voltage across ܧ isܫܵ negative [34, 36-39].

.

Figure 2.4: Electronic Smoothing Inductor (ESI) System
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In ܧ ,systemܫܵ the ܥܦ side inductance is chosen just as equation (2.9) such that the

amplitude of the current ripple is ±15% of ܥܦ side inductor current ( ௅݅) at the rated

operating condition [37, 38] whereas the amplitude of the current ripple is selected as

±20% of ܥܦ side inductor current ( ௅݅) in [34, 39].

஽஼ܮ =
൬√3

2
ൗ ൰× ௜௡௣ݒ − ௢ݒ) − (௖ݒ

0.3 × ௅݅ × 2 ௦݂௪
× ௠ܦ ௔௫ (2.9)

where, ௅݅ is the average value of the inductor current, ௠ܦ ௔௫ is the maximum duty

cycle, ௜௡௣ݒ is the grid voltage, ௢ݒ is the inverter terminal input voltage, ௖ݒ is the

voltage across ܥܦ link capacitor in the ܧ .systemܫܵ

2.2 OUTPUT PASSIVE FILTERS

In inverter-driven ܥܣ machines, voltage source inverter (ܸ (ܫܵ can generate a high

voltage gradient ݒ݀) ⁄ݐ݀ ) of around 10 ܸܭ ⁄ݏߤ across the motor terminals. The

inverter output voltage with high ݒ݀) ⁄ݐ݀ ) propagate through the motor cable that

behaves like a transmission line and voltage overshoots appears at the motor

terminals. High voltage gradient ݒ݀) ⁄ݐ݀ ) 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 ܹܲ ܯ 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

ݒ݀) ⁄ݐ݀ ) 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

ݒ݀) ⁄ݐ݀ ) 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].

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, ܥܮ filters are the most commonly

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

2.2.2 LC Filter

It is well known that the ܹܲ ܯ inverter injects the high frequency electromagnetic

interference (ܫܯܧ) noises: that flows within the power-feeding paths known as

differential-mode ܯܦ) ) noise, and that flows between the power conversion system

and the ground known as common-mode ܯܥ) ) noise [51]. The effect of high

frequency (ܫܯܧ) excites the parasitic capacitances (i.e. the capacitance between the

motor windings and the ground; and the capacitance between ܶܤܩܫ 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 ܯܥ) ) �filterܥܮ 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 ௥݂௘ is the high frequency emission getting

eliminated from the system.

௦݂௪ ൏ ௥݂௘௦ ൏ ௥݂௘ (2.10)

In terms of design, author of [50] suggests that the ܯܥ 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 ܯܥ 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.

Figure 2.6: Common-mode Filter
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2.2.2.2 Differential Mode ݒ݀ ൗݐ݀ Filter:

Differential mode ݒ݀) ⁄ݐ݀ ) filter ܥܮ) or (ܥܮܴ as shown in Figure 2.7 has been used

to reduce the differential mode ݒ݀ ⁄ݐ݀ on the motor terminals to protect insulation of

the motor cables. However, ݒ݀ ⁄ݐ݀ 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].

Figure 2.7: Differential-mode ݒ݀ ⁄ݐ݀ or sine-wave Filter

The resonance frequency is chosen using the relation (2.11) where ௖௥ݐ 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 (௖௥ݐ) is approximately 1.5 ,ݏߤ 2.5 andݏߤ 3.5 �respectivelyݏߤ [42, 55].

௥݂௘௦ =
1

௖௥ݐʹ
(2.11)

The values of ܮ and ܥ can be selected with the help of ܥܮܴ network transfer function

for 3 dB attenuation at a given resonance frequency (2.11). The damping resistor

( ௙ܴ) is picked to critically damped the filter circuit using characteristic impedance of

the cable which is given as [42, 55],
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௙ܴ ≥ ඨ
Ͷܮ௙

௙ܥ
(2.12)

A number of articles have been published to improve the functional performance of

ݒ݀ ⁄ݐ݀ filters [48, 55, 57, 58]. In paper [55], the neutral point of the filter capacitors

is connected to the midpoint of ܥܦ 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 ܥܦ 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.

Figure 2.8: ݒ݀ ⁄ݐ݀ 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 ݒ݀ ⁄ݐ݀ 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 ܥܦ bus as shown in Figure 2.10.
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Figure 2.9: Diode Clamp ݒ݀ ⁄ݐ݀ Filter with Six Diodes

Figure 2.10: Diode Clamp ݒ݀ ⁄ݐ݀ 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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ͳͲ݂ ௢௨௧൏ ௖݂ <
1

3 ௦݂௪ (2.13)

The selection of filter capacitance ሺܥ௙) 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,

௙ܥ ≤  
1

( ௠݂�ߨʹ ௔௫)ଶǤܮ௠
(2.14)

Where, ௠ܮ is the inductance of the motor windings and ௠݂ ௔௫ 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 ܹܲ ܯ 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 ܹܲ ܯ

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.

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 ܥܦ 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.

Figure 2.13: CM Filter with Artificial Point Connected to the Ground
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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 ܥܦ 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.

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.

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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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 ܥܦ link inductor to reduce the grid side harmonics,

ܥܦ side voltage ripple, current stress of the ܥܦ link capacitors and stress on rectifier

side diodes. The design of separate ܥܦ 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.

Filter Windings

Main Windings
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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 ܥܮ filter is integrated which consists of alternating layers of

magnetic material, conductors, dielectrics and insulation which results in integrated

ܥܮ structure. The ܥܮ 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 ܥܮ winding, different equivalent structures can be

obtained such as equivalent ܥܮ series resonator, parallel resonator or low-pass filter.

This is shown in Figure 2.19(b).

Figure 2.19: Integrated Planar LC Filter [75-81]

The same principle of [75-81] is applied in articles [82, 83] for ܫܯܧ 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 filterܫܯܧ is reduced significantly by 45% when compared to the discrete

filterܫܯܧ while satisfying the ܥܯܧ standards.

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 ܧܧ 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 ݅ܵ/ܤܣܮܶܣܯ ݉ ݈݇݊݅ݑ

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 ܣܧܨ

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
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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

ܥܮܴ 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].

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 ܥܮܴ 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.

Figure 3.2: Filter and Motor Branch

CF

i1

RF

Vc

ic

i2

a) Filter Branch

R1 L1 E1

R2 L2 E2

CF

i1

RF

Vc

ic

i2

b) Motor Branch

R1 L1 E1 R2 L2 E2



PMSM with Integrated Filter Inductor 48

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 ܥܮܴ filter that attenuates the harmonic frequencies (switching

frequency and its side bands) for a defined resonance frequency. In Figure 3.3, the

vectors ,ͳܣ ͳܤ and ͳܥ represent the filter branch, whereas the vectors ܣ ,ʹ ʹܤ and ʹܥ

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.

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

݅ܵ/ܤܣܮܶܣܯ ݉ ݈݇݊݅ݑ 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 I.

Table I: Motor Drive Specifications

PARAMETERS VALUES UNITS

DC Bus Voltage 200 V

RMS Line Voltage 141.42 V

Fundamental Frequency 0.175

kHzSwitching Frequency 10

Current Loop Frequency 1

Motor Connections STAR -

No. of Turns per phase 2×46 -

Operating Torque 1.5 Nm

Maximum Torque 2×4 Nm

Operating Speed 2100 RPM

Phase Resistance 2×0.21 Ω 

Phase Inductance 2×1.3 mH

Operating Peak Current 5.85 A

Maximum Peak Current 31 A

No-load Flux Linkage 2×0.017122 Wb.T

Motor Inertia 2×1.65 Kg.m2

The motor has a base operating speed of 2100 ܯܴܲ and mechanical load torque of

1.5ܰ݉ with the peak current of 5.85A. An ܥܮܴ output filter is designed using the

procedure as explained in [1] and chapter 2. The resonance frequency is fixed to

,ݖܪ2�݇ whereas the maximum frequency to avoid the resonance between the filter

capacitance and motor inductance is ݖܪ1.2�݇ [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:

ிܥ ≤
1

௠݂�ߨ2) ௔௫)ଶ.ܮ௠
≤

1

.�ߨ2) 1200)ଶ. 0.0026
≤ 6.77 μܨ�

 To avoid the reosance between filter capacitance and motor inductance is the

filter capacitance is selected as 5 µF.

 Since the resonance frequency of the is chosen as 2000 Hz therefore, the filter

inductance is estimated using the relation:

ிܮ =
1

௠ܮ.ଶ(௥௘௦݂�ߨ2)
=

1

.�ߨ2) 2000)ଶ. 0.000005
= 1.27�݉ ܪ

 The damping resistance of 2Ω 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.

Figure 3.4: Bode Diagram of RLC output Filter
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Figure 3.5: Block Diagram of Control System for the Motor with Integrated Inductor
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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 ܾܽܿ reference frame. The ܾܽܿ currents are

transformed into ݀− ݍ 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. ଵ݅௔௕௖ and ଶ݅௔௕௖. 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.

