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ABSTRACT

The growing demand for robust, fault-tolerant, and high-performance electric

drives in industrial, automotive, and renewable energy applications has intensified

interest in multiphase induction machines. Unlike conventional three-phase motors,

multiphase systems offer advantages such as reduced torque ripple, enhanced fault

tolerance, and higher power density. However, with the increase in phase number and

variations in winding configuration, analyzing the magnetic field behavior becomes in-

creasingly complex, particularly in terms of the spatial distribution of magnetomotive

force (MMF).

This thesis presents a comprehensive investigation into the MMF distribution of

multiphase induction motors, with a primary focus on deriving generalized equa-

tions for resultant MMF under various winding and connection schemes. The

study begins with an introduction to the fundamental operating principles of multi-

phase induction machines, outlining their advantages, applications, and the challenges

involved in their analytical modeling.

The second chapter explores the concept of space harmonics, which arise due

to discrete winding distribution, slotting, and other machine asymmetries. These

harmonics are analyzed for their influence on MMF waveform distortion, torque ripple,

and losses. A mathematical foundation is laid to represent MMF in terms of spatial

Fourier series, enabling harmonic analysis for various phase configurations.

Following this, a detailed literature review focuses on the MMF distribution

of conventional three-phase windings in induction motors. Prior analytical and

simulation-based research is examined, highlighting the limitations of existing models

when extended to multiphase and asymmetrical systems.

The core contribution of this thesis lies in the systematic development of gener-

alized MMF equations for a wide range of phase numbers and configurations:

• Generalized expressions for MMF are derived for odd-phase systems (3, 5, 7,

9, 11...), for common neutral connection.

• Generalized expressions for MMF are derived for even-phase systems (4, 6, 8,



10, 12...), for common neutral connection.

• A unified expression for the resultant MMF for any phase number is then

formulated, integrating both odd and even phase systems under a single analyt-

ical framework for common neutral connection .

The thesis further advances into more complex configurations involving Asym-

metrical isolated neutral connections. Separate generalized MMF models are

derived for:

• Asymmetrical isolated neutral connections in odd-phase systems (e.g.,

9, 15, 21, 27...).

• Asymmetrical isolated neutral connections in even-phase systems (e.g.,

6, 12, 18, 24, 30...).

In contrast,Symmetrical isolated neutral connections, separate generalized

MMF models are derived for:

• Symmetrical isolated neutral connections in odd-phase systems (e.g.,

9, 15, 21, 27...).

• Symmetrical isolated neutral connections in even-phase systems (e.g.,

6, 12, 18, 24, 30...).

To validate the theoretical models, the thesis includes a performance compar-

ison of two different double-layer winding layouts for a standard three-phase

induction motor. The layouts are evaluated using both analytical MMF modeling and

electromagnetic simulation tools. Key performance metrics such as harmonic content,

MMF waveform smoothness, and flux linkage profiles are compared to provide insights

into winding optimization.

And the last chapter is about % reduction in stator copper loss in Multi-

phase induction machine as compared to Three phase induciton machine.
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Chapter 1

INTRODUCTION

1.1 Introduction

Multiphase induction motors have garnered increasing attention in recent

years due to their inherent advantages over conventional three-phase machines.

These advantages include improved fault tolerance, reduced torque pulsations,

enhanced power sharing capabilities, and greater flexibility in winding config-

urations. Such features are particularly desirable in safety-critical and high-

performance applications such as aerospace, electric vehicles, wind turbines, and

naval propulsion systems.

The magnetomotive force (MMF) produced by the stator windings is a crit-

ical factor in determining the torque, efficiency, and harmonic behavior of the

machine. In three-phase machines, the MMF distribution is well understood and

established. However, as the number of phases increases and new connection

schemes such as isolated neutral configurations are introduced, the spatial MMF

distribution becomes increasingly complex and requires a generalized analytical

framework.
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CHAPTER 1. INTRODUCTION 2

This thesis focuses on developing generalized MMF equations for multiphase

induction machines, taking into account for Common neutral connection, Asym-

metrical isolated neutral connection and symmetrical isolated neutral connection

winding configurations for both odd and even phase systems. The study includes

both theoretical modeling and practical insights through comparative analysis of

different winding layouts.

1.2 Motivation

The increasing adoption of multiphase motors in modern applications demands

accurate and efficient modeling tools for design and analysis. Traditional MMF

models are often limited to three-phase systems and cannot easily be extended to

cover arbitrary phase numbers or isolated neutral configurations.

Furthermore, the lack of generalized equations for MMF distribution across

both symmetrical and asymmetrical systems results in fragmented research ef-

forts and difficulty in standardizing design approaches. This gap becomes more

prominent in isolated neutral systems, where unbalanced conditions and harmonic

distortions are more pronounced.

Therefore, a comprehensive and unified framework is needed to analyze the

MMF of multiphase machines under all major configurations. This thesis aims to

address that gap by formulating general MMF equations that apply to both odd

and even phase numbers and accommodate common neutral ,asymmetrical and

symmetrical windings with isolated neutral connection.

2



CHAPTER 1. INTRODUCTION 3

1.3 Objectives

The main objectives of this thesis are as follows:

• To review the operating principles of multiphase induction machines and

identify key factors affecting MMF distribution.

• To analyze the effects of space harmonics on the MMF waveform and its

implications for machine performance.

• To study and summarize existing literature on MMF modeling for conven-

tional three-phase windings.

• To derive generalized equations for the resultant MMF of induction machines

with common neutral connection :

– Odd number of phases (e.g., 3, 5, 7, 9, 11, ...)

– Even number of phases (e.g., 4, 6, 8, 10, 12, ...)

– All phase numbers in a unified formulation

• To develop generalized MMF expressions for asymmetrical winding systems

with isolated neutral connections for:

– Odd-phase systems (e.g., 9, 15, 21, ...)

– Even-phase systems (e.g., 6, 12, 18, ...)

• To formulate MMF expressions for symmetrical isolated neutral systems for:

– Odd-phase systems (e.g., 9, 15, 21, ...)

– Even-phase systems (e.g., 6, 12, 18, ...)

• To compare the MMF performance of two different double-layer winding

layouts in three-phase induction motors.

3



CHAPTER 1. INTRODUCTION 4

• To validate the derived equations through graphical analysis and simulation,

and provide design insights based on the results.

• % reduction in stator copper loss in Multiphase induction machine as com-

pared to Three phase induciton machine

1.4 Operating Principles of Multiphase Induc-

tion Machines and Key Factors Affecting MMF

Distribution

Multiphase induction machines extend the concept of the conventional three-

phase induction motor by employing more than three stator phases, typically 5,

6, 9, 12, or higher. The basic working principle remains the same, a rotating

magnetic field is generated by the stator, which induces currents in the rotor

according to Faraday’s law of electromagnetic induction. These rotor currents

interact with the stator magnetic field to produce torque.

1.4.1 Stator and Rotor Construction

Multiphase machines usually feature a symmetrical arrangement of stator

windings distributed in multiple slots per pole per phase. The rotor may be

of squirrel cage or wound type. The stator windings are distributed such that

each phase is electrically displaced by 360◦/m degrees, where m is the number of

phases. For instance, in a five-phase motor, the phase displacement is 72◦, and

in a nine-phase motor, it is 40◦.

4



CHAPTER 1. INTRODUCTION 5

1.4.2 Production of Rotating Magnetic Field

The stator windings, when supplied with balanced multiphase sinusoidal cur-

rents, produce a rotating magnetic field in the air gap. The fundamental compo-

nent of the MMF rotates synchronously at a speed given by:

ns =
120f

P

where f is the supply frequency and P is the number of poles.

The amplitude and quality of the resulting MMF wave depend on:

• The number of phases (m)

• Winding configuration and distribution

• Slot and pole combination

• Harmonics introduced due to winding and slotting

1.4.3 Key Factors Affecting MMF Distribution

The magnetomotive force (MMF) distribution in multiphase machines is in-

fluenced by several factors, including:

1. Number of Phases: Increasing the number of phases reduces the harmonic

content in the MMF waveform and allows for better torque smoothness and

fault tolerance.

2. Winding Distribution: The distribution factor and pitch factor determine

the harmonic spectrum of the MMF. Properly distributed windings minimize

harmonics and improve the fundamental MMF.

3. Slotting Effect: The interaction between stator slots and magnetic fields

introduces slot harmonics that can distort the MMF waveform and cause

5



CHAPTER 1. INTRODUCTION 6

torque pulsations.

