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Multiphase machines are of increased interest due to their potential advantages of
increased reliability, greater fault tolerance, harmonic current reduction and extended
speed torque capability. A better understanding of the utilization of higher order
harmonics, modes of operation and torque capability in different modes are necessary to
realize these possible advantages of higher phase order machines. Due to the high number
of coupled variables, the proper modeling and analysis of the higher phase order machine
turns out to be a challenging task.

In this thesis, a new approach is proposed for the better torque improvement of 9-
phase Interior Permanent Magnet (IPM) machine by the utilization of higher order
harmonics which contribute positively to the resultant torque. An approximate Fourier
series model and full order g-d model based on winding function theory is proposed for
the generalization of the dynamic model of the 9-phase IPM machine with and without
the inclusion of damper rotor bars. Analytical Finite Element Simulation is also
performed for the accurate prediction of the air gap flux characteristics of the 9-phase
IPM machine under the rated operating conditions. Similarly, for the verification of the
model, the full order model is simulated and induced EMFs on phase windings is
compared with the Experimental observations. This approach of Fourier series
approximation and qg-d full order modeling is also extended to three machine
configuration of 9-phase IPM machine and 9-phase induction machine to observe the
significance of torque contribution from each machine sets which aids for the realization
of better fault tolerance and increased reliability of the system.

For the extended speed/torque operation of 9-phase induction machine, the
concept of Pole Phase Modulation is introduced to operate 9-phase induction machine as
9-phase, 4-pole or 3-phase, 12-pole configurations. With the new design method based on
basic principle of turn and winding functions, both operation of the machine is examined
at rated condition with the realization in Finite Elements. For the precise estimation of the
parameters, different estimation methods are applied in both configurations and a
comparative analysis is presented. The full order simulation is performed using
MATLAB/Simulink and with the help of Finite Elements, the vector control is realized to
verify the extended speed/torque operation for pole phase modulated induction machine.
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CHAPTER 1

INTRODUCTION

1.1 Introduction

This chapter presents brief introductory concepts of multiphase systems and their
applications for varying speed and torque requirements. The primary focus of this thesis
is on the design, modeling, analysis and performance of 9-phase electric drives. Firstly, a
brief overview of multiphase systems is given followed by different transformations
utilized in multiphase systems. Similarly, different stator connection strategies of 9-phase
machine are discussed with introduction on pole phase modulation. Finally, the
motivations and objectives behind the research are discussed with the outline of the

thesis.

1.2 Overview of Multiphase Systems

The invention of power electronic converters has led to the increased interest in
multiphase systems during the last two decades [1]. This increasing trend of research in
multiphase drives has shown that those drives with phase numbers greater than three has
various advantages over the 3-phase counterparts, such as harmonic current reduction,
increase in per phase current without increase of per phase voltage, reduction of torque

pulsations, increase of fault tolerance and greater number of degrees of freedom.



Figure 1.1 An N-phase two level multiphase inverter

In addition to these advantages, in machine with the concentrated windings, the
control of fundamental as well as spatial low order harmonic components of magnetic
field in air gap can be performed. The reduction of torque pulsations are performed by the
analysis of the harmonic components greater than the fundamental component.

Additionally, the multiphase machine also has the advantages of noise reduction
and higher efficiency. Similarly, utilization of more than 3-phases gives the freedom of
splitting the power into various converter legs; hence, semiconductor switching can also
be controlled. Figure 1.1 gives the typical example of N-phase two-level multiphase
converter. Similarly, in case of multiphase converter, the control of switching allows the
multiphase drive to operate in different configurations. From recent years, the concept of
pole changing is also being utilized for multiphase drives to account for varying speed
torque requirements.

The pole changing capability with the changing of number of phases can be
visualized in 9-phase induction machine where, switching of the converters gives the
change of poles and phases instead of reconfiguration of the windings to achieve the pole

change [54, 55].