Figure 3.6: Equivalent Circuit of PMSM with Integrated Filter Inductor
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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,

௖ܸ௔(ݏ) = ܴଵ ଵ݅௔ + ଵܮ ଵ݅௔ݏ− ߱௘߰ଵ sinߠ௘ +
1

ݏிܥ
( ଵ݅௔ − ଶ݅௔) + ܴி( ଵ݅௔ − ଶ݅௔) (3.2)

Solving for ଵ݅௔,

ଵ݅௔ =
1

ଵܮݏ
�൬ܸ ௖௔ + ߱௘߰ଵ sinߠ௘− ܴଵ ଵ݅௔ − ܴி ଵ݅௔ + ௙ܴ ଶ݅௔ −

1

ிܥݏ
ଵ݅௔ +

1

ிܥݏ
ଶ݅௔൰���(3.3)

The current of phase ܾ and ܿwith 1200 phase shifts are,

ଵ݅௕ =
1

ଵܮݏ
�൬ܸ ௖௕ + ߱௘߰ଵ sin൬ߠ௘ +

ߨ2

3
൰− ܴଵ ଵ݅௕ − ܴி ଵ݅௕ + ܴி ଶ݅௕ −

1

ிܥݏ
ଵ݅௕

+
1

ிܥݏ
ଶ݅௕൰�������������������������������������������������������������������������������������������������(3.4)

ଵ݅௖ =
1

ଵܮݏ
�൬ܸ ௖௖+ ߱௘߰ଵ sin൬ߠ௘ +

ߨ2

3
൰− ܴଵ ଵ݅௖− ܴி ଵ݅௖+ ܴி ଶ݅௖−

1

ிܥݏ
ଵ݅௖

+
1

ிܥݏ
ଶ݅௖൰�������������������������������������������������������������������������������������������������(3.5)

Similarly, the motor branch can be calculated as,

0 = ܴଶ ଶ݅௔ + ଶܮ
݀

ݐ݀ ଶ݅௔ +
݀

ݐ݀
߰ଶ cosߠ௘ +

1

ிܥ
න ( ଶ݅௔ − ଵ݅௔)݀ݐ+ ܴி ( ଶ݅௔ − ଵ݅௔) (3.6)

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

motor branch current can be given as,

0 = ܴଶ ଶ݅௔ + ଶܮ ଶ݅௔ݏ− ߱௘߰ଶ ௘ߠ݊ݏ݅ +
1

ݏிܥ
( ଶ݅௔ − ଵ݅௔) + ܴி( ଶ݅௔ − ଵ݅௔) (3.7)

Solving for ଶ݅௔,

ଶ݅௔ =
1

ଶܮݏ
�൬0 + ߱௘߰ଶ sinߠ௘− ܴଶ ଶ݅௔ − ܴி ଶ݅௔ + ܴி ଵ݅௔ −

1

ிܥݏ
ଶ݅௔ +

1

ிܥݏ
ଵ݅௔൰�����(3.8)

The current of phase ܾ and ܿwith 1200 phase shifts are,
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ଶ݅௕ =
1

ଶܮݏ
�൬0 + ߱௘߰ଶ sin൬ߠ௘ +

ߨ2

3
൰− ܴଶ ଶ݅௕ − ܴி ଶ݅௕ + ܴி ଵ݅௕ −

1

ிܥݏ
ଶ݅௕

+
1

ிܥݏ
ଵ݅௕൰�������������������������������������������������������������������������������������������������(3.9)

ଶ݅௖ =
1

ଶܮݏ
�൬0 + ߱௘߰ଶ sin൬ߠ௘ +

ߨ2

3
൰− ܴଶ ଶ݅௖− ܴி ଶ݅௖ + ܴி ଵ݅௖−

1

ிܥݏ
ଶ݅௖

+
1

ிܥݏ
ଵ݅௖൰�����������������������������������������������������������������������������������������������(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,

ଵܸ ൌ ଵܴ݅ଵ ൅ ଵ݅ܺ௅ଵ ൅ ଵܧ (3.11)

ଶܸ ൌ ଶܴ݅ଶ ൅ ଶ݅ܺ௅ଶ ൅ ଶ�ൌܧ ௖݅ ௙ܴ ൅ ௖݅ܺ௖ (3.12)

Therefore, the voltage across inverter terminal can be determined by,

௖ܸ ൌ ଵܸ൅ �ܸ ଶ (3.13)

Figure 3.7: Per-phase Phasor of PMSM with Integrated Filter Inductor
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The back-EMF of filter branch (ଵܧ) and the back-EMF of motor branch (ଶܧ) are taken

as reference to realize the phasor representation of the motor with integrated filter

inductor. Since the current through the filter branch ( ଵ݅) is controlled, the resistive

voltage drop of the filter winding ( ଵ݅ ∗ ܴଵ) is in phase with filter branch back-EMF

,(ଵܧ) whereas the reactive voltage drop of filter winding ( ଵ݅ ∗ ܺଵ) is displaced 900 with

respect to the current in the filter winding ( ଵ݅). The inverter voltage ( ௖ܸ) is the resultant

phasor of filter and motor branch windings. Since the current in the motor branch

winding ( ଶ݅) is left uncontrolled, the current through the filter branch winding ( ଵ݅) is

leading the current through motor branch winding ( ଶ݅) 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

( ଶ݅) respectively and the voltage across the motor branch ( ଶܸ) is the resultant phasor

of all voltage drops in the motor branch. Capacitor current ( ௖݅) is leading the voltage

across motor branch ( ଶܸ) by less than 900 due to the damping resistance. The phasor

summation of current through the capacitor ( ௖݅) and motor winding ( ଶ݅) will form the

filter branch current ( ଵ݅). Filter branch current ( ଵ݅) is phase shifted (leading) to motor

branch current ( ଶ݅) by an angle .(ߙ) The phase shift angle (ߙ) between the filter branch

current and motor branch current can be defined as,

ߙ = �ܿ ଵቆିݏ݋
ଵ݅
ଶ + �݅ଶ

ଶ− �݅௖
ଶ

2�݅ଵ ଶ݅
ቇ������������������������������������������������(3.14)

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,

௘ܶ௠ =
݌݌

2
߰௠ ,௔௕௖× ௠݅ ,௔௕௖ (3.15)

Where, ߰௠ is the peak no-load flux linkage and ௔݅ 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, ( ௔ܶଵ) and,

 Torque due to the motor branch windings, ( ௔ܶଶ)

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

inductor can be given as,

௘ܶ௠ = ௔ܶଵ + ௔ܶଶ (3.16)

௘ܶ௠ =
݌݌

2
(߰௠ ଵ,௔௕௖ × ଵ݅,௔௕௖cos(0) + ߰௠ ଶ,௔௕௖ × ଶ݅,௔௕௖cosߙ) (3.17)

The electromagnetic torque in terms of ݀− ݍ components can be derived as,

௘ܶ௠ = 3
݌݌

2
(߰௠ ଵ ௤݅ଵ + ߰௠ ଶ ௤݅ଶ) (3.18)

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

߱௥ =
1

ݏܬ
( ௘ܶ௠ − ௟ܶ௢௔ௗ) (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 ܥܮܴ output filter, the

inductor is sized up by specifying the required inductance, maximum flux density,ܴܵܯ

current, window fill factor, ܵܯܴ 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,

௣,ଷ௣௛ܣ = ܹ௔ܣ௖ = 1.5 × ߨ2
௥௠ܫ� ௦
ଶ ×௦ܮ. 10ସ

௠ܤ�ிܭ�௪ܭ ௔௫ܬ�௥௠ ௦
= 27.1�ܿ݉ ସ (3.20)
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Table II: External Filter Inductor Specifications

PARAMETERS VALUES UNIT

Core Material
Non-oriented Silicon

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 √2⁄ -

RMS Current Density 235.66 A/cm2

The window to core area ratio (ܹ௔ ⁄௖ܣ ) is assumed as 0.25 as suggested in [2] to have

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

ܹ௔ = ඨ
0.25 × ௣,ଷ௣௛ܣ

1.5
= 2.125�ܿ݉ ଶ (3.21)

௖ܣ =
ܹ௔

0.25
=

2.125

0.25
= 8.5�ܿ݉ ଶ (3.22)

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

can be calculated as,

௟௜௠ܮ ௕ = ඨ
௖ܣ

15.5
= 0.743�ܿ݉ ����������������������������������������(3.23)

௦௧௔௖௞ܮ = 15.5 × ௟௜௠ܮ ௕ = 11.5�ܿ݉ ����������������������������������(3.24)

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,

ܨ = ඨ
ܹ௔

3
= 1.19�ܿ݉ ������������������������������������������������(3.23)

ܩ = 3 × ܨ = 3.57�ܿ݉ ����������������������������������������������������(3.24)
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The number of turns required to support the voltage across inductor based on the given

inductance is,

ܰ =
௥ܸ௠ ௦× 10ସ

௠ܤ�ிܭ ௔௫�݂௦ܣ�௖
= 19.7 ≈ 20�ܶ �����������������������������������(3.25)

The air gap length to get the required inductance is,

ܮ݃ =
ቀ4ߨ× 10−7ቁܰ ܿܣ2

ݏܮ
= 0.033�ܿ݉ ��������������������������������(3.26)

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.

ܨܨ = ቌ1 +
௚ܮ

ඥܣ௖௢௥௘
݈݊ ቆ

ܩ2

௚ܮ
ቇቍ = 1.05 (3.27)

Theܧܧ cores with silicon steel magnetic material were chosen [3, 4] for the application

of ܥܮܴ output filter. The ܧܨ model was developed in ܰ݃ܽܯ −ݐ݁ ܫ݊ ݈݂݋ ܽܿݐ݅ݕ to

validate the inductance and the degree of saturation in the core material. The ܦ2 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 fromܧܨ simulation for inductance and maximum

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

Figure 3.8: Cross-section and Flux Distribution of External EE Core Inductor

A A’ B B’ C C’

1.37T

a) b)
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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.