4. Connection Scheme: Star, delta, open-end, or isolated neutral connec-

tions impact the symmetry of the phase currents and the resulting MMF.

Isolated neutral systems particularly require careful analysis due to the ab-

sence of current redistribution paths.

5. Imbalance and Asymmetry: Any imbalance in winding impedance or

supply voltages leads to unbalanced MMF distribution, which can introduce

negative sequence and zero sequence components.

6. Presence of Harmonics: Both time and space harmonics affect the MMF

waveform. Space harmonics arise due to slotting and winding design, while

time harmonics are due to inverter-fed supplies.

1.4.4 Benefits of Multiphase Machines

Some of the key benefits associated with multiphase induction machines in-

clude:

• Increased fault tolerance—machine can continue operating with one or more

phases disconnected

• Reduced torque pulsations due to smoother MMF waveforms

• Higher power output for the same frame size due to better copper utilization

• Improved noise and vibration characteristics

6



CHAPTER 1. INTRODUCTION 7

1.4.5 Need for Generalized MMF Modeling

Due to the increasing complexity in winding design and the use of various con-

nection types (symmetrical/asymmetrical, isolated/star/delta), a unified method

to analyze MMF distribution is essential. This forms the core motivation of the

current thesis, where generalized MMF equations are developed for both symmet-

rical and asymmetrical multiphase induction machines.

7



Chapter 2

Space Harmonics

The term ”space harmonics” describes the harmonic elements of a motor’s

magnetic field distribution that result from the stator’s shape and winding config-

uration. The motor’s performance may be impacted by these harmonics, leading

to problems including noise, higher losses, and torque ripple. It is essential to

comprehend space harmonics in order to optimize motor design and raise overall

efficiency.

2.1 Origin of Space harmonics

In electric motors, the winding of the stator generates a rotating magnetic field.

Ideally, this field should be sinusoidal. However, due to the physical structure of

the windings (such as the distribution and placement of coils), the magnetic field

becomes distorted, introducing harmonics.

1. Fundamental Component (1st Harmonic): The main rotating mag-

netic field produced by the motor.

2. Higher-Order Harmonics (2nd, 3rd, 5th, etc.): These are unwanted

components that distort the field and affect motor operation.

8



CHAPTER 2. SPACE HARMONICS 9

2.1.0.1 Factors responsible for origin of Space harmonics

1. Slotting of Stators: Space harmonics may be produced as a result of the

magnetic field discontinuities introduced by stator slots.

The harmonic spectrum is greatly influenced by the number of slots and how

they are arranged.

2. Distribution of Windings: The harmonic content of coils is influenced by

their winding type (concentrated, distributed).

3. Number of Poles: The harmonic profile is also affected by the motor’s pole

count. Certain harmonics may become more noticeable if the pole number

is a non-integer multiple of the slot number.

4. Pitch of Slots and Coils: The harmonic content is influenced by the pitch

of the coils and stator slots. Harmonic distortion is frequently lessened by a

higher pitch.

2.2 Importance of Winding configuration in

Space Harmonic Analysis :

An induction motor’s winding arrangement has a significant impact on the dis-

tribution and magnitude of space harmonics. The stator winding configuration

causes the magnetic field to be non-sinusoidal, which results in space harmon-

ics. Unwanted consequences including vibration, torque ripple, higher losses, and

electromagnetic interference (EMI) can result from these harmonics. Thus, it is

crucial to comprehend how various winding topologies affect space harmonics in

order to maximize motor performance, particularly in applications such as electric

vehicles (EVs), where high efficiency and smooth operation are necessary.

9



CHAPTER 2. SPACE HARMONICS 10

2.3 Types of Winding and its effect on Space

Harmonics :

1. Concentrated Winding: All of the coil turns are positioned in one slot

in concentrated winding. Each slot of this kind of winding has a high coil

density.

Effect on Space Harmonics :

(a) Higher Harmonics: In general, concentrated windings produce more

space harmonics, particularly low-order harmonics. These windings pro-

vide a more distorted magnetic field, which raises the harmonic content

noticeably.

(b) Increased Vibration and Torque Ripple: Concentrated windings

produce a greater torque ripple as a result of the non-sinusoidal magnetic

field, which may result in noise and mechanical vibrations. Because of

this, they are less appropriate for uses like electric vehicles (EVs) where

smoothness is crucial.

(c) Decreased Efficiency: The motor’s overall efficiency is decreased as a

result of the high harmonic content, which raises core losses.

(d) Applications: Common in small motors and applications where com-

pactness is more important than smooth operation or efficiency (e.g., in

some small household appliances).

2. Distributed Winding : Instead of being concentrated in a single slot, the

coils in a distributed winding are dispersed among several slots. The most

popular kind of winding seen in contemporary induction motors is this one.

10



CHAPTER 2. SPACE HARMONICS 11

Effect on Space Harmonics :

(a) Diminished Harmonics : There are less space harmonics as a result of

the magnetic field being smoothed by distributed windings. The motor’s

magnetic field becomes more sinusoidal by distributing the windings over

several slots, which lowers the lower-order harmonics (5th, 7th, etc.).

(b) Enhanced Efficiency: Lower core losses and increased efficiency are

the results of the lower harmonic content. This is especially advanta-

geous in high-performance applications where energy economy is crucial,

such as electric vehicles.

(c) Lower Torque Ripple and Vibration: The more even magnetic

field reduces torque ripple, resulting in smoother operation and lower

mechanical vibrations, improving the driving experience and motor lifes-

pan.

(d) Applications: Widely used in industrial motors, electric vehicles

(EVs), and high-performance motors where efficiency and smooth oper-

ation are essential.

11
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3. Fractional Slot Winding : The number of stator slots in a fractional-slot

winding is not an integer multiple of the number of poles. The purpose of

this winding arrangement is to limit the impacts of harmonics produced by

pole-slot interactions and to lower the harmonic content.

Effect on Space Harmonics :

(a) Diminished Harmonics : By moving the harmonic frequencies and

lowering their peak values, fractional-slot winding lessens the effect of

space harmonics, particularly low-order harmonics (such the fifth and

seventh harmonics). This lessens the torque ripple.

(b) Smoother Operation: When harmonics are minimized, motors oper-

ate more smoothly and produce less noise and vibration.

(c) Increased Efficiency: Lower core losses and increased motor efficiency

are the results of a more uniform harmonic distribution.

(d) Applications:

Used in high-performance motors, including electric vehicles (EVs),

where low vibration, smooth torque, and high efficiency are critical.

Also used in wind power generation and other industrial applications

requiring smooth motor operation.

12
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4. Double-layer windings : Double-layer windings increase torque capacity

by having two layers of windings in each stator slot.

Effect on Space Harmonics :

(a) Diminished Harmonics: Since a more uniform distribution of the

magnetic field smoothes out the waveform and lessens the intensity of

space harmonics, double-layer winding aids in the reduction of harmonic

distortion.

(b) Reduced Torque Ripple: Better performance, particularly at lower

speeds, results from a smoother magnetic field that lessens torque ripple.

(c) Increased Reliability and Efficiency: The motor’s overall longevity

and efficiency are increased as a result of reduced core losses and heat

caused by harmonic distortion.

(d) Applications: Used in electric cars and high-power industrial motors

where low harmonic distortion and high efficiency are essential.

13
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2.4 Types of Neutral Connections :

Neutral connections play a critical role in the performance and harmonic char-

acteristics of multi-phase electric machines. Based on how the neutral points of

different phase groups are treated, winding connections can be categorized as

follows:

2.4.1 Types of Neutral Connections

In multi-phase electric machines, the neutral connection topology significantly

influences the machine’s performance, harmonic content, and fault tolerance.

Neutral connections are broadly categorized as follows:

1. Same Neutral Connection

In this configuration, all phase windings share a common neutral point. It

is simpler to implement and is often used in balanced systems. However, it

offers limited flexibility in controlling individual phase groups or mitigating

specific harmonics.

2. Isolated Neutral Connection

Here, each phase group or subset has its own neutral point, offering bet-

ter isolation, control flexibility, and harmonic reduction. Isolated neutral

configurations are further divided into:

(a) Symmetrical Connection

The phase windings are grouped such that each subset is symmetrical

and balanced. The phase displacement between adjacent phases remains

uniform. This configuration is useful for applications requiring harmonic

mitigation through phase shifting.