1.2.1 Transformations

The m-phase systems are transformed into equivalent orthogonal system for
utilizing the energy conversion characteristics. The study of Electric machinery involves
the study of different circuits in the relative motion. Unfortunately, it became difficult to
analyze the ac machines at an early stage due to high number of coupling circuits. It was
overcome in 1929 by R.H. Park, who formulated the transformation equations (Park’s
transformation) from actual 3-phase stator currents and voltages to different equivalent
currents and voltages. This 3-phase transformation was extended by Stanley, Kron,
Krause and Thomas to apply in different conditions.

The transformation of the variables in other equivalent circuits is adopted from
the concept of the rotating reference frames. The rotating reference frames are of the
central importance in the analysis of the electric machines. As described in [2], the
variables of the 3-phase system can be transformed into an equivalent orthogonal system
by transforming the real axes into the arbitrary plane which is referred as q-d-O plane.
Figure 1.2 shows the transformation of the 3-phases into equivalent q-d-0 plane where &
is the transformation angle and  is the frequency of the transformation.

The 3-phase system now can be transformed into the g-d equivalent plane simply

by using the transformation matrix:

5| cos 0 cos(@—a) cos(f—2a)
T (6’) =—|sind sin(@—a) sin(f-2a) (1.1)
1/2 1/2 1/2



[ d

Figure 1.2 3-phase transformation into two dimensional q-d-0 plane

The 3-phase transformation was then extended to higher order phase systems. In
[75], the transformation was extended to 5-phase systems, where the g-d reference frame
transformation was utilized without any inclusion of harmonic components. In [16], the
5-phase transformation is adopted to analyze the effect of different harmonics. This basic
concept can be generalized to a (2n+1)-phase motor, where it can be easily seen that there
exist n orthogonal g-d spaces, where each odd harmonic with the order of less than
(2n+1) of phase variables has its own g-d space. In other words, all the time harmonics,
which can contribute to the torque positively, can be equivalently and orthogonally
represented as dc components. Figure 1.3 shows the two orthogonal two dimensional
spaces of 5-phase motor as described in [16], where, u,v...z defines the phase sequences

of the motor.

As the number of phase increases, the harmonics that contribute to the total torque
positively can be represented in greater number of g-d spaces. Taking into account of the
9-phase systems, there exists 4 orthogonal g-d space due to the effect of fundamental, 3rd

harmonics, 5th harmonics and the 7th harmonics.
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Figure 1.3 Two orthogonal two dimensional spaces of 5-phase system (a) Fundamental
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Figure 1.4 Four orthogonal spaces of 9-phase system

Figure 1.4 shows the orthogonal spaces in g-d frame obtained from the inclusion

of higher order harmonics for 9-phase machines. With reference to Figure 1.4, the



transformation matrix with the inclusion of higher order harmonic terms can be defined

as Equation (1.2) where, ‘c’ represents cosine, ‘s’ denotes sine and a denotes the phase

shift between the two adjacent phase of the 9-phase system.

[c®) c@-a) c@-20) c@-3a) c@-4a) c(O-50) cO-6a) cO@-Ta) c(O-8a) |
s(@) s(@-a) s(@-2a) sS(@-3a) sS(@-4a) S(@-5a) s(@-6a) s(0-Ta) s(@-8a)
c(30) c3(@-a) c3(@-2a) c3(0@-3a) c3(0-4a) c3(@-5a) c3(@-6c) c3(0-Ta) C3(0-8x) (1_2)
s(30) s3(0@-a) S3(0-2a) S3(0-3a) S3(O-4a) S3O-5a) sS3(O-6a) S3(O-Ta) S3(00-8a)
T(0)=§ c(50) c50-a) c5(0-2a) c5(0-3a) c5(0-4a) c50-5a) c50-6a) c5(0-Ta) c5(0-8a)
S(50) s5(0-a) s5(0-2a) s5(0-3a) s5(0—-4a) sS5(0-5a) sS5(0—-6c) s5(0-Ta) sS5(0—-8c)
c(70) c1(@-a) c1(@-2a) c1(@-3a) c1(@—-4a) c1(@-5a) c1(@-6a) c1(@-Ta) c1(0-8x)
s(70) s1(0-a) s1(0-2a) s1(0@-3a) s1(O-4a) ST1(O-5a) s1(O-6a) s1(O-Ta) s7(0-8a)
| 1/2 1/2 1/2 1/2 1/2 1/2 1/2 1/2 1/2