Figure 3.9: Practical Design of Integrated Filter Inductor
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simulation tests have been conducted on ܤܣܮܶܣܯ“ − ܵ݅ ݉ ݈݊݅ݑ ”݇ R2012a version and

its corresponding 3 phase motor currents are injected into finite element package

ܰ݃ܽܯ“ −ݐ݁ ܫ݊ ݈݂݋ ܽܿݐ݅ݕ ” 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

i.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 ܶܨܨ 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 ܦܪܶ 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 ܦܪܶ is 3.28%.

Figure 3.10: Line-to-line Motor Terminals Voltage without Filter (VAB)
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Figure 3.11: Motor Current without Filter

Figure 3.12: FFT of Motor Terminal Voltage without Filter

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.

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

Mean Torque at Loading of 1.5, 3 and
4.5Nm

1.49 Nm

2.99 Nm

4.49 Nm

Torque Ripple at ௟ܶ௢௔ௗ = 1.5Nm 9.55 %

Torque Ripple at ௟ܶ௢௔ௗ = 3.0Nm 5.35 %

Torque Ripple at ௟ܶ௢௔ௗ = 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 ( ௖ܸ,௔௕௖) and the line voltage across

the motor branch winding ( ଶܸ,௔௕௖) respectively, whereas the current through the filter

branch ( ଵ݅,௔௕௖) and the motor branch current ( ଶ݅,௔௕௖) are shown in Figure 3.17 and

Figure 3.18 respectively.

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

line-to-line voltage across the filter branch)

Figure 3.16: Line-to-line Motor Branch Voltage with Integrated Filter

Figure 3.17: Filter Branch Currents with Integrated Filter
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Figure 3.18: Motor Branch Currents with Integrated Filter

Figure 3.19: FFT of Inverter Terminal Voltage with Integrated Filter

Figure 3.20: FFT of Motor Branch Voltage with Integrated Filter
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Figure 3.21: FFT of Filter Branch Current with Integrated Filter

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 ܹܲ ܯ �switching

components. Furthermore, the added losses, weight and size due to external filter

inductor will also be eliminated. The ܶܨܨ of the inverter terminals voltage ( ௖ܸ) and

the voltage across motor branch ( ଶܸ) are shown in Figure 3.19 and Figure 3.20

respectively, whereas ܶܨܨ of the filter branch current ( ଵ݅) and motor branch current

( ଶ݅) 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 ܦܪܶ reduced to 4.3%. On the other hand, the switching component

of motor branch current is reduced by 97.1% with it’s ܦܪܶ reduced to 0.25%.

It is important to note that the voltage with high ݒ݀ ⁄ݐ݀ is appeared across the filter
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high ݒ݀ ⁄ݐ݀ 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 ܥܮܴ 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 ܤܣܮܶܣܯ − ܵ݅ ݉ ݈݇݊݅ݑ into the ܧܨ model of the motor. The motor branch

currents from ܧܨ model of the the motor are shown in Figure 3.23. It can be seen that

the ܧܨ currents of the motor branch are identical to that of ܤܣܮܶܣܯ − ܵ݅ ݉ ݈݇݊݅ݑ

model.

Figure 3.23: MATLAB & FEA Motor Branch Currents

The motor performance in terms of mean electromagnetic torque, current angle (ߙ)

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 (ߙ)

which is about 10. 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

Mean Torque at loading of 1.5, 3, and
4.5Nm

1.485 Nm

2.985 Nm

4.485 Nm

Current Angle (ߙ) 1.02 deg

Torque Ripple at ௟ܶ௢௔ௗ = 1.5Nm 9.54 %

Torque Ripple at ௟ܶ௢௔ௗ = 3.0Nm 5.33 %

Torque Ripple at ௟ܶ௢௔ௗ = 4.5Nm 4.2 %

Total Motor Losses (at 1.5Nm) 36 W

Figure 3.23: Electrometric Torque with Integrated Filter when ௟ܶ௢௔ௗ = 1.5Nm
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3.5.3 Results for the Motor with External Filter Inductor

3.5.3.1 Simulink Results

The ܤܣܮܶܣܯ − ܵ݅ ݉ �results݈݇݊݅ݑ 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 ( ௖ܸ,௔௕௖) and the line voltage across the motor terminals

( ௠ܸ ,௔௕௖) respectively, whereas the currents ( ி݅,௔௕௖) through the external filter inductor

and motor ( ௠݅ ,௔௕௖) are illustrated in Figure 3.27 and Figure 3.28.

Figure 3.25: Inverter Terminals Voltage with External Filter Inductor (VAB)

Figure 3.26: Motor Terminals Voltage with External Filter Inductor

-80

-40

0

40

80

0.2881 0.2901 0.2921 0.2941 0.2961 0.2981

M
o

to
r

Te
rm

in
al

s
V

o
lt

ag
e

s
(V

)

Time (Seconds)

Phase A

Phase C

Phase B

-200

-100

0

100

200

0.2881 0.2901 0.2921 0.2941 0.2961 0.2981

In
ve

rt
e

r
Te

ri
m

in
al

V
o

lt
ag

e
s

(V
)

Time (Seconds)



PMSM with Integrated Filter Inductor 70

Figure 3.27: Filter Inductor Currents with External Filter Inductor

Figure 3.28: Motor Currents with External Filter Inductor

The ܶܨܨ of the inverter terminals voltage ( ௖ܸ) and the voltage across motor terminals

( ௠ܸ ) are shown in Figure 3.29 and Figure 3.30 respectively, whereas ܶܨܨ of the

external filter inductor current ( ி݅) and motor current ( ௠݅ ) 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 ܦܪܶ reduced to 2.22%. On the other hand, the switching component of motor

current is reduced by 98.4% with it’s ܦܪܶ reduced to 0.1%.
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Figure 3.29: FFT of Inverter Terminals Voltage with External Filter Inductor

Figure 3.30: FFT of Motor Terminals Voltage with External Filter Inductor

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

ܤܣܮܶܣܯ − ܵ݅ ݉ ݈݇݊݅ݑ are injected into the ܧܨ 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 ܧܨ 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

-

Mean Torque at 1.5, 3 and 4.5 Nm
Loading

1.49 Nm

3.99 Nm

4.49 Nm

Torque Ripple at ௟ܶ௢௔ௗ = 1.5Nm 0.7 %

Torque Ripple at ௟ܶ௢௔ௗ = 3.0Nm 0.58 %

Torque Ripple at ௟ܶ௢௔ௗ = 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 cm3

0

2

4

6

8

0 10 20 30 40 50 60 70 80

M
o

to
r

C
u

rr
e

n
t

(A
)

Frequency (kHz)



PMSM with Integrated Filter Inductor 73

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 ܹܲ ܯ

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 ܧܨ 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 (ߙ) 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

MOTOR
WITH

Motor
Losses

(W)

External
Inductor

Losses (W)

Total
Losses

(W)

External
Inductor
Weight

(Kg)

External
Inductor
Volume

(cm3)
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
WITH

Mean
Torque
(Nm)

Torque Ripple
(%) at ࢊࢇ࢕࢒ࢀ =

1.5Nm

Torque Ripple
(%) at ࢊࢇ࢕࢒ࢀ =

3Nm

Torque Ripple
(%) at ࢊࢇ࢕࢒ࢀ =

4.5Nm
Without

Filter
1.49 9.54 5.3 4.2

Integrated Filter
Inductor (INT)

1.485 9.54 5.33 4.2

External
Filter Inductor

(EXT)
1.49 0.7 0.57 0.54

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

Inductor when ௟ܶ௢௔ௗ = 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 ܧܨ

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 ܹܲ ܯ switching currents were then injected into

the motor with an integrated filter inductor and the motor with an external filter

inductor.

Figure 3.35: Equivalent Circuit of Motor with Integrated filter inductor

Table IX: Values of Filter Components

LF = L1 (mH) CF (µF) RF (Ω) 

1.3 4.9 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 22.5 7

CF

i1

RF

Vc

ic

i2

50% — 10%

R1 L1 E1

R2 L2 E2
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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 ܹܲ ܯ 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.

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

and 3Nm Mechanical Load

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, ܯܲ 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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(b) 1.13mH Filter Branch Inductance
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(e) 0.62mH Filter Branch Inductance

0

50

100

150

200

0.5 1 1.5 2 2.5 3 3.5

To
ta

lS
ys

te
m

Lo
ss

es
(W

)

Load Torque (Nm)

Integrated System

Conventional System

0

50

100

150

200

0.5 1 1.5 2 2.5 3 3.5

To
ta

lS
ys

te
m

Lo
ss

es
(W

)

Load Torque (Nm)

Integrated System

Conventional System

(c) 0.92mH Filter Branch Inductance

(d) 0.79mH Filter Branch Inductance
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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.

(g) 0.28mH Filter Branch Inductance

(f) 0.45mH Filter Branch Inductance
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Table X: Motor Torque Ripple with and without Output Filter

MOTOR
WITH

Torque Ripple
(%) at ࢊࢇ࢕࢒ࢀ =

1Nm

Torque Ripple
(%) at ࢊࢇ࢕࢒ࢀ =

2Nm

Torque Ripple
(%) at ࢊࢇ࢕࢒ࢀ =

3Nm

No Filter 11.53 6.41 4.84

Integrated
Inductor at

0.28mH
5 2.97 2.12

External
Inductor at

0.28mH
4.18 2.52 2.10

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 ܹܲ ܯ 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 ܥܮܴ output filter is determined and compared

in this section. Figure 3.41(a)-(b) shows the volume and mass comparison of ܥܮܴ

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.