14
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(b) Asymmetrical Connection

In this case, the phase groups are arranged with unequal displacement,

leading to asymmetry. This can be useful for suppressing specific har-

monic orders or achieving particular control characteristics.

Figure 2.1: Types of Neutral connections

2.4.2 Same Neutral Connection :

In this type of configuration, all phase windings share a common neutral point.

This connection is widely used due to its simplicity and ease of implementation.

2.4.2.1 Odd Phase

For machines with an m number of phases, the phase displacement is calcu-

lated as:

Phase displacement =
360◦

Number of Phases
=

360◦

m

where m should be greater than 2.

15
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For Five phase machine phase displacment is :

Figure 2.2: Five phase same neutral connection

Phase displacement =
360◦

Number of Phases
=

360◦

5
= 72◦

As shown in the diagram, all five phases are spaced 72◦ apart and share the

same neutral point n1.

2.4.2.2 Even Phase

Foe Six phase machine phase displacment is :

Phase displacement =
360◦

6
= 60◦

As shown in the diagram, all six phases are spaced 60◦ apart and share the

same neutral point n1.

16
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Figure 2.3: Six phase same neutral connection

2.4.3 Isolated Neutral Connection :

In isolated neutral configurations, each group of windings (or phase pairs)

has its own independent neutral point. This approach provides better insulation,

allows fault isolation, and is beneficial in reducing specific space harmonics.

2.4.3.1 Symmetrical isolated neutral Connection :

Phase displacement for isolated neutral asymmetrical connection is :

Phase displacement =
360◦

m

17
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2.4.3.2 Six phase machine with symmetrical isolated neutral connec-

tion :

Figure 2.4: Six phase isolated neutral symmetrical connection

Phase displacement for Six phase isolated neutral symmetrical con-

nection is :

Phase displacement =
360◦

6
= 60◦

Phase shift between phase a, phase b for the Asymmetrical isolated neutral

Six phase connection 60 degree.

18
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2.4.3.3 Asymmetrical isolated neutral Connection :

Phase displacement for isolated neutral asymmetrical connection is :

Phase displacement =
360◦

2m

2.4.3.4 Six phase machine with asymmetrical isolated neutral connec-

tion :

Figure 2.5: Six phase isolated neutral asymmetrical connection

Phase displacement for Six phase isolated neutral asymmetrical con-

nection is :

Phase displacement =
360◦

2 ∗ 6
= 30◦

Phase shift between phase a, phase b for the Asymmetrical isolated

neutral Six phase connection 30 degree.
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Chapter 3

Literature Review of MMF

Distribution of Three Phase

winding of Induction Motor

3.1 Introduction

An extensive overview of the literature on the MMF distribution in induc-

tion motor three-phase windings is presented in this chapter. It lists the main

conclusions from earlier studies, describes the various approaches taken in the

computation of MMF, and describes how winding parameters and phase connec-

tions affect the harmonic content of MMF. The impact of space harmonics and

winding designs, including dispersed, concentrated, and distributed windings, are

specifically examined in order to shape the air-gap MMF. Additionally, the im-

pact of neutral connection methods on MMF symmetry and harmonic suppression

is examined, including same neutral and isolated neutral topologies in upcoming

chapters.
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In addition to employing coil pitch adjustments to eliminate undesirable har-

monics, windings are generally distributed across multiple slots to more effectively

utilize the stator surface area and reduce harmonic content.

Figure 3.1 shows one phase of a two-layer winding in which a concentrated

coil of Nt turns is distributed into three coils per pole, each with a full pitch.The

phase A conductors are distributed in six slots under one pole is shown in figure

3.1.

Each pair of connected coils contributes a rectangular MMF distribution,

The maximum MMF of each rectangular component is given by:

MMFmax =
NtI

2Q

where:

• Nt is the number of turns per phase,

• I is the phase current,

• Q is the number of coils per pole (3 in this example).

The q = 2Q coil sides collectively form a phase belt, which is a fundamental

concept in winding representation and harmonic analysis. Each successive coil side

is displaced from its neighbor by an angle γ. From the analysis, it follows that

the MMF distribution generated by the winding is a summation of the individual

rectangular MMF waves of these coil sides [1].

fa =
4

π

(
NtI

2Q

)
cosh

(
hγ
2

)
h

(3.1)

fb =
4

π

(
NtI

2Q

)
cosh

(
γ
2
+ γ
)

h
(3.2)
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Figure 3.1: Three phase double layer distributed winding

Figure 3.2: Resultant MMF of the Three phase machine
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fc =
4πNtI

2Q
·
cosh

(
γ
2
+ 2γ

)
h

(3.3)

Qinner =
4

π

(
NtI

2Q

)(
cosh

(
γ
2
+ (Q− 1)γ

)
h

)
(3.4)

So the per phase MMF can be calculated by adding the equation shown below,

Fph = fa + fb + fc + · · ·+ fQ (3.5)

Fph =
4πNtI

2h
·
sin
(
hQγ
2

)
Q sin

(
hγ
2

) · cos(hQγ

2

)
(3.6)

3.1.1 MMf Distribution for Three Phase Winding

When the machine gets energized with three symmetrically wound coils, the

net MMF operating on the magnetic circuits equals the sum of the individual

coils’ MMFs. Assuming that the three coils are coiled identically.

The MMFs of windings a, b, and c may be written by physically placing them

in the machine at 120 degree intervals.

Fa =
4

π

(
Nt ia
P

) ∑
h=1,5,7,11,...

kh sin (θ)

h
(3.7)

Fb =
4

π

(
Nt ib
P

) ∑
h=1,5,7,11,...

kh sinh
(
θ − 2π

3

)
h

(3.8)

Fc =
4

π

(
Nt ic
P

) ∑
h=1,5,7,11,...

kh sinh
(
θ − 4π

3

)
h

(3.9)

where,

ia = Is cos (ωet) (3.10)

23



CHAPTER 3. LITERATURE REVIEW OF MMF DISTRIBUTION OF THREE
PHASE WINDING OF INDUCTION MOTOR 24

ib = Is cos

(
ωet−

2π

3

)
(3.11)

ic = Is cos

(
ωet−

4π

3

)
(3.12)

where Is is the peak value of the current.

FR = Fa + Fb + Fc (3.13)

FR =

(
3

2

)(
4

π

)(
Nt · Is
P

)[ ∑
h=1,7,13,...

kh
h

sin (θ − ωet) +
∑

h=5,11,17,...

kh
h

sin (θ + ωet)

]
(3.14)

[1]

The above equation represents the Resultant MMF for Three phase machine

A balanced, three-phase operation of a machine with a practical winding dis-

tribution containing odd harmonics results in an MMF that rotates positively

and negatively.Each of these MMF’s is of constant amplitude and rotate in the

forward direction for h=1,7,13,19,. . . and in the negative direction for h = 5, 11,

17,.. Harmonic components corresponding to h=3, 9, etc.are not present if the

machine has no neutral return, that is, no zero sequence component.
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Chapter 4

Generalized Resultant MMF

equations for common Neutral

Connection in Odd phase and

Even phase Induction Machine

4.1 Introduction

This chapter presents a generalized formulation for the resultant magneto-

motive force (MMF) in multiphase systems with common neutral connections,

covering both:

• Odd-phase systems (e.g., 3, 5, 7, 9.....)

• Even-phase systems (e.g., 4, 6, 8, 10, 12.....)

The major goal is to expand the classical MMF equations, which were orig-

inally designed for three-phase systems, so that they may be used to machines

with more odd-number phase configurations.
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4.2 Problem Statement

The conventional theoretical foundation for analyzing the magneto-motive

force (MMF) in electric machines is predominantly based on three-phase sys-

tems. The classical MMF equation assumes a 120-degree phase shift between

phases and utilizes symmetrical winding configurations suitable only for three-

phase machines. When applied to multiphase machines, this conventional MMF

model becomes inadequate because it does not account for varying phase angles,

different phase numbers, and asymmetrical winding distributions that are often

used in higher-phase machines.

In current literature, a comprehensive and generalized MMF equation that

is valid for arbitrary phase systems—whether odd or even—remains underdevel-

oped. Most existing models either oversimplify the problem by extending three-

phase assumptions or restrict their applicability to specific phase numbers.