1.2.2 Connections of 9-Phase Machine

Conventionally, in the operation of the 3-phase machines, it is observed that the
machine can be operated as star or delta connection schemes. It has also been observed
that for any machine with odd number of phases, there exists (m+1)/2 ways with which
the stator windings can be connected.

Thus for the 9-phase machines there exist five different configurations with which
the stator winding can be connected and thus producing different magnitudes and phase
angles of the voltages across the stator phase windings. These connections are described
in this section with the possible phase voltage across each winding.

a. One star connection: This connection is similar to the star connection in 3-

phase machines as shown in Figure 1.5. The phase voltages in this case are

V. =V, cos(6+4,) (1.3)

V., =V, cos(0+¢, —45) (1.4)



Figure 1.5 One Star Connection

V,, =V, cos(6+ ¢, — ) (1.5)
Vi =V, cos(8+¢@,—5p) (1.6)
v, =V, cos(@+¢, —2) (1.7)
Vg =V, cos(0+¢,—68) (1.8)
v, =V, cos(0+ ¢, —3) (1.9)
V,, =V, cos(0+¢,—713) (1.10)
v, =V, cos(@+¢, —85) (1.11)
p=27 (1.12)
where, V,, and ¢, gives the peak voltage magnitude and initial angle,
respectively.



Figure 1.6 Connection A-B-C-D-E-F-G-H-I of 9-phase machine

b. Connection A-B-C-D-E-F-G-H-I: This connection is illustrated in Figure 1.6.
If the individual windings of the machine are visualized, the phase voltage of
any winding is equal to the line to line voltages connected across the
particular winding. Hence, the phase voltage in this connection is not the same

as the star connection. Considering the connection as in Figure 1.6,

V,, =V, —V,, =V._(cos(@+g,)—cos(0+g, - B)) (1.13)
Hence,
Vab = Vas - Vbs :Vmab COS(@ + ¢0 + ¢ab) (114)

where, V,_, =V, 4/2(1—cos ) =0.684V

g, =tan| PP | _q00 77 g (1.15)
l—cosf 18



=1.2856 V,,

phase

Figure 1.7 Connection A-C-E-G-I-B-D-F-H of 9-phase machine

Hence, the phase voltage Vap is given as

v,, =0.684V_ cos[e — ¢, + Z—;’j (1.16)
Similarly, the other phase angles are 30°, -10°, -50°, -90°, -130°, -170°, 150° and
1100, for the line-to-line voltages Vic, Ved, Vde, Vef, Vg, Vgh, Vhi and Via,, respectively.

c. Connection A-C-E-G-I-B-D-F-H: This connection is also similar to the

previous connection with the winding displaced as given in Figure 1.7. From

the figure,
Vac = Vas - VCS = Vm [cos(g + ¢0 ) - COS(Q + ¢0 - Zﬁ)] = Vmac Cos(e + ¢0 + ¢AC ) (1 * 17)

V... =+2(1—cos2 N, =1.2856V,

¢AC — tan—l Sll’lz,g — 500 :5_7[ (1.18)
l1—-cos2p 18



=1.9696V,

phase

Figure 1.8 Connection A-E-I-D-H-C-G-B-F of 9-phase machine

Hence, the phase voltage Vg 1s given as

v,, =1.2856V, cos[@ + ¢, + %j (1.19)

Similarly the phase angles for other line voltages will be -30°, -110°, 170°, 90°,
100, -700, -150° and 1300, for the line-to-line voltages Vce, Veg, Vgi, Vib, Vod, Vdf » Vin
and Vpa, respectively.