Figure 3.41: Volume and Mass of RLC output Filter

(a) Volume of RLC Output Filter

(b) 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 ܥܮܴ output filter. It is observed that

overall mass of the external ܥܮܴ 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 ܤܣܮܶܣܯ“ − ܵ݅ ݉ ݈݊݅ݑ ”݇. The equations for the

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

Subsequently, the design of an external ܧܧ core inductor was briefly described in

order to compare its performance with integrated filter inductor. ܤܣܮܶܣܯ −

ܵ݅ ݉ &݈݇݊݅ݑ ܣܧܨ results of the proposed motor had been presented with and without

output filter. For the motor with integrated filter inductor, the ܤܣܮܶܣܯ − ܵ݅ ݉ ݈݇݊݅ݑ

& ܣܧܨ 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, ܣܧܨ 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 ܵܣܯܧܪ (Helicopter Electromechanical Actuation System) machine is

modified which was recently built at The University of Nottingham, UK for ܵܣܯܧܪ

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 ܶܨܨ 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 ܥܦ power supply, 3-phase ܹܲ ܯ 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.

DC Power Supply

Oscilloscope

Control
Platform

Power
Analyser

Inverter

(a) Voltage Source Inverter and Control Platform



PMSM with Integrated Filter Inductor: Experimental Validation 89

Figure 4.1: Experimental Setup and Test-rig
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Figure 4.2: Prototype of Integrated Motor and Windings Pattern

A1

B1

C1

A2

B2

C2

Filter Branch: A1 B1 C1

Motor Branch: A2 B2 C2

(a) Prototype Integrated Motor with Housing

(b) Prototype Integrated Motor without Housing

(c) Filter and Motor Branch 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 ܵܣܯܧܪ (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.

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 ܵܣܯܧܪ machine was designed is shown in Appendix C1. The maximum

operating speed for this experimental validation is chosen 2100 RPM due to the

SpectraQuest’s “Drivetrain Diagnostic Simulator” speed limitation. Since theܵܣܯܧܪ

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.

(a) PM Rotor of HEMAS Machine

(b) Halback Array Arrangement
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Table I: Motor Specifications

PARAMETERS VALUES UNITS

Motor Connections 2×STAR -

No. of Turns per phase 2×46 -

Operating Torque 1 Nm – 3 Nm Nm

Peak Torque 2×4 Nm

Operating Speed 2100 RPM

Maximum Speed 5242 RPM

Phase Resistance 2×0.21 Ω 

Phase Inductance 2×1.3 mH

Operating Peak Current 5.85 A

Maximum Peak Current 31 A

No-load Flux Linkage 2×0.017122 Wb.T

Motor Inertia 2×1.65 Kg.m2

4.2.2 RLC Output Filter

A ܥܮܴ output filter is designed using the procedure as explained in [6] and chapter 2.

The filter resistance, inductance and capacitance are chosen as 2Ω, 1.3mH and 4.9µF. 

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 1.1mH 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 4.7µF is used for

the experimental verification with model “R46KR447050M2K Film Capacitor, 4.7µF,

X2, 275V, PP (Polypropylene), ± 10%”. 5W, 2Ω resistance used is wire-wound 

resistors having silicon coated axial leads.
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s

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 ܵܣܯܧܪ

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 ܶܤܩܫ

module and the gate-drive circuit are combined with a shared control platform based

on ,ܣܩܲܨ ܲܵܦ and the power quality input filter.

Filter

Capacitor

Damping

Resistors

(b) Filter Capacitor and Damping Resistor

(a) Filter Inductor

A B C
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Figure 4.5: Prototype of HEMAS Power Module

4.2.4 Drivetrain Diagnostic Simulator (DDS)

SpectraQuest’s Drivetrain Diagnostics Simulator ܦܦ) )ܵ 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 ܵܦܦ is shown in Appendix

C2, where the motor and converter is replaced with the motorܵܣܯܧܪ 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 VRMS-GROUND)

2. LeCroy Current Probe (CP150, 150A, 0.01V/A)

3. Power Analyser (N4L PPA550)

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

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,

IGBT

DSP & FPGA Board

Gate-drive

Circuit

Input Filter

Heat Sinks

Gate-drive

Power Supply
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௠ܲ ,௟௢௦௦ = ௜ܲ௡ − ௢ܲ௨௧ = ௜ܲ௡ − ( ௢ܶ௨௧ .߱௥) (4.1)

where, ௜ܲ௡ is the input electrical power in watts, ௢ܲ௨௧ is the output mechanical power

in watts, ௢ܶ௨௧ is the measured output torque in Nm and ߱௥ 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 ܧܧ 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 ܶܨܨ 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.

Figure 4.7: Line-to-line Motor Terminals Voltage without Filter (VAB)
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Figure 4.8: Motor Current without Filter

Figure 4.9: FFT of Motor Terminal Voltage without Filter (VAB)

Figure 4.10: FFT of Motor Current without Filter (IA)

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,

௢ܶ௨௧ =
ܲ

2
൤൬
௔ଵܧ ௔݅ଵ

߱௘
+
௔ଵܧ ௕݅ଵ

߱௘
+
௔ଵܧ ௖݅ଵ

߱௘
�൰൅ ൬

௔ଶܧ ௔݅ଶ

߱௘
+
௔ଶܧ ௕݅ଶ

߱௘
+
௔ଶܧ ௖݅ଶ

߱௘
�൰൨���ሺͶǤʹሻ

where the ௢ܶ௨௧ is the estimated output torque in Nm, ܲ is the number of poles, ௔௕௖ܧ is

the 3 phase no-load voltages in volts, ௔݅௕௖ is the measured 3 phase motor currents in

ampere and ߱௘ 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.

Figure 4.11: Measured & Estimated Output Torque without Filter
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Figure 4.12: 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

( ௖ܸ,௔௕௖) and the line voltage across the motor branch winding ( ଶܸ,௔௕௖) respectively,

whereas the current through the filter branch ( ଵ݅,௔௕௖) and the motor branch current

( ଶ݅,௔௕௖) 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 ܹܲ ܯ currents. When the motor is operating without output filter, full

ܹܲ ܯ voltages are applied across the motor windings and hence motor windings carry

the entire ܹܲ ܯ currents.

Figure 4.13: Line-to-line Inverter Terminals Voltage with Integrated Filter (VAB)
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Figure 4.14: Line-to-line Motor Branch Voltage with Integrated Filter

Figure 4.15: Filter Branch Currents with Integrated Filter

Figure 4.16: Motor Branch Currents with Integrated Filter
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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 ܹܲ ܯ �switching

components. Furthermore, the added losses, weight and size due to external filter

inductor is also be eliminated.

The ܶܨܨ of the inverter terminals voltage ( ௖ܸ) and the voltage across motor branch

( ଶܸ) are shown in Figure 4.18 and Figure 4.19 respectively, whereas ܶܨܨ of the filter

branch current ( ଵ݅) and motor branch current ( ଶ݅) 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%.

Figure 4.18: FFT of Inverter Terminal Voltage with Integrated Filter
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Figure 4.19: FFT of Motor Branch Voltage with Integrated Filter

Figure 4.20: FFT of Filter Branch Current with Integrated Filter

Figure 4.21: FFT of Motor Branch Current with Integrated Filter
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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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4.3.2.2 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).

Figure 4.22: Measured Filter Branch Current Ripple (%)
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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 (α) 

The addition of filter capacitance and damping resistance between the motor windings

produce a phase shift (ߙ) 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 ܥܴ 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.

Figure 4.24: Phase shift between Filter and Motor Branch Current at Fsw=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 (Vc,abc) and the line voltage across
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inductor (i1,abc) and the motor current (i2,abc) are shown in Figure 4.27 and Figure 4.28
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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 ܹܲ ܯ 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.

Figure 4.25: Line-to-line Inverter Terminal Voltage with External Filter Inductor (VAB)

Figure 4.26: Line-to-line Motor Voltage with External Filter Inductor
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Figure 4.27: Line-to-line Filter Inductor Currents with External Filter Inductor

Figure 4.28: Line-to-line Motor Currents with External Filter Inductor

Figure 4.29: Estimated Output Torque with External Filter Inductor
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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
(20 KHz)

Motor without

Output Filter

Motor with

Integrated Inductor

Motor with

External Inductor

Units

Motor Voltage 62 1.31 1.62 V

Motor Current 0.15 0.008 0.008 A

Figure 4.30: FFT of Inverter Terminal Voltage with External Filter Inductor

Figure 4.31: FFT of Motor Branch Voltage with External Filter Inductor
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Figure 4.32: FFT of Filter Branch Current with External Filter Inductor

Figure 4.33: FFT of Motor Branch Current with External Filter Inductor
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current, motor current and output torque at switching frequency at 10 kHz is shown in
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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).

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,

௠ܲ ,௟௢௦௦ = ௜ܲ௡ − ௢ܲ௨௧ = ௜ܲ௡ − ( ௢ܶ௨௧ .߱௥) (4.2)

where, ௜ܲ௡ is the input electrical power in watts, ௢ܲ௨௧ is the output mechanical power

in watts, ௢ܶ௨௧ is the measured output torque in Nm and ߱௥ 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
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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 ܧܧ 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 ܶܨܨ 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 ܥܦ 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 andܥܣ 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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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 shaft.