The absence of a generalized MMF formulation poses significant challenges

in the accurate analysis of space harmonics, torque ripple, and electromagnetic

losses in multiphase machines. These aspects are critical for machine design

optimization, thermal management, and power converter control strategies.

Hence, the core problem addressed in this thesis is the development

of a generalized MMF equation applicable multiphase induction motors

with a odd number of phases (such as 3, 5, 7, 9, 11....) and even

number of phases (such as 6, 8, 10, 12, 14....) having common neutral

connection. The ultimate goal is to enable precise analytical modeling, simulation,

and optimization of multiphase electric machines for modern high-performance

applications.
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4.3 Generalized Equation of Resultant MMF for

Odd Number of Phases (3, 5, 7, 9, 11...) in In-

duction Machine

[2]

4.3.1 Mathematical formulation for Odd phase induction

machine with common neutral connection :

Let the machine have m phases. The MMF for each phase k can be expressed

as:

Fk =
4

π

(
Ntik
P

) ∑
h=1,5,7,11,...

kh sinh
(
h
(
θ − 2(k−1)π

m

))
h

(4.1)

F1 =
4

π

(
Nt i1
P

) ∑
h=1,5,7,11,...

kh sin (h(θ))

h
(4.2)

F2 =
4

π

(
Nt i2
P

) ∑
h=1,5,7,11,...

kh sin
(
h
(
θ − 2π

m

))
h

(4.3)

F3 =
4

π

(
Nt i3
P

) ∑
h=1,5,7,11,...

kh sin
(
h
(
θ − 4π

m

))
h

(4.4)

Fm−1 =
4

π

(
Nt im−1

P

) ∑
h=1,5,7,11,...

kh sin
(
h
(
θ − 2(m−2)π

m

))
h

(4.5)

Fm =
4

π

(
Nt im
P

) ∑
h=1,5,7,11,...

kh sin
(
h
(
θ − 2(m−1)π

m

))
h

(4.6)
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where,

i1 = Is cos (ωet) (4.7)

i2 = Is cos

(
ωet−

2π

3

)
(4.8)

i3 = Is cos

(
ωet−

4π

m

)
(4.9)

ik = Is cos

(
ωet−

2π(k − 1)

m

)
(4.10)

So the Resultant MMF of the M phase machine is the addition of the individual

phases MMF’s show below,

Fm = F1 + F2 + F3 + . . .+ Fm (4.11)

The phase currents are given as:

The resultant MMF is the sum of MMFs of all m phases:

FR =
4

π
·
(
Nt · IS

P

)
·
∑

h=1,3,5,7

Kh

h[ 1 +

 (m−1)
2

+1∑
k=2

2 cos

(
2(k − 1)π

m

)
cos

(
2h(k − 1)π

m

) sin(hθ) cos(ωt)


−


 (m−1)

2
+1∑

k=2

2 sin

(
2(k − 1)π

m

)
sin

(
2h(k − 1)π

m

) cos(hθ) sin(ωt)


]

This is the required generalized equation of resultant MMF in induc-

tion machine for the calculation of the space harmonics having common

neutral for odd number phases.
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Where:

• Nt : Number of turns per phase

• ik : Instantaneous current in the kth phase

• P : Number of pole pairs

• kh : Winding factor

• m : Number of phases

• h : Harmonic order (only odd harmonics, e.g., h = 1, 3, 5, . . .)

• θ : Electrical space angle

Here:

kh = kph · kdh · kχh · ksh (4.12)

• kh : Winding factor

• kph : Pitch factor

• kdh : Distribution factor

• kχh : Skew factor

• ksh : Slot opening factor
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4.4 Generalized Equation of Resultant MMF for

Even Number of Phases (4, 6, 8, 10, 12...) in

Induction Machine

4.4.1 Mathematical formulation for Even phase Induction

machine :

Let the machine have m phases. The MMF for each phase k can be expressed

as:

Fk =
4

π

(
Nt · ik
P

) ∑
h=1,5,7,...

kh sin
(
h
(
θ − 2π(k−1)

m

))
h

(4.13)

Phase currents are:

ik = Is cos

(
ωet−

2π(k − 1)

m

)
(4.14)

Fk =
4

π

(
Ntik
P

) ∑
h=1,5,7,11,...

kh sinh
(
h
(
θ − 2(k−1)π

m

))
h

(4.15)

F1 =
4

π

(
Nt i1
P

) ∑
h=1,5,7,11,...

kh sin (h(θ))

h
(4.16)

F2 =
4

π

(
Nt i2
P

) ∑
h=1,5,7,11,...

kh sin
(
h
(
θ − 2π

m

))
h

(4.17)

F3 =
4

π

(
Nt i3
P

) ∑
h=1,5,7,11,...

kh sin
(
h
(
θ − 4π

m

))
h

(4.18)

Fm−1 =
4

π

(
Nt im−1

P

) ∑
h=1,5,7,11,...

kh sin
(
h
(
θ − 2(m−2)π

m

))
h

(4.19)
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Fm =
4

π

(
Nt im
P

) ∑
h=1,5,7,11,...

kh sin
(
h
(
θ − 2(m−1)π

m

))
h

(4.20)

where,

i1 = Is cos (ωet) (4.21)

i2 = Is cos

(
ωet−

2π

3

)
(4.22)

i3 = Is cos

(
ωet−

4π

m

)
(4.23)

ik = Is cos

(
ωet−

2π(k − 1)

m

)
(4.24)

So the Resultant MMF of the m phase machine is the addition of the individual

phases MMF’s show below,

Fm = F1 + F2 + F3 + . . .+ Fm (4.25)

The phase currents are given as:

ik = Is cos

(
ωet−

2π(k − 1)

m

)
(4.26)
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FR =
4

π
·
(
Nt · IS

P

)
·
∑

h=1,3,5,7

Kh

h[ 2 +

 m
2∑

k=2

2 cos

(
2(k − 1)π

m

)
cos

(
2h(k − 1)π

m

) sin(hθ) cos(ωt)


−


 m

2∑
k=2

2 sin

(
2(k − 1)π

m

)
sin

(
2h(k − 1)π

m

) cos(hθ) sin(ωt)


]

This is the required generalized equation of resultant MMF in induc-

tion machine for the calculation of the space harmonics having common

neutral for even number phases.
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Where:

• Nt : Number of turns per phase

• ik : Instantaneous current in the kth phase

• P : Number of pole pairs

• kh : Winding factor

• m : Number of phases

• h : Harmonic order (only odd harmonics, e.g., h = 1, 3, 5, . . .)

• θ : Electrical space angle

Here:

kh = kph · kdh · kχh · ksh (4.27)

• kh : Winding factor

• kph : Pitch factor

• kdh : Distribution factor

• kχh : Skew factor

• ksh : Slot opening factor

4.5 Conclusion

Hence, the core problem addressed in this chapter is the development of a gen-

eralized MMF equation applicable multiphase induction motors with odd num-

ber of phases (such as 3, 5, 7, 9, 11... ) as well as even number of phases

(such as 4, 6, 8, 10, 12... ).
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Chapter 5

Unified MMF Equation for

Multiphase Induction Machine

across All phase numbers having

Common Neutral connection

5.1 Introduction

In previous chapters, we derived and analyzed the MMF equations for odd-

phases and even-phases for induction machines separately. Chapter 4 presented a

mathematical formulation for space harmonics in machines with an odd number

of phases and even number of phases both such as (3, 5, 7, 9....) and (4, 6, 8,

10....) respectively .

To enable a unified approach for space harmonic analysis and MMF distribu-

tion across any arbitrary phase number, this chapter introduces a comprehensive

generalization of the MMF equation that is applicable to all phase numbers (1,

2, 3, 4, 5, 6, 7, 8, 9, 10,......)
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5.2 Problem Statement

While the previous chapters formulations have addressed mathematical for-

mulation applicable for odd phases and even phases separately. So there is need

of one single formula thar is applicable for any arbitrary phase (1, 2, 3, 4, 5,

6, 7, 8, 9, 10,......).

The major goal is to expand the classical MMF equations, which were origi-

nally designed for three-phase systems, so that they may be used to machines with

any arbitrary phase number. This formulation should be capable of incorporating

varying phase shifts, winding configurations (such as distributed and concentrated

windings), and space harmonic effects. The ultimate goal is to enable precise an-

alytical modeling, simulation, and optimization of multiphase electric machines

for modern high-performance applications.

5.2.1 Advantage of Generalization of formula

• Enables direct computation for any number of phases.