d. Connection A-E-I-D-H-C-G-B-F: This type of connection is drawn and the

layout is given in Figure 1.8. From the figure,

V,, =V, — V., =V, [cos(@+¢,)—cos(6+@, —48)| =V, .. cos(0+d, + o) (1.20)

V.. =+2(1=cos4BN, =1.9696/,

¢AE :tanfl Sln4,8 :100 :l (121)
1—cos4p 18

Hence, the phase voltage Vg 1s given as
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Figure 1.9 Connection A-F-B-G-C-H-D-I-E of 9-phase machine

v,, =1.9696V, cos(e + ¢, + %j (1.22)

Similarly, the other phase angles will be —1500, 500, -1 100, 900, —700, 1300, —300,
and 1700, for the line-to-line voltages Ve, Vid, Vdnh, Vhe, Vegs Vgb » Vbt and Via,

respectively.

e. Connection A-F-B-G-C-H-D-I-E: The connection diagram of this

configuration is given in Figure 1.9. From the figure,

Var =Vas — Vs :Vm [COS(0+¢O)_COS(0+¢O _Sﬂ)]

(1.23)
= Vmaf COS(Q + ¢0 + ¢AF )
V... =+2(—cos4BN, =1.9696V,
b —tan| S0P | o7 (1.24)
l1—cos5/4 18

Hence, the phase voltage Va is given as
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v, =1.9696V, cos(ﬁ + ¢, — %} (1.25)

The other phase angles will be will be 30°, -130°, 70°, -90°, 110°, -50°, 150° and -
100, for the line-to-line voltages Vi, Vig, Vgc, Veh, Vhd, Vdi » Vie and Vea, respectively.
The following configurations have the same line-to-line magnitudes with opposite

phase shifts:

A-B-C-D-E-F-G-H-I and A-I-G-F-E-D-C-B have the same magnitude of
0.684 p.u. and phase angles 70° and -70°, respectively.

A-C-E-G-I-B-D-F-H and A-H-F-D-B-I-G-E-C have the same magnitude
of 1.2856 p.u. and phase angles 50° and -50°, respectively.

A-E-I-D-H-C-G-B-F and A-F-B-G-C-H-D-I-E have the same magnitude
of 1.9696 p.u. and phase angles 10° and -10°, respectively.

f. Three Phase Connections:

The following configurations will results into three 3-phase delta
connections: A-D-G, B-E-H and C-F-I. These will give the line-to-line voltages
with the same magnitude 1.7321 p.u. and phase angles of 30°, 10° and 50°,

respectively.

1.2.3 Pole Phase Modulation

The 9-phase squirrel-cage induction motor designed for 4-pole operation can also
be utilized to operate in 3-phase, 12-pole configuration by rearranging the stator winding

connections using the pole phase modulation technique (PPM). The 9-phase, 4-pole
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configuration can be used for extended high speed and low torque requirement, whereas
the 3-phase, 12-pole arrangement can be utilized for low speed and high torque
applications. By switching from one stator winding configuration to another, the 9-phase
induction machine can be used for high torque, low speed and extended high speed range
and low torque requirements in applications such as the electric vehicle and high speed
elevators. Figure 1.10 shows the 3-phase, 12-pole, stator winding connections
reconfigured from the 9-phase, 4-pole stator winding connections. The pole phase
modulation scheme can be explained from the torque capability graph given in Figure
1.11. As shown in figure, for low speed, higher developed torque is produced utilizing the
3-phase connection, and as speed increases, the 9-phase stator winding arrangement

produces a higher torque.