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.

Motor or
Generator

Housing

Shaft

Integrated
Motor-shaped Inductor
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Figure 5.2: 2D View of Motor-shaped Rotational Inductor

5.2.1.1 FE Validation of Rotational Inductor

Aܧܨmodel was developed as shown in Figure 5.3 in ܰ݃ܽܯ −ݐ݁ ܫ݊ ݈݂݋ ܽܿݐ݅ݕ 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 ܺ and ܻ components of magnetic flux density in the

rotor at one fixed point were assessed for both standstill and rotating rotor. The ܺ and

ܻ components of magnetic flux density were then converted into the ݀− ݍ reference

frame. As the ݍ component of the rotor flux density is zero, only the ݀ component of

the rotor flux density is shown in Figure 5.3.

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 ܯ) − 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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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 ܧܧ core inductor as explained in section 1.3. Once

the area product (ܹ௔.ܣ௖) is calculated for the design of ܧܧ 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

ܧܧ core inductor into motor-shaped inductors is shown in Figure 5.6. For both motor-

shaped inductors, windows area (ܹ௔) is kept same for each slot in order to have a

common reference point for comparison between ܧܧ core and motor-shaped

inductors, hence the cooling system is kept the same for ܧܧ core and motor-shaped

inductor. For 6 slots inductor, the tooth width ( ௪ܶ ) is selected close to the limb length

௟௜௠ܮ) ௕) of ܧܧ core inductor as the core area (௖ܣ) 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 ௪ܤ) ) is adjusted to keep the identical flux density in the

Stator
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s
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core. The airgap length (௚ܮ) and the slot opening ( ௢ܵ) are varied until the required flux

density ௠ܤ) ௔௫) is reached in the stator teeth and back iron. Subsequently, the rotor

width (ܴ௪ ) 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

( ௢ܵ௛) is 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.

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 ܧܧ core inductor in terms of total

losses, weight and ܥܣ 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 ܹܰܥ) ) and

distributed winding ܹܦ) ) with single layer ( (ܮܵ and double layer (ܮܦ) were

considered. All inductor designs were modelled and analyzed through two

dimensional finite element analyses .(ܣܧܨ) ܧܧ 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/mm2

Shaft Diameter 27 mm

Cooling Considerations Natural Convection -

In the inductor design procedure, the ܥܦ copper loss (without end windings) and axial

length of the inductor were initially kept same for both ܧܧ core and rotational

inductors. Since the ܹܦ gives higher inductance thanܹܰܥ� , 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 ܧܧ 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.

Figure 5.7: Single Conductor with End Winding Length

Figure 5.8: Side-cross-section of End Winding Length
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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 ܧܧ core and rotational inductor with

different slot-pole combination are presented below. ܹܦ �and ܹܰܥ with ܮܵ and ܮܦ

for each slot-pole combination are considered. The slot-pole combinations which are

feasible for ܮܵ and windingsܮܦ respectively are shown in Table III and Table IV.

Table III: Possible Combinations for Single Layer Windings

Pole-Slot 6 12 18

2 √ √ √

4 × √ ×

6 × × √

Table IV: Possible Combinations for Double Layer Windings

Pole-Slot 6 12 18

2 √ √ √

4 √ √ √

6 × × √

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(l). 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 ܹܦ �gives the higher inductance as compared

toܹܰܥ� . This is because; the full pitch arrangement of the ܹܦ induces higher voltage
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across it. The short pitch arrangement of the ܹܰܥ �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 �andܮܵ �designܮܦ since changing from ܮܵ

to ܮܦ affects only the end winding length.

With respect to the ,�inductorܧܧ most efficient motor-shaped rotational inductor

design is 2 poles combination with 18 slots ܹܦ with both ܮܵ and ܮܦ arrangements.

The total losses reduction in 18 slots rotational inductor with ܹܦ �is 45.3% when

compared with ܧܧ 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 ܧܧ

core inductor. Moreover, the ܹܰܥ 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 �andܧܧ

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

SLOTS
EE

Core
RT CNW

SL
RT DW

SL
RT CNW

DL
RT DW

DL

Total Losses [W]

6 151.4 166 119.9 215.4 154.1

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 5.9 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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(d) 6 SLOTS DL CNW
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(g) 12 SLOTS DL DW
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(j) 18 SLOTS SL CNW
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Figure 5.9: Flux Distribution and Winding Configuration of 2 Poles
Rotational Inductor

Figure 5.10: Loss Comparison of 2 Poles Rotational Inductor
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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

E1. From the Table VI, it can be observed that the ܹܦ�ܮܵ �gives the higher inductance

as compared to ܹܰܥ�ܮܵ �due to different windings arrangement. The ܹܦ�ܮܦ �also

gives the higher inductance than ܹܰܥ�ܮܦ in 12 and 18 slots inductors, whereas the

inductance remain unchanged in ܹܦ�ܮܦ and ܹܰܥ�ܮܦ for 6 slots inductor.

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

SLOTS
EE

Core
RT CNW

SL
RT DW

SL
RT CNW

DL
RT DW

DL

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 ܮܵ and ܮܦ inductor designs. With respect to the ܧܧ core inductor, the

most efficient motor-shaped rotational inductor design is a 4 poles combination with

18 slots ܹܦ�ܮܦ . For 18 slots rotational inductor withܹܦ�ܮܦ� , 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 ܹܦ�ܮܵ is increased by 9.6% with respect to the ܧܧ core inductor. The

comparison of the total losses and weight between ܧܧ and rotational inductor with 6,

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

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 ܮܵ and ܹܦ�ܮܦ gives the higher

inductance as compared toܹܰܥ� . 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 ܹܦ�ܮܵ which comes at the cost of

relatively higher weight. For 18 slots rotational inductor withܹܦ� , the total losses are

reduced from 151.4W to 113.7W for �andܮܵ 114.8W for �inductorܮܦ design, which is

a reduction of 24.9% and 24.1% respectively. The comparison of the total losses and

weight between ܧܧ 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

SLOTS
EE

Core
RT CNW

SL
RT DW

SL
RT CNW

DL
RT DW

DL

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

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 ܹܦ �gives the higher inductance for rotor-

less inductors as compared toܹܰܥ� . This is because; the full pitch arrangement of the

ܹܦ induces higher voltage induction. The short pitch arrangement of the

ܹܰܥ �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

toܧܧ inductor. The synchronous inductance remain same in ܹܦ for �designܮܦ�andܮܵ

for 6, 12 and 18 slots inductor designs.

With respect to the ,�inductorܧܧ the most efficient inductor design for a 2 poles

combination is 18 slots ܹܦ with both SL and DL arrangements. The total losses in 18

slots rotor-less inductor with ܹܦ �is reduced by 44.5% when compared to ܧܧ 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, theܹܰܥ� 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 �andܧܧ

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

SLOTS
EE

Core
RT CNW

SL
RL DW

SL
RL CNW

DL
RL DW

DL

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 53.4

18 114.5 104 43.6 225.5 43.6

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 ܹܦ �gives the higher inductance as

compared to ܹܰܥ �due to different winding arrangements, whereas the inductance

remain unchanged in ܹܦ�ܮܦ and ܹܰܥ�ܮܦ for 6 slots inductor. The axial length is

varied in order to keep the required synchronous inductance (with respect to ܧܧ

inductor) and the new inductor axial length is shown in Table VI. With respect to the

ܧܧ core inductor, the most efficient inductor design is 4 poles combination with 18

slots ܹܦ�ܮܦ .

For 18 slots rotor-less inductor withܹܦ�ܮܦ� , the total losses are reduced to 98.1W,

which is a reduction of 35.1% with respect to the ܧܧ core inductor. The weight of the

12 slots rotor-less inductor with ܮܵ and ܹܦܮܦ is lower than 18 slots inductor. The

total loss reduction of 25.6% is achieved for 12 slots rotor-less inductor with ܹܦ�ܮܦ

but the weight is increased by 13.1% with respect toܧܧ core inductor. The comparison

of the total losses and weight between ܧܧ 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

SLOTS
EE

Core
RT CNW

SL
RT DW

SL
RT CNW

DL
RT DW

DL

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 42.3

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 E5.

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

SLOTS
EE

Core
RT CNW

SL
RL DW

SL
RL CNW

DL
RL DW

DL

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 theܹܦ gives the higher inductance as compared

toܹܰܥ� in both ܮܵ and ܮܦ case. The axial length is changed in order to keep the

required synchronous inductance (with respect to the ܧܧ core inductor). The most

efficient design is a 6 poles combination with 18 slots with both ܹܦ�ܮܵ and ܹܦ�ܮܦ .

For 18 slots rotor-less inductor withܹܦ� , the total losses are reduced to 128.7W for

�andܮܵ 122.1W for ,ܮܦ 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 betweenܧܧ core and rotational inductor with

18 slots combination is shown in Figure 5.19.