• Simplifies the analytical process.

• Enhances applicability in machine design and simulation tools.
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5.3 Generalized Equation of Resultant MMF for

any arbitary Phase (1, 2, 3, 4, 5, 6, 7, 8, 9, 10,......)

in Induction Machine

5.3.1 Mathematical formulation

Let the machine have m phases. The MMF for each phase k can be expressed

as:

FR =
4

2π

(
Nt IS
P

) ∑
h=1,3,5

Kh

h

[{
Im

m∑
k=1

exp

(
j

(
θ + ωt− 2(k − 1)π

m(h+ 1)

))}

+

{
Im

m∑
k=1

exp

(
j

(
θ − ωt− 2(k − 1)π

m(h− 1)

))}]

FR =
4

2π
·
(
Nt IS
P

) ∑
h=1,3,5

Kh

h

[
Im

{
ej(θ+ωt)

m∑
k=1

ej(
2(k−1)π

m
(h+1))

}

+ Im

{
ej(θ−ωt)

m∑
k=1

ej(
2(k−1)π

m
(h−1))

}]

This is the required generalized equation of resultant MMF in induc-

tion machine for the calculation of the space harmonics having common

neutral for any arbitrary phase.
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Where:

• Nt : Number of turns per phase

• ik : Instantaneous current in the kth phase

• P : Number of pole pairs

• kh : Winding factor

• m : Number of phases

• h : Harmonic order (only odd harmonics, e.g., h = 1, 3, 5, . . .)

• θ : Electrical space angle

Here:

kh = kph · kdh · kχh · ksh (5.1)

• kh : Winding factor

• kph : Pitch factor

• kdh : Distribution factor

• kχh : Skew factor

• ksh : Slot opening factor
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5.3.2 Conclusion :

By combining the methodologies developed in 4, this chapter provides a uni-

versal formulation for MMF analysis in multiphase machines for common neutral

connection. This comprehensive equation forms the basis for advanced studies in

machine harmonics and paves the way for efficient multiphase electric machine

designs.

Hence, the core problem addressed in this chapter is the development of a

generalized MMF equation applicable multiphase induction motors with a any

arbitrary phase (such as 1,2,3,4,5,6,7,8,9,10,11... ).
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Chapter 6

Generalized Resultant MMF

Equations for Asymmetrical

Isolated Neutral Connections in

Odd phase and Even phase

Induction Machine

6.1 Introduction

This chapter presents a generalized formulation for the resultant magneto-

motive force (MMF) in Asymmetrical multiphase systems with isolated neutral

connections, covering both:

• Odd-phase systems (e.g., 9, 15, 21, 27.....)

• Even-phase systems (e.g., 6, 12, 18, 24, 30.....)
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In the study of multiphase induction machines, winding arrangement is crucial

in determining the magnetic field distribution, harmonic content, and overall

machine performance. When working for both odd number of phases (e.g., 9, 15,

21, 27, 33...) and even number of phases (e.g., 6, 12, 18, 24, 30..), asymmetrical

isolated neutral connection becomes an effective solution for harmonic reduction

and performance optimization.

the asymmetrical isolated configuration intentionally introduces unequal phase

displacement among different phase groups. This leads to an asymmetric MMF

distribution which can be strategically used to suppress selected harmonic compo-

nents or to tailor the machine’s dynamic response for specialized control require-

ments. Though this introduces complexity in analysis, it offers advanced degrees

of freedom in the design of modern multiphase drives and machines.

6.2 Problem Statement

The investigation of space harmonics in such systems necessitates a more gen-

eralized technique to calculating magnetomotive force (MMF). While the MMF

equations common neutral multiphase systems are explained in chapter 4. The

available literature does not provide a thorough mathematical formulation that

describes the behavior of asymmetrical isolated neutral systems.
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6.2.1 Such a generalized equation is essential for:

• Analyzing air gap MMF (Magneto-Motive Force) distributions

• Estimating space harmonic amplitudes

• Designing winding configurations that minimize undesirable harmonics in

high-performance multiphase drives

The behavior of the resulting magnetomotive force (MMF), which controls

the torque output and the spatial distribution of magnetic flux in the air gap,

is a crucial component of machine performance. Asymmetrical windings and

isolated neutral configurations are common in real-world applications, which have

a substantial impact on the MMF profile. Conventional models frequently assume

balanced windings and symmetrical connections.

In the analysis and design of multiphase electric machines, the configuration

of the neutral connection plays a critical role in determining the machine’s elec-

tromagnetic performance, harmonic behavior, and control capabilities. While

same-neutral (common-neutral) configurations are widely used for their simplic-

ity, isolated neutral connections have gained increasing relevance in advanced

machine applications due to their inherent flexibility and harmonic mitigation

capabilities.

6.3 Isolated Neutral Connection :

Refers to a configuration where each group of phase windings, or each subset

of a multiphase system, has its own independent neutral point. This arrange-

ment allows for improved control over individual phase groups, enhanced fault

tolerance, and significant opportunities for space harmonic suppression.
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Isolated neutral configurations can be categorized further into two major types

based on the symmetry of phase displacement and structural layout:

6.3.1 (a) Symmetrical Isolated Neutral Connection :

In this type, the phase windings are grouped such that each subset forms

a balanced and symmetrical configuration. The electrical displacement between

adjacent phases remains uniform across all groups. Such arrangements are par-

ticularly effective in achieving uniform magnetic field distribution and are often

utilized to cancel specific harmonics by exploiting phase-shifting techniques. This

configuration supports harmonic mitigation strategies and is well-suited for high-

performance, high-reliability applications.

6.3.2 (b) Asymmetrical Isolated Neutral Connection :

Unlike the symmetrical case, the asymmetrical isolated configuration inten-

tionally introduces unequal phase displacement among different phase groups.

This leads to an asymmetric MMF distribution which can be strategically used

to suppress selected harmonic components or to tailor the machine’s dynamic re-

sponse for specialized control requirements. Though this introduces complexity in

analysis, it offers advanced degrees of freedom in the design of modern multiphase

drives and machines.

Overall, isolated neutral connections offer a more modular and analytically

rich approach to electric machine design, especially in the context of space har-

monic control, fault-tolerant operation, and custom waveform synthesis. Their

use is expanding in aerospace, traction, and renewable energy systems where per-

formance, efficiency, and robustness are critical.
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6.4 Nine Phase machine with Isolated neutral

Asymmetrical connection :

Figure 6.1: Nine phase asymmetrical isolated neutral connection

Nine phase machine is divided into group of three sets ( G1, G2, G3 ). Each

individual group has three phases and has a phase shift of 120(degree).

Phase shift between phase a, phase b, phase c for the Asym-

metrical isolated neutral connection is :

Phase displacement =
360◦

2m

Phase shift between phase a, phase b, phase c for the Asym-

metrical isolated neutral for Nine phase connection is :

Phase displacement =
360◦

2 ∗ 9
= 20◦
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Group 1

Fa =
4

π

(
Nt i1
P

) ∑
h=1,5,7,11,...

kh sin (h(θ))

h
(6.1)

Fd =
4

π

(
Nt i2
P

) ∑
h=1,5,7,11,...

kh sin
(
h
(
θ − 2π

3

))
h

(6.2)

Fg =
4

π

(
Nt i3
P

) ∑
h=1,5,7,11,...

kh sin
(
h
(
θ − 4π

3

))
h

(6.3)

F1 = Fa + Fd + Fg

(6.4)

Group 2

Fb =
4

π

(
Nt ib
P

) ∑
h=1,5,7,11,...

kh sin
(
h(θ − π

9

)
h

(6.5)

Fe =
4

π

(
Nt ie
P

) ∑
h=1,5,7,11,...

kh sin
(
h
(
θ − 7π

9

))
h

(6.6)

Fh =
4

π

(
Nt ih
P

) ∑
h=1,5,7,11,...

kh sin
(
h
(
θ − 13π

9

))
h

(6.7)

F2 = Fb + Fe + Fh (6.8)
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Group 3

Fc =
4

π

(
Nt ic
P

) ∑
h=1,5,7,11,...

kh sin
(
h(θ − 2π

9

)
h

(6.9)

Ff =
4

π

(
Nt if
P

) ∑
h=1,5,7,11,...

kh sin
(
h
(
θ − 8π

9

))
h

(6.10)

Fi =
4

π

(
Nt ii
P

) ∑
h=1,5,7,11,...

kh sin
(
h
(
θ − 14π

9

))
h

(6.11)

F3 = Fc + Ff + Fi (6.12)

Now

FR = F1 + F2 + F3 (6.13)

FR =
1

2
·
(
4

π

)
·
(
NIS
P

)
·

{ ∑
h=1,3,5

Kh

h

[
(1 + 2 cos(20) cos(h · 20) + 2 cos(40) cos(h · 40)

+ 2 cos(120) cos(h · 120) + 2 cos(260) cos(h · 260) sin(hθ) cos(ωt)
]

−
∑

h=1,3,5

Kh

h

(
2 sin(20) sin(h · 20) + 2 sin(40) sin(h · 40)

+ 2 sin(120) sin(h · 120) + 2 sin(260) sin(h · 260)
)
cos(hθ) sin(ωt)

}

For M phase machine with Isolated asymmetrical neutral connection

45



CHAPTER 6. GENERALIZED RESULTANT MMF EQUATIONS FOR
ASYMMETRICAL ISOLATED NEUTRAL CONNECTIONS IN ODD PHASE
AND EVEN PHASE INDUCTION MACHINE 46

Fr =
1

2

(
4

π

)(
N

Is
P

) ∑
h=1,3,5

Kh

h

[{
1 +

G∑
K=2

2 cos
((K − 1)π

m

)
cos
(h (K − 1)π

m

)}
+

∑
K = m−(G−1)

2 cos
((K − 1)π

m

)
cos
(h (K − 1)π

m

)

+

2(m−(G−1)) − (2m−
m− 1

2
)∑

K = 2 (m−(G−1))

2 cos
((K − 1)π

m

)
cos
(h (K − 1)π

m

)
cos(hθ) sin(ωt)

]

−
∑

h=1,3,5

Kh

h

[
G∑

K=2

2 sin
((K − 1)π

m

)
sin
(h (K − 1)π

m

)
+

∑
K = m−(G−1)

2 sin
((K − 1)π

m

)
sin
(h (K − 1)π

m

)

+

2(m−(G−1)) − (2m−
m− 1

2
)∑

K = 2 (m−(G−1))

2 sin
((K − 1)π

m

)
sin
(h (K − 1)π

m

)
sin(hθ) cos(ωt)

]
.

Where:

• G : Total number of group

• Nt : Number of turns per phase

• ik : Instantaneous current in the kth phase

• P : Number of pole pairs

• kh : Winding factor

• m : Number of phases

• h : Harmonic order (only odd harmonics, e.g., h = 1, 3, 5, . . .)

• θ : Electrical space angle
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Here:

kh = kph · kdh · kχh · ksh (6.14)

• kh : Winding factor

• kph : Pitch factor

• kdh : Distribution factor

• kχh : Skew factor

• ksh : Slot opening factor
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6.5 Generalized Equation of Resultant MMF

of Asymmetrical Isolated neutral connection for

even Phases (6,12,18,24,30...)

6.5.1 Six Phase machine with Asymmetrical Isolated neu-

tral connection :

Figure 6.2: Nine phase asymmetrical isolated neutral connection

Six phase machine is divided into group of two sets ( G1, G2 ). Each individual

group has three phases and has a phase shift of 120(deg).

Phase shift between phase a, phase b for the Asymmetrical

isolated neutral connection is :

Phase displacement =
360◦

2m
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Phase shift between phase a, phase b, phase c for the Asym-

metrical isolated neutral for Nine phase connection is :

Phase displacement =
360◦

2 ∗ 6
= 30◦

Group 1

Fa =
4

π

(
Nt ia
P

) ∑
h=1,5,7,11,...

kh sin (h(θ))

h
(6.15)

Fc =
4

π

(
Nt ic
P

) ∑
h=1,5,7,11,...

kh sin
(
h
(
θ − 2π

3

))
h

(6.16)

Fe =
4

π

(
Nt ie
P

) ∑
h=1,5,7,11,...

kh sin
(
h
(
θ − 4π

3

))
h

(6.17)

F1 = Fa + Fc + Fe

(6.18)

Group 2

Fb =
4

π

(
Nt ib
P

) ∑
h=1,5,7,11,...

kh sin
(
h(θ − π

6

)
h

(6.19)

Fe =
4

π

(
Nt ie
P

) ∑
h=1,5,7,11,...

kh sin
(
h
(
θ − 5π

6

))
h

(6.20)
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Fh =
4

π

(
Nt ih
P

) ∑
h=1,5,7,11,...

kh sin
(
h
(
θ − 3π

2

))
h

(6.21)

F2 = Fb + Fd + Ff (6.22)

Now

FR = F1 + F2 (6.23)

Fr =
1

2
·
(
4

π

)
·
(
NIS
P

)
·[

∞∑
h=1
h odd

Kh

h
(1 + 2 cos(30◦) cos(h · 30◦) + 2 cos(120◦) cos(h · 120◦)) sin(hθ) cos(ωt)

− (
∞∑
h=1
h odd

Kh

h
(2 sin(30◦) sin(h · 30◦) + 2 sin(120◦) sin(h · 120◦)

+ sin(270◦) sin(h · 270◦) · cos(hθ) sin(ωt))

]

6.5.2 Conclusion

A thorough mathematical model for the generalized resultant MMF in asym-

metrical even-phase electrical machines with isolated neutral connections has been

developed in this chapter. The study fills a major gap in multiphase machine mod-

eling by concentrating on phase configurations of odd number of phases (3, 5, 7,

9....) as well as even number of phases (6, 12, 18, 24....) particularly for systems

that operate under asymmetrical winding and non-standard phase angles. The

behavior of space harmonics and their impact on the dispersion of the magnetic

field are well captured by the derived equation.

50



Chapter 7

Generalized Resultant MMF

Equations for Symmetrical

Isolated Neutral Connections in

Odd phase and Even phase

Induction Machine

7.1 Introduction

This chapter presents a generalized formulation for the resultant magneto-

motive force (MMF) in symmetrical multiphase systems with isolated neutral

connections, covering both:

• Odd-phase systems (e.g., 9, 15, 21, 27.....)

• Even-phase systems (e.g., 6, 12, 18, 24, 30.....)
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In the study of multiphase induction machines, winding arrangement is crucial

in determining the magnetic field distribution, harmonic content, and overall

machine performance. When working for both odd number of phases (e.g., 9, 15,

21, 27, 33...) and even number of phases (e.g., 6, 12, 18, 24, 30..), a symmetrical

isolated neutral connection becomes an effective solution for harmonic reduction

and performance optimization.

Unlike common neutral systems, isolated neutral systems have independent

neutral points for each phase group. In a symmetrical arrangement, the phases are

uniformly separated in the electrical space domain, which ensures consistent phase

displacement across the winding pattern. This symmetry leads in equal magnetic

field contributions from each phase group, which, when properly integrated, can

lead to considerable cancellation of space harmonics.

7.2 Problem Statement

The investigation of space harmonics in such systems necessitates a more gen-

eralized technique to calculating magnetomotive force (MMF). While the MMF

equations common neutral multiphase systems are explained in chapter 3 and

chapter 4. The available literature does not provide a thorough mathematical

formulation that describes the behavior of symmetrical isolated neutral systems.

7.2.1 Such a generalized equation is essential for:

• Analyzing air gap MMF (Magneto-Motive Force) distributions

• Estimating space harmonic amplitudes

• Designing winding configurations that minimize undesirable harmonics in
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high-performance multiphase drives.

7.2.2 Symmetrical Isolated Neutral Connection :

In this type, the phase windings are grouped such that each subset forms

a balanced and symmetrical configuration. The electrical displacement between

adjacent phases remains uniform across all groups. Such arrangements are par-

ticularly effective in achieving uniform magnetic field distribution and are often

utilized to cancel specific harmonics by exploiting phase-shifting techniques. This

configuration supports harmonic mitigation strategies and is well-suited for high-

performance, high-reliability applications.