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 ܥܣ copper loss. The ܥܣ copper loss due to skin and proximity

effects are compared with traditional ܧܧ 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 ,ܮܵ 12 slots (12S)

ܹܦ�2ܲ ,ܮܵ� 18 slots (18S) ܹܦ�2ܲ ,ܮܵ� 12S ܹܦ�4ܲ ܮܵ� and 18S ܹܦ�6ܲ .ܮܵ� 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)

ܹܥ�2ܲ ,ܮܵ� 12 slots (12S) ܹܦ�2ܲ ,ܮܵ� 18 slots (18S) ܹܦ�2ܲ .ܮܵ� 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 ܥܣ 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 ܧܨ model. The

ܧܨ model is modeled considering a controlled current source. The injected current

waveforms are shown in Figure 5.21. The relation between the ܥܦ and ܥܣ copper loss

is defined by the given expression,

௖ܲ௢௣௣௘௥ = �ܲ ௗ௖ + �ܲ௔௖

Where, ௖ܲ௢௣௣௘௥ is the total copper losses, ௗܲ௖ is the ܥܦ copper loss considering the

end winding effect and ௔ܲ௖ is the ܥܣ copper loss due to skin and proximity effect

where end winding ܥܣ copper loss effect is neglected.
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(a) EE Core Inductor

(b) RT 6S 2P SL DW
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(c) RT 2P 12S DW SL

(d) RT 18S 2P SL DW
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(e) RT 4P 12 DW SL

(f) RT 6P 18 DW SL
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(h) RL 12S 2P SL DW

(g) RL 6S 2P SL CNW
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Figure 5.20: Flux Distribution and Current Density of Motor-shaped Inductors

(i) RL 2P 12S DL DW
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Figure 5.21: FEA Injected Currents at different Switching Frequencies
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(a) Injected current with 10 kHz switching
component
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(b) Injected current with 15 kHz switching
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The ܥܣ copper loss in the ܧܧ 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/mm2.

6 slots 2 poles rotational inductor with single layer distributed windings

(ܴܶ�6 ܹܦ�ܮ2ܲ�ܵܵ� ) contributes the lowest ܥܣ copper resistance at both fundamental

and all considered switching frequencies among all selected inductor designs. The ܥܣ

copper loss reduction of 72% is achieved at fundamental the frequency, while the ܥܣ

copper loss reduction of 74% is achieved at all considered switching frequencies

respectively, when compared to the ܧܧ 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/mm2.

12 Slots 2 poles rotational inductor with single layer distributed winding

(ܴܶ�12 ܹܦ�2ܲܵ� (ܮܵ� 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/mm2.

On the other hand, 18 Slots 2 poles rotational inductor with single layer distributed

winding (ܴܶ�18 ܹܦ�2ܲܵ� (ܮܵ� is unable to offer ܥܣ 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 ܥܣ 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/mm2.
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It is important to note that most of the conductors are placed close to the airgap in ܧܧ

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 ܥܣ resistance, and hence,

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

For the 12 slots 4 poles rotational inductor with single layer distributed windings

ܹܦ�ܮ�12ܵ�4ܲ�ܴܵܶ) ), the ܥܣ 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/mm2.

The ܥܣ copper loss are increased more than twice for 18 slots 6P rotational inductors,

when compared to the conventional ܧܧ core inductor. This is because the flux path for

4ܲ and 6ܲ inductors is smaller than the 2ܲ 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/mm2.

For the rotor-less inductor �6ܮܴ) ܹܰܥ�ܮ2ܲ�ܵܵ� ), the ܥܣ 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 ܧܧ 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/mm2.

12 slots 2 poles rotor-less inductor with single layer distributed windings

�12ܮܴ) ܹܦ�ܮ2ܲ�ܵܵ� ) does not contribute ܥܣ 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



Integrated Motor-shaped Filter Inductors 155

to proximity effect is occurring near the slot opening airgap which is 25.3 A/mm2.

On the other hand, 18 slots 2 poles rotor-less inductor with single layer distributed

windings �18ܮܴ) ܹܦ�ܮ2ܲ�ܵܵ� ) is also incapable to give ܥܣ 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/mm2.

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

FSW

(kHz)

EE

Core

RT 6S 2P

SL DW

RT 12S 2P

SL DW

RT 18S 2P

SL DW

RT 12S 4P

SL DW

RT 18S 6P

SL DW
UNIT

1 17.49 4.89 8.15 15.39 17.00 53.23 W

10 1.42 0.37 0.59 1.12 1.33 3.77 W

15 1.98 0.51 0.81 1.53 1.81 5.45 W

20 2.47 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

(kHz)

EE

Core

RL 6S 2P

SL CNW

RL 12S 2P

SL DW

RL 18S 2P

SL DW
UNIT

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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Figure 5.22: AC Copper Loss Comparison of Rotational Inductor with EE Core Inductor

Figure 5.23: AC Copper Loss Comparison of Rotor-less Inductor with EE Core Inductor
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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 ܧܧ core

air-cooled inductor in terms of weight and volume.

Since the inherent inductance (99 µH) 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
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Table XIII: Parameters of Starter-generator

PARAMETERS VALUE UNIT

No. of Slots 36 -

No. of Poles 6 -

Base Speed / Rated Speed 8 KRPM

RMS Current at 8 kRPM 236.7 A

RMS Current Density 18 A/mm2

Active Stack Length 80.2 mm

Outer Diameter 164 mm

Inner Diameter 96 mm

Shaft Diameter 4 mm

Phase Resistance 13.2 mΩ 

d-axis Inductance 99 µH

q-axis Inductance 99 µH

5.7.1 Inductor Sizing

6 slot integrated rotor-less inductor withܹܰܥ�ܮܦ is chosen to design it at currentܵܯܴ

density of 18 A/mm2 whereas the ܧܧ core inductor is designed for natural convection

cooling system. The ܹܰܥ�ܮܦ 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, Wa/Ac = 0.7

2. Core Stack to Limb Length Ratio, Lstack/Llimb = 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 µH

RMS Operating Current 236.9 A

Peak Flux Density 2.3 T

Slot Fill Factor 0.5 -

RMS Current Density 4.8 A/mm2

Waveform Factor (Kw) 4.44 -

(b) Flux distribution of

Integrated Inductor

a a’ b b’ c c’

2.2T

(a) Cross-section of

Integrated Inductor

198.3 mm

156.9

mm

(d) Flux distribution

of Integrated Inductor

a1 a1’

a2 a2’

b2

b2’

2.2T

b1

b1’ c1

c1’

c2’

c2

25 mm

(c) Cross-section of

Integrated Inductor

164 mm
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Table XV: Specifications of Integrated Inductor

SPECIFICATIONS VALUES UNIT

Core Material Hiperco 50A 0.014 -

Required Inductance 100 µH

RMS Operating Current 236.9 A

Peak Flux Density 2.3 T

Slot Fill Factor 0.5 -

RMS Current Density 18 A/mm2

Waveform Factor (Kw) 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 XVII.

Table XVI: Sizing Comparison of EE core and Integrated Inductor

SIZING PARAMETERS
EE Core

Inductor

Integrated

Inductor
UNIT

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 cm3

Table XVII: Design Parameters of EE core and Integrated Inductor

DESIGN PARAMETERS
EE Core

Inductor

Integrated

Inductor
UNIT

Area Product 181.6 45.7 cm4

Synchronous Inductance 90 90 µH

Peak Flux Density 2.2 2.2 T



Integrated Motor-shaped Filter Inductors 161

Phase Resistance 1.0 8.2 mΩ 

Turns per Phase 10 36 -

Slot Fill Factor 0.5 0.5 -

Slot Area 1840 925 mm2

Conductor Diameter 8.0 4.0 mm

Active Stack Length 32 20 mm

Active Stack Length for 100µH 36 22.5 mm

Total Stack Length (With End
Windings)

66.8 46.5 mm

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 ܧܧ core inductor.

The phase resistance of the integrated inductor is 8.2 times higher thanܧܧ 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 90µH is obtained for both conventional and integrated

inductors which can be increased to required value of 100µH by adjusting the active

stack length of the stator. The inductance values are validated using theܧܨ 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, ܥܦ 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 ܥܦ 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 ܧܧ core

inductor in terms of total loss and weight.

12 slots 2 poles rotational inductor with ܹܦ�ܮܵ 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 Sܹܦ�ܮ

has contributed the lowest ܥܣ 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 ܧܧ core inductor.

12 slots 2 poles rotor-less inductor with ܹܦ�ܮܵ 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 ܹܦ�ܮܵ

has contributed the lowest ܥܣ 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 ܧܧ 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 µH.

The integrated inductor was designed at ܵܯܴ current density of 18 A/mm2. The

integrated inductor was compared with conventional ܧܧ 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, ݉݌ݎ20,000 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 ܥܣ 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 ܧܧ core inductor have been compared in terms of synchronous

inductance, power losses, ܥܦ and ܥܣ 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 ݉݌ݎ 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 ℎ݁coreݐ�ܧܧ 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 ݉݋ݎℎܥ) ܽ

Programmable AC Source 61511). The power loss measurements have been taken

using power analyser (N4L PPA550) which is interfaced with the Desktop ܥܲ as

shown Figure 6.1(c).