7.3 Nine Phase machine with Isolated neutral

Symmetrical connection :

Figure 7.1: Nine phase asymmetrical isolated neutral connection

Nine phase machine is divided into group of three sets ( G1, G2, G3 ). Each

individual group has three phases and has a phase shift of 120(deg).
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Phase shift between phase a, phase b, phase c for the Asymmetrical

isolated neutral connection is :

Phase displacement =
360◦

m

Phase shift between phase a, phase b, phase c for the Asymmetrical

isolated neutral for Nine phase connection is :

Phase displacement =
360◦

9
= 40◦

Group 1

Fa =
4

π

(
Nt i1
P

) ∑
h=1,5,7,11,...

kh sin (h(θ))

h
(7.1)

Fd =
4

π

(
Nt i2
P

) ∑
h=1,5,7,11,...

kh sin
(
h
(
θ − 2π

3

))
h

(7.2)

Fg =
4

π

(
Nt i3
P

) ∑
h=1,5,7,11,...

kh sin
(
h
(
θ − 4π

3

))
h

(7.3)

F1 = Fa + Fd + Fg

(7.4)
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Group 2

Fb =
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kh sin
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(
θ − 14π
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(7.7)
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h

(7.9)

Ff =
4

π

(
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h=1,5,7,11,...

kh sin
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(
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) ∑
h=1,5,7,11,...

kh sin
(
h
(
θ − 16π

9

))
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(7.11)

F3 = Fc + Ff + Fi (7.12)

Now

FR = F1 + F2 + F3 (7.13)
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Fr =
1

2
·
(
4

π

)
·
(
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P

)
[
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]

7.4 Generalized Equation of Resultant MMF of

Symmetrical Isolated neutral connection for Odd

Phases (9,15,21,27...)

Fr =
4

π
·
(
N · IS
P

)
·
∑

h=1,3,5,7

Kh

h[ 1 +
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)
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(
2h(k − 1)π

m

) sin(hθ) cos(ωt)
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
]
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7.5 Generalized Equation of Resultant MMF of

Symmetrical Isolated Neutral connection for even

Phases (6,12,18,24,30...)

7.5.0.1 Six Phase machine with Symmetrical Isolated neutral Sym-

metrical connection :

Figure 7.2: Nine phase asymmetrical isolated neutral connection

Six phase machine is divided into group of two sets ( G1, G2 ). Each individual

group has three phases and has a phase shift of 120(deg).

7.5.0.2 Phase shift between phase a, phase b for the Symmetrical

isolated neutral connection is :

Phase displacement =
360◦

m

Phase displacement =
360◦

6
= 60◦
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Group 1
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(7.16)

F1 = Fa + Fc + Fe
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(
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(
h
(
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(7.20)

F2 = Fb + Fd + Ff (7.21)

Now
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FR = F1 + F2 (7.22)

Fr = ·
(
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π

)
·
(
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P

)
·[ ∑

h=1,3,5,7
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h
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]
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7.5.1 Generalized Equation of Resultant MMF of Sym-

metrical Isolated neutral connection for even Phases

(6,12,18,24,30...)

Fr =
4

π
·
(
N · IS
P

)
·
∑
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]

7.6 Conclusion

The resulting magneto-motive force (MMF) for multiphase induction machines

with symmetrical isolated neutral connections has been generalized and provided

in this chapter. The analytical model developed here addresses a key gap in the

existing literature by extending MMF equations to even-phase systems beyond

the conventional three-phase configuration.
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Chapter 8

Performance Comparison of the

Two different double layer

Winding layouts of Three Phase

Induction Motor

8.1 Objective :

a) An electric motor’s magnetic field distribution and overall performance are

heavily influenced by its winding design. In this goal, we examine and compare

two possible winding patterns for a three-phase, four-pole motor with 36 stator

slots. Each arrangement is studied in terms of the per-phase Magneto Motive

Force (MMF) waveform, which has significant effects on torque generation, har-

monic content, and vibration.

b) To evaluate and compare the machine performance characteristics of two

different winding configurations (Winding Layout 1 and Winding Layout 2) under

identical operating conditions using Altair Flux Motor software.
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8.2 Motor Specifications

• Number of slots: 36

• Number of poles: 4

• Number of phases: 3

• Winding type: Double layer, distributed winding

Slot Angle and Distribution :

The angular distance between adjacent slots, known as the slot angle, is given

by:

γ =
180× P

S
=

180× 4

36
= 20◦ (electrical)

The number of slots per pole per phase (q) is calculated as:

The slot per pole per phase determines how the windings are distributed

around the stator or rotor. A higher SPP means that the windings are more

spread out, which can lead to a smoother and more sinusoidal distribution of the

magnetomotive force (MMF). Mathematically,

q =
S

P × Ph
=

36

4× 3
= 3
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Figure 8.1: Winding layouts of two different winding configuration

8.3 Winding Layouts

Two different winding layouts are considered, both with the same number of

slots, poles, and phases, but differing in the coil distribution and placement.

8.3.0.1 Winding Layout 1

All the conductors of phase A under one pole are distributed in three slots.

8.3.0.2 Winding Layout 2

All the conductors of phase A under one pole are distributed in six slots.

8.4 MMF Waveform Analysis

Each layout’s Resultant MMF waveform shows the spatial total of the ampere-

turns that each coil contributed. The MMF profile is smoother and more sinu-

soidal when the winding pattern is of superior quality.
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Figure 8.2: Resultant MMF Waveforms of two different winding configuration

8.4.1 Observations

• Layout 1: Produces a stepped MMF waveform with moderate harmonic

content.

• Layout 2: Exhibits a more refined MMF distribution, closer to a sinusoidal

shape, implying lower harmonic distortion and better torque quality.

8.4.2 Observations

• Layout 1: Exhibits a more refined MMF distribution, closer to a sinusoidal

shape, implying lower harmonic distortion and better torque quality.

• Layout 2: Produces a stepped MMF waveform with moderate harmonic

content.
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8.5 Performance Evaluation of Different Wind-

ing Layouts

8.5.0.1 T(Slip) Performance Mapping Test in Altair Flux Motor soft-

ware

The primary aim of the “Performance Mapping – Sine wave – Motor

– T(Slip)” test is to characterize the electromechanical behavior of the machine

across a defined operating speed range under motor mode operation. This test is

vital for:

• Evaluating torque production against slip.

• Determining electromagnetic efficiency zones.

• Generating a map of key performance indicators (KPIs) such as:

– Torque,

– Stator current,

– Magnetic flux density,

– Core loss,

– Electromagnetic efficiency.

8.5.1 Machine Operating Conditions

• Frequency, f = 50Hz

• Number of poles, P = 4

• Supply line voltage, V = 415V

• % slip, S = 5%
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8.5.2 Machine Performance - User Working Point Test

The measured performance parameters in steady state are presented and dis-

cussed below.

Figure 8.3: Machine Performance - User Working Point Test
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8.5.3 Machine Performance - Starting Torque , Motering

Mode :

Figure 8.4: Machine Performance - Starting Torque , Motering Mode
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8.5.4 Machine Performance - Breakdown Torque , Moter-

ing Mode :

Figure 8.5: Machine Performance - Breakdown Torque , Motering Mode

8.5.5 Torque Vs Slip and Efficiency Vs Slip Curve :

Figure 8.6: Torque Vs Slip and Efficiency Vs Slip Curve
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Conclusion :

If the primary goal is to achieve higher mechanical torque and power output,

then Winding Layout 2 is clearly better. It delivers significantly more rotational

force and can do more work.

If efficiency is the top priority, and you want to minimize energy consumption

and losses, then Winding Layout 1 has a slight edge due to its higher machine

efficiency and lower total losses.

Winding Layout 2 comes at the cost of higher current draw, higher electrical

power consumption, and higher losses. This might be a concern for the sizing of

your power supply, wiring, and thermal management.

The higher flux density in Winding Layout 1 could have implications for sat-

uration and core losses, but without more context on the motor design and ma-

terials, it’s difficult to say definitively.

Which configuration is better :

For applications demanding maximum performance (torque and power),

Winding Layout 2 is superior.

For applications where energy efficiency and minimizing losses are paramount,

Winding Layout 1 is a better choice.
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8.5.6 Transient behavior of Magnetic filed density for

both different configuration :

Magnetic flux density distribution and harmonic content in the airgap of elec-

trical machines have significant effects on machine performance parameters such

as torque ripple, noise, vibration, and efficiency. This section examines and com-

pares the flux density waveforms and harmonic spectra for two different winding

arrangements, known as Winding Layout 1 and Winding Layout 2.