To compare the performance of rotational inductor, the ܧܧ core inductor is also tested

which is supplied by the same ݉݋ݎℎܥ ܽ ܥܣ 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

Induction Motor

Test Inductor
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Figure 6.1: Experimental Rig and Test Setup for Rotational Inductor
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Figure 6.2: Construction of Rotational Inductor

(a) Stator Construction
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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 ܥܣ Source 61511 (0 – 300V, 0 – 1500 Hz)

2. Power Analyser (N4L PPA550)

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 ܥܣ power supply. For measuring the power losses of ܧܧ core

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

Figure 6.3: Experimental Measurements of Rotational and EE core Inductor
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6.4 PARAMETERS MEASUREMENT

In this section, the ܥܦ resistance, synchronous inductance, active weight and volume

of the rotational and ܧܧ core inductors are measured. The parameters comparison of

rotational and ܧܧ core inductors are illustrated in Table I. For measuring the ܥܦ

resistance ܮܷܨ ܧܭ (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 ܥܲ 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

PARAMETERS
EE CORE

INDUCTOR
ROTATIONAL

INDUCTOR
UNIT

Synchronous
Inductance

1.09 1.52 mH

ܥܦ Resistance
43 80 mΩ 

39.4 52.6 mΩ/mH 

Active Weight
2.2 2.20 Kg

2.02 1.45 Kg/mH

Active Volume
529.9 754.3 cm3

493.2 496.2 cm3/mH

Both rotational and ܧܧ core inductors were designed for 1.3mH in chapter 3 and 5

respectively. Theܧܧ 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 ܥܦ resistance-to-



Integrated Motor-shaped Rotational Inductor: Experimental Validation 170

inductance ratio of rotational inductor is more than ܧܧ 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 ܧܧ core

inductor in terms of total loss-to-inductance ratio, ܥܣ resistance-to-inductance ratio,

synchronous inductance, voltage and current .ܦܪܶ%

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 ܥܣ 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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Figure 6.4: Measured Inductor Losses at 6, 12 and 18 kRPM Rotor Speeds
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Figure 6.5: Measured Iron Losses at 100, 200 and 300 Hz
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6.5.2 Comparison with EE Core Inductor

This section presents the comparative analysis between the rotational inductor and

conventional ܧܧ core inductor in terms of total loss-to-inductance ratio, ܥܣ resistance-

to-inductance ratio, synchronous inductance and their respective voltage and current

.ܦܪܶ%

6.5.2.1 Total Loss-to-Inductance Comparison

Table II shows the total loss-to-inductance ratio comparison of rotational and ܧܧ 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 ܧܧ

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 ܧܧ 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
Frequency

(Hz)

Rotor
Speed

(kRPM)

EE Core
Inductor
(W/mH)

Rotational
Inductor
(W/mH)

Total Loss
Reduction

(%)

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 −ܮ4ܰ �ܲ ܯܵ 1735 Impedance Analyser/LCR meter. The phase

resistance of both ܧܧ 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

ܧܧ 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 ܧܧ

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 ܥܣ resistance.

Figure 6.6: Comparison of Phase Resistance-to-Inductance Ratio
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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 ܦܪܶ% of both ܧܧ 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 ܥܣ power supply. As

expected, the point of magnetic saturation is nearby RMS current of 12.5A for both

ܧܧ core and rotational inductor. However, the voltage and current ܦܪܶ% of rotational

inductor appears to be superior when compared to the ܧܧ core inductor.

Figure 6.7: Comparison of Synchronous Inductance, Voltage and Current %THD
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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,

݉݌ݎ20,000 . 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 ܧܧ core inductor was

compared in terms of total loss-to-inductance ratio, ܥܦ and ܥܣ resistance-to-

inductance ratio, weight-to-inductance ratio, volume-to-inductance ratio, synchronous

inductance, voltage and current .ܦܪܶ%

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 ܧܧ 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%. Theܥܣ resistance-to-inductance ratio, voltage and current ܦܪܶ% of rotational

inductor was also looked to be superior to ܧܧ core inductor. However, ܥܦ resistance-

to-inductance ratio was higher for ܧܧ core inductor and the volume-to-inductance

ratio was alike for both rotational and ܧܧ core inductors.
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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,

ܥܦ 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 ܧܨ model of the integrated motor was developed using the

®ܤܣܮܶܣܯ and ܰ݃ܽܯ ܫ݊�–�ݐ݁ ݈݂݋ ܽܿݐ݅ݕ 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 ܧܧ 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 ܧܧ 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 ܵܣܯܧܪ motor was

modified to validate the concept of motor with integrated inductor. In order to compare

it with the conventional motor drive, an external ܧܧ 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 theܧܨ analysis. The
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ܧܨ 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 ܧܧ 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, ܥܦ 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 ܧܧ 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 ܹܦ�ܮܵ has the lowest ܥܣ 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 ܧܧ 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 ܧܧ 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 ܥܣ resistance-to-inductance ratio, voltage and current ܦܪܶ% of rotational

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

ratio was alike for both rotational and ܧܧ 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 ܥܦ link in the case of motor drive with external filter

inductor.

 However, only a part of the motor windings will experience theܹܲ ܯ 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

ܹܲ ܯ 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 ܥܦ 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 ܥܦ 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.

A1. 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,

ܰ �݅= ܪ� �݈ܿܿ �= ߔ�
௟೎

ఓೝ�ఓ೚�஺೎
= ܴߔ� ݎ݁ܿ݋ �= (1ܣ)�����������������������������ܨܯܯ�

Where, Ni is the ampere turns of the coil that drives the magnetic field around the core

also called the magneto-motive force (MMF), Hc is the magnetic field intensity of the

core, lc is the mean magnetic path length, rߤ and oߤ is the relative and free space

permeability respectively, Ac is the cross sectional core area, ɸ is the magnetic flux

and Rc is the reluctance of the core. From Eq. A1,

ܴ ݎ݁ܿ݋ �=
௖݈

௖ܣ�௢ߤ�௥ߤ
(2ܣ)
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The Eq. A1 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.

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,

=�ܨܯܯ �൫ܴߔ� ௖ + �ܴ ௚൯= ߔ� ቆ
௖݈

௖ܣ�௢ߤ�௥ߤ
+

௚݈

௖ܣ�௢ߤ�
ቇ= ߔ� ቆ�

௚݈

௖ܣ�௢ߤ�
ቇ��������(3ܣ)

∴ ௚ܴ ≫ �ܴ ௖

Where ௚ܴis the reluctance of airgap is, ௚݈ is the airgap length, ௖݈ is the core magnetic

path length, ௘ߤ� 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.

Fringing
Flux

N
Turns

Main Flux
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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.

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.

Air Core

Gapped Core

Ferrite Core

Field Intensity (A/m)

F
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x
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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 i1 and ψ12 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 i1 are given by,

Ψଵ = �ܰ ଵߔ�ଵ = ଵ�݅ଵ�ܽ݊݀�Ψଵଶܮ = ܰଵߔ�ଵଶ = ଵଶ�݅ଵܯ (5ܣ)

And the flux linkages with coil 1 and 2 when coil 2 carries a current i2 are given by,

Ψଶ = �ܰ ଶߔ�ଶ = ଶ�݅ଶ�ܽ݊݀�Ψଶଵܮ = ܰଶߔ�ଶଵ = ଶଵ�݅ଶܯ (6ܣ)

Where, L1 and L2 are self-inductance of coil 1 and 2 itself and M12 and M21 are mutual

inductances. If iron saturation is neglected, all four coefficients (L1, L2, M12 and M21)

are independent of current and M12 = 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

under,

Figure A4: Equivalent circuit of a 3 phase Inductor

Vabc Rabc Labc

N

TurnV

ɸ1ɸ 

ɸ12

i1
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௔ܸ = �ܴ ௖ܫ௔ +
݀

ݐ݀
௔ߖ (A7)

௕ܸ = �ܴ ௔ܫ௕ +
݀

ݐ݀
௕ߖ (A8)

௖ܸ = �ܴ ௔ܫ௖ +
݀

ݐ݀
௖ߖ (A9)

Where the flux linkages are,

௔ߖ ௔ܫ௔௔ܮ�= ௕ܫ௔௕ܮ�+ ௖ܫ௔௖ܮ�+ ௔ܫ௦ܮ�= + ܯ� ஻ܫ� + ܯ ௖ܫ� (A10)

௕ߖ ௔ܫ௔௕ܮ�= ௕ܫ௕௕ܮ�+ ௖ܫ௕௖ܮ�+ = ܯ� ௔ܫ ஻ܫ�௦ܮ�+ + ܯ ௖ܫ� (A11)

௖ߖ ௔ܫ௔௖ܮ�= ௕ܫ௕௖ܮ�+ ௖ܫ௖௖ܮ�+ = ܯ� ௔ܫ + ܯ� ஻ܫ� + ௖ܫ�௦ܮ (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 Ia = Irated and Ib = 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:

ܨܨ = ቌ1 +
௚ܮ

ඥܣ௖௢௥௘
݈݊ ቆ

ܩ2

௚ܮ
ቇቍ������������������������������������������������(13ܣ)

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:
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ܰ௡௘௪ = ඨ
௚ܮ௦ܮ

(10ି଼)ܨܨ௖௢௥௘ܣߨ0.4
(14ܣ)

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.
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APPENDIX B: BODE PLOT OF RLC OUTPUT FILTER

B1. Bode Diagram when L=1.13mH, C=5.64µF and R=2Ω 

Figure B1: Bode Diagram when L=1.13mH, C=5.64µF and R=2Ω 

B2. Bode Diagram when L=0.92mH, C=6.63µF and R=2Ω 

Figure B2: Bode Diagram when L=0.92mH, C=6.63µF and R=2Ω 
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B3. Bode Diagram when L=0.79mH, C=8µF and R=2Ω 

Figure B3: Bode Diagram when when L=0.79mH, C=8µF and R=2Ω 

B4. Bode Diagram when L=0.62mH, C=10µF and R=2Ω 

Figure B4: Bode Diagram when L=0.62mH, C=10µF and R=2Ω 
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B5. Bode Diagram when L=0.45mH, C=14.1µF and R=5Ω 

Figure B5: Bode Diagram when L=0.45mH, C=14.1µF and R=5Ω 

B6. Bode Diagram when L=0.28mH, C=22.5µF and R=7Ω 

Figure B6: Bode Diagram when L=0.28mH, C=22.5µF and R=7Ω 
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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

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

Motor
3 Phase, 3 HP motor, pre-wired self-aligning mounting system for easy
installation/removal.