Figure 8.7: Magnetic filed Vs Time

8.5.7 Conclusion

From the flux density and harmonic analysis, it is evident that while both

winding layouts generate effective magnetic flux for torque production, Winding

Layout 2 provides high ripple in magnetic flux density as compared to winding

layout 1.
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8.5.8 Transient behavior of Torque for both different con-

figuration

Torque output is one of the most important performance factors in electric

machines. Torque generation characteristics—smoothness, peak values, and har-

monic distortion—have a direct influence on machine efficiency, vibration, noise,

and drive system performance. This chapter provides a comparative examination

of the torque response of two alternative stator winding configurations: Winding

Layout 1 and Winding Layout 2, using both time-domain.

Figure 8.8: Torque Vs Time

Winding layout 2 offers high Torque fluctuation as compared to winding layout

1.
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8.5.8.1 Isovalues Comparison Between Two Winding Layouts

This section compares the magnetic flux density distribution in different parts

of the motor for winding Layout 1 and winding Layout 2. Isovalue charts

are used to evaluate magnetic performance by graphically representing the flux

density distribution inside the stator, rotor, and airgap areas.

Flux Density Distribution

Figure 11 and figure 12 and show the Magnetic flux density distributions for

Winding Layout 1 and Layout 2, respectively. The color-coded isovalues illustrate

the intensity and spread of magnetic flux density (in Tesla, T).

• Winding Layout 1: The flux density reaches a peak value of approximately

1.954 T, with regions of strong magnetic concentration observed near the

stator teeth and rotor poles.

• Winding Layout 2: Shows a slightly higher peak flux density of approxi-

mately 2.039 T, with a more uniform flux spread in the rotor.
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Figure 8.9: Isovalues

Figure 8.10: Magnetic flux density distributions for Winding Layout 1 and Layout 2
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8.5.9 Motor - Efficiency Map Scalar Control (V-f) Test

Positioning and Objective of the Efficiency Map Scalar Test

The objective of the test “Performance Mapping – Sine wave – Motor – Effi-

ciency map scalar” is to thoroughly evaluate the electromagnetic and electrome-

chanical behavior of an electric machine across a defined Torque-Speed operating

area. This area is typically bounded by:

• Maximum line-line voltage,

• Rated power supply frequency,

• Maximum line current, and

• Maximum rotational speed of the machine.

This test is particularly useful for scalar-controlled machines, where a scalar

control mode (also known as V/f control) is employed. Unlike vector control,

scalar control maintains a fixed voltage-to-frequency ratio to regulate machine

speed and torque.

74



CHAPTER 8. PERFORMANCE COMPARISON OF THE TWO DIFFERENT
DOUBLE LAYER WINDING LAYOUTS OF THREE PHASE INDUCTION
MOTOR 75

Torque-Speed Operating Principle

The machine’s performance is mapped across the torque-speed plane, starting

from zero speed up to the machine’s maximum operational speed. This involves

two distinct regions:

• Constant Torque Region (Below Base Speed):

– In this region, the machine delivers maximum torque.

– Voltage and frequency increase proportionally (V/f = constant).

– The torque remains constant until the base speed Nbase is reached.

• Constant Power Region (Above Base Speed):

– Beyond Nbase, the machine cannot maintain the same V/f ratio.

– Torque starts to decrease inversely with speed while power remains con-

stant.

– This region is critical for high-speed applications where reduced torque

is acceptable.
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8.5.10 Machine Performance - Base Speed Test

Figure 8.11: Machine Performance - Base Speed
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8.5.11 Machine Performance - Maximum Speed Test

Figure 8.12: Machine Performance - Maximum Speed

8.5.12 Torque Vs Speed and Efficiecy Vs Speed Curve

Figure 8.13: Torque Vs Speed and Efficiecy Vs Speed Curve
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8.5.13 Conclusion

• Higher Performance: Layout 1 provides significantly higher mechanical

torque and power output at the same speed.

• Greater Efficiency: The machine efficiency of Layout 1 is substantially

higher, meaning less energy is wasted as heat.

• Lower Slip: The much lower slip in Layout 1 suggests a more effective uti-

lization of the magnetic field and potentially better stability at this operating

point.

• Lower Current Draw: Layout 1 requires less line current to achieve its

higher performance, which is beneficial for reducing resistive losses in the

wiring and the motor windings.

• Lower Losses: The total losses in Layout 1 are significantly lower, con-

tributing to its higher efficiency and potentially longer lifespan.

• Better Power Factor: The power factor of Layout 1 is considerably higher,

indicating a more efficient use of the supplied electrical power and a lower

reactive power demand.
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Chapter 9

Percentage reduction in stator

joule loss in Nine phase machine

as compared to Three phase

machine

9.0.1 Introduction

In electric machines, particularly in high-performance and multi-phase appli-

cations, efficiency and loss reduction are critical. Stator copper (Joule) losses

are one of the most significant contributors to overall power loss. This section

compares stator copper losses in a typical Three phase motor versus a Nine phase

motor, focusing on the influence of the winding factor Kw.

9.0.2 Objective

Compute the percentage decrease in stator Joule loss while utilizing a 9-

phase motor instead of a 3-phase motor, considering winding distribution and

slot/pole/phase configurations.
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Given Data

• Frequency, f = 50Hz

• Number of poles, P = 4

• Number of stator slots, S = 36

Slot Angle :

The slot angle refers to the angular displacement between adjacent slots in

the stator . Mathematically,

γ =
180× P

S
=

180× 4

36
= 20◦

Number of Slots per Pole per Phase :

The slot per pole per phase determines how the windings are distributed

around the stator or rotor. A higher SPP means that the windings are more

spread out, which can lead to a smoother and more sinusoidal distribution of the

magnetomotive force (MMF). Mathematically,

q =
S

P × Phases

For 3-phase motor:

q3ϕ =
36

4× 3
= 3
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For 9-phase motor:

q9ϕ =
36

4× 9
= 1

Distribution Factor Kd :

The distribution factor shows how much the total EMF generated by a dis-

tributed winding is reduced compared to a concentrated winding.

Kd =
sin
(
q·γ
2

)
q · sin

(
γ
2

)
For 3-phase motor:

Kd3 =
sin
(
3·20
2

)
3 · sin

(
20
2

) =
sin(30◦)

3 · sin(10◦)
≈ 0.5

3 · 0.1736
≈ 0.925

For 9-phase motor:

Kd9 =
sin
(
1·20
2

)
1 · sin

(
20
2

) =
sin(10◦)

sin(10◦)
= 1

Stator Copper Loss Relationship :

Stator copper loss is proportional to the square of the winding factor Kw,

which includes the distribution factor Kd [3]: Mathematically,

Pstator ∝ K2
w
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Relative Comparison:

PS9

PS3

=
Kd9

Kd3

=
1

0.925

Percentage Reduction in Stator Loss:

PS9 − PS3

PS3

× 100 =

(
0.925− 1

1

)
× 100 = −7.5%

9.0.3 Conclusion :

The 9-phase motor demonstrates a reduction in stator copper losses by ap-

proximately 7.5% compared to a conventional 3-phase motor, under identical slot

and pole conditions. This improvement is primarily due to a higher winding

factor, as the distribution of coils becomes more uniform with more phases.
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Chapter 10

Conclusion and Future work

10.1 Conclusion

• A comprehensive and unified mathematical framework has been developed

for analyzing the magnetomotive force (MMF) in multiphase induction ma-

chines, accommodating both odd and even phase numbers.

• Generalized MMF equations have been systematically derived for a wide

spectrum of winding configurations and neutral connection schemes, includ-

ing:

– Common neutral systems,

– Asymmetrical isolated neutral systems (odd/even phase counts),

– Symmetrical isolated neutral systems (odd/even phase counts).

• The formulation enables precise characterization of MMF spatial distribu-

tions and associated harmonic content, facilitating improved machine mod-

eling and performance prediction.

• The influence of space harmonics, resulting from slotting and winding dis-

tribution, is thoroughly examined to evaluate their effects on torque ripple,
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waveform distortion, and losses.

• To validate theoretical models, performance comparisons between different

double-layer winding layouts for three-phase induction machines are con-

ducted using both analytical and simulation-based approaches.

• Approximately 7.5% reduction in stator copper losses by in Nine phase in-

duction machine as compared to a conventional Three phase machine, under

identical slot and pole conditions.

10.2 Future work

1. Nine phase motor detail analysis including Torque Slip characteristics

2. Validation with Hardware Prototypes of the Nine phase induction Machine

3. Performance Evaluation with different Winding Configurations for multiphase induction machine

4. Mathemetical equation for Stator Surface Current Density for Multi-layer Windings
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