Drive
3 HP variable frequency AC drive with multi-featured front panel
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 lb.ft capacity heavy duty magnetic particle brake

PHYSICAL

Weight Approximately 200 lb

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

Figure D1.1: Line-to-line Inverter Terminals Voltage & Motor Branch Voltage at 100

Hz and 1.5Nm

Figure D1.2: Line-to-line Filter & Motor Branch Currents at 100 Hz and 1.5 Nm

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 2Nm

Figure D1.5: Line-to-line Filter & Motor Branch Currents at 100 Hz and 2 Nm

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

Figure D1.8: Line-to-line Filter & Motor Branch Currents at 100 Hz and 2.5 Nm

Figure D1.9: Estimated Output torque at 100 Hz and 2.5 Nm



Appendix D 197

Figure D1.10: Line-to-line Inverter Terminals Voltage & Motor Branch Voltage at 100

Hz and 3Nm

Figure D1.11: Line-to-line Filter & Motor Branch Currents at 100 Hz and 3 Nm

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

Figure D1.14: Line-to-line Filter & Motor Branch Currents at 125 Hz and 1.5 Nm

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

Figure D1.17: Line-to-line Filter & Motor Branch Currents at 125 Hz and 2 Nm

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

Figure D1.20: Line-to-line Filter & Motor Branch Currents at 125 Hz and 2.5 Nm

Figure D1.21: Estimated Output torque at 125 Hz and 2.5 Nm
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Figure D1.22: Line-to-line Inverter Terminals Voltage & Motor Branch Voltage at 125

Hz and 3Nm

Figure D1.23: Line-to-line Filter & Motor Branch Currents at 125 Hz and 3 Nm

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

Figure D1.26: Line-to-line Filter & Motor Branch Currents at 150 Hz and 1.5 Nm

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

Figure D1.29: Line-to-line Filter & Motor Branch Currents at 150 Hz and 2 Nm

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

Figure D1.32: Line-to-line Filter & Motor Branch Currents at 150 Hz and 2.5 Nm

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

Figure D1.35: Line-to-line Filter & Motor Branch Currents at 150 Hz and 3 Nm

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

Figure D1.38: Line-to-line Filter & Motor Branch Currents at 175 Hz and 2 Nm

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

Figure D1.41: Line-to-line Filter & Motor Branch Currents at 175 Hz and 2.5 Nm

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

Figure D1.44: Line-to-line Filter & Motor Branch Currents at 175 Hz and 3 Nm

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

Figure D2.46: Line-to-line Inverter Terminals Voltage & Motor Branch Voltage at 100

Hz and 1.5Nm

Figure D2.47: Line-to-line Filter & Motor Branch Currents at 100 Hz and 1.5 Nm

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

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

Figure D2.51: Estimated Output torque at 100 Hz and 2 Nm
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Figure D2.52: Line-to-line Inverter Terminals Voltage & Motor Branch Voltage at 100

Hz and 2.5Nm

Figure D2.53: Line-to-line Filter & Motor Branch Currents at 100 Hz and 2.5 Nm

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

Figure D2.56: Line-to-line Filter & Motor Branch Currents at 100 Hz and 3 Nm

Figure D2.57: Estimated Output torque at 100 Hz and 3 Nm
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Figure D2.58: Line-to-line Inverter Terminals Voltage & Motor Branch Voltage at 125

Hz and 1.5Nm

Figure D2.59: Line-to-line Filter & Motor Branch Currents at 125 Hz and 1.5 Nm

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

Figure D2.62: Line-to-line Filter & Motor Branch Currents at 125 Hz and 2 Nm

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

Figure D2.65: Line-to-line Filter & Motor Branch Currents at 125 Hz and 2.5 Nm

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

Figure D2.68: Line-to-line Filter & Motor Branch Currents at 125 Hz and 3 Nm

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

Figure D2.71: Line-to-line Filter & Motor Branch Currents at 150 Hz and 1.5 Nm

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

Figure D2.74: Line-to-line Filter & Motor Branch Currents at 150 Hz and 2 Nm

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

Figure D2.77: Line-to-line Filter & Motor Branch Currents at 150 Hz and 2.5 Nm

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

Figure D2.80: Line-to-line Filter & Motor Branch Currents at 150 Hz and 3 Nm

Figure D2.81: Estimated Output torque at 150 Hz and 3 Nm
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Figure D2.82: Line-to-line Inverter Terminals Voltage & Motor Branch Voltage at 175

Hz and 2Nm

Figure D2.83: Line-to-line Filter & Motor Branch Currents at 175 Hz and 2 Nm

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

Figure D2.86: Line-to-line Filter & Motor Branch Currents at 175 Hz and 2.5 Nm

Figure D2.87: Estimated Output torque at 175 Hz and 2.5 Nm
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Figure D2.88: Line-to-line Inverter Terminals Voltage & Motor Branch Voltage at 175

Hz and 3Nm

Figure D2.89: Line-to-line Filter & Motor Branch Currents at 175 Hz and 3 Nm

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
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E2. 6 Poles with 18 slots Rotational Inductors



Appendix E 227

E3. 2 Poles with 6, 12 and 18 slots Rotor-less Inductors
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E4. 4 Poles with 6, 12 and 18 slots Rotor-less Inductors



Appendix E 230



Appendix E 231

E5. 6 Poles with 18 slots Rotor-less Inductors
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APPENDIX F: ESTIMATION OF SYNCHRONOUS INDUCTANCE

F1. EE Core Inductor

Figure F1: Input Power Measurement at 300 Hz

To estimate the synchronous inductance of ܧܧ core inductor ܵܯܴ current of 1A is

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

impedance of the ܧܧ core inductor is given as,

ாܼாଵ =
௥ܸ௠ ௦

௥௠ܫ ௦
=

2.2788

1.1518
= 1.97846 Ω

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

is given as,

ߠ = cosିଵ(0.0786) = 85.49�݀ ݁݃ ݎ݁ ݏ݁

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

ܺாாଵ = ாܼாଵ ∙ ܵ݅ (ߠ)�݊ =
2.2788

1.1518
. ܵ݅ ݊�(85.49) = 1.97233 Ω

The synchronous inductance can be calculated as,

ாாଵܮ =
ܺாாଵ
݂ߨ2

=
1.97233

.ߨ2 300
= ܪ1.04݉



Appendix F 233

Similarly, the synchronous inductance of phase 2 and 3 are,

ாாଶܮ = ܪ1.11݉

ாாଷܮ = ܪ1.13݉

F2. Rotational Inductor

Figure F2: Input Power Measurement at 300 Hz

To estimate the synchronous inductance of ܧܧ core inductor ܵܯܴ current of 1A is

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

impedance of the ܧܧ core inductor is given as,

ோ்ܼଵ =
௥ܸ௠ ௦

௥௠ܫ ௦
=

2.8924

1.0084
= 2.8683 Ω

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

is given as,

ߠ = cosିଵ(0.1182) = 83.21�݀ ݁݃ ݎ݁ ݏ݁

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

ܺோ்ଵ = ோ்ܼଵ ∙ ܵ݅ (ߠ)�݊ =
2.8924

1.0084
. ܵ݅ ݊�(83.21) = 2.8481 Ω

The synchronous inductance can be calculated as,
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ோ்ଵܮ =
ܺோ்ଵ
݂ߨ2

=
2.8481

.ߨ2 300
= ܪ1.52݉

Similarly, the synchronous inductance of phase 2 and 3 are,

ோ்ଶܮ = ܪ1.52݉

ோ்ଷܮ = ܪ1.52݉
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APPENDIX G: Technical Specification and Construction Drawings

G1. Specification of Induction Motor Drive

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

G2.1 Physical Layout

Figure G2: Physical Layout of Rotational Inductor

Table C1: Physical Dimensions of Rotational Inductor

PARAMETER VALUE UNIT

Tw 4.50 mm
Th 16.0 mm
Wh 8.00 mm
Wr 7.30 mm
Dso 98.0 mm
Dro 41.2 mm
Dsh 26.6 mm
Lg 1.80 mm
Lst1 30.0 mm
Lst1 (with end-windings) 100.0 mm

Tw

Lg

Wb

Wr
Dsh

Dso

Dro
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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)

Lst1
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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)
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G3. Technical Drawings of Test Inductor (EE Core Inductor)

G3.1 Physical Layout

Figure G7: Physical Layout of Rotational Inductor

Table G2: Physical Dimensions of Rotational Inductor

PARAMETER VALUE UNIT

A 46.10 mm
F 11.90 mm
G 10.60 mm
Llimb 7.430 mm
Lst2 115.0 mm
Lst2 (with end-windings) 134.2 mm
Lh 66.0 mm
Lw 56.0 mm
Lg 0.300 mm

G

F

Lg

Lstack

A

Llimb

Llimb
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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 H2: Active Weight of the Stator (2023 grams)

Figure H3: Active Weight of the Stator (175 grams)

STATOR

ROTOR



Appendix H 243

H3. Phase Resistance Measurements of EE Core Inductor

Figure H4: Resistance Measurement of EE Core Inductor

H4. Phase Resistance Measurements of Rotational Inductor

Figure H5: Resistance Measurement of Rotational Inductor