1.2.4 DSP-FPGA Interfacing for 9-phase Machine Control

A control system is proposed using the TMS320C6713 floating point DSP and
Xilinx Spartan 3E FPGA with Nexys 2 board to operate and control the 9-phase machine.
Figure 1.12 shows the proposed control algorithm where the control program is written in
DSP in C programming language using Code Composer Studio. There exists duplex
communications between DSP and FPGA with the modulation index obtained from DSP
to output the PWM signals from FPGA by comparison with triangular carrier. The PWM
signals thus obtained is sent to PWM generation board, where the switching signals are

generated to drive the 9 leg inverter.
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Figure 1.10 3-phase, 12-pole, stator winding connections reconfigured from the 9-phase,
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Figure 1.11 Torque capability of the pole phase modulated induction machine

The speed and current sensors are used to sense the speed and current and fed into
FPGA through Analog to Digital converters. Finally, the communication between FPGA
and DSP ensures the real time digital processing of the system for varying operating

conditions.
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Figure 1.12 Control algorithms for DSP-FPGA interfacing for 9-phase machines

1.3  Motivation and Objectives of the Thesis

The operation of multiphase machine for its potential advantages of greater
reliability, extended speed/torque capability and improvement of torque requires the
better understandings of utilization of higher order harmonics, mode of operation and
torque capability in these modes. There exists significant research in the literatures but
due to the large number of coupled variables, proper modeling and analysis of high phase
order machines is a challenging task. The existing works are full of assumptions and
proper utilization of higher order harmonics is neglected, particularly when dealing with
the generalization in modeling and performance analysis of high phase order machines.
This thesis serves to fill the gap that exists on the modeling and performance analysis of
the machine by generalizing the model of the machine by use of Fourier series

approximations of the winding functions. The advantages of multiphase machines in

15



torque improvement, increased reliability and extended torque capability are also
analyzed analytically.
The major objectives of the thesis are as follows:

e To model and analyze the contribution of higher order harmonics in overall
system dynamics of the 9-phase Interior Permanent Magnet (IPM) machine using
Fourier series approximations of winding functions.

e To perform the full order gq-d model including harmonics for 9-phase IPM
machine with the inclusion of damper rotor bars using winding functions of stator
and rotor and the analysis of induced EMF due to permanent magnet.

e To perform the analysis of 3 machine configuration of 9-phase IPM machine with
Fourier series approximations of winding functions, full order gq-d model and the
analysis of induced EMF on each machine sets due to permanent magnet.

e To perform the air gap flux analysis of 9-phase IPM machine considering the
effects of permanent magnet flux and armature currents using analytical finite
element simulations.

e To perform the full order modeling, design and simulation of 9-phase induction
machine operated as pole phase modulation for extended speed/torque capability.

e To perform the finite element realization of pole phase modulation of 9-phase
induction machine with torque capability, performance and vector control.

e To perform the modeling and simulation of 9-phase induction machine connected

as three sets of 3-phase machines to observe the individual torque contribution.
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e To develop a hardware system implementing Digital Signal Processor (DSP) and
Field Programmable Gate Array (FPGA) in order to produce the switching signals

to drive the 9-phase inverter.

1.4 Thesis Outline

This thesis is categorized into 10 chapters. Chapter 1 presents the overview of
multiphase systems and recent trends in multiphase drives. The transformations for
resolving the system into two variables in different phase systems are presented.
Similarly, this chapter also presents the research motivations and objectives of the thesis
which is followed by the outline of the thesis. In Chapter 2, brief Literature Review is
presented to outline the previous works performed in the field of multiphase systems.

In Chapter 3, Fourier series approximation of winding function and magnet flux
density is utilized to model the 9-phase interior permanent magnet machine with
inclusion of higher order harmonics to observe their effect in overall system performance.
With the approximation of winding function and air gap function with Fourier series, the
derivation of inductance matrix in real variables is presented using step by step
integrations. The contribution of the harmonic components in the performance
parameters and overall torque is investigated with number of calculation steps. Similarly,
the air gap field analysis is also presented in this chapter with finite element simulations.

Chapter 4 presents the full order g-d modeling and simulation of 9-phase IPM
machine using actual turn and winding functions with the inclusion of high order

harmonics. Initially, the turn and winding functions of stator and rotor bars are
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transformed into stationary reference frame graphically. With the help of model
equations, the inductances are derived in the rotor reference frame by using the
integration of the transformed winding functions. The full order simulation is performed
with the help of stator and rotor winding functions to study the transient and steady state
results. Similarly this chapter also deals with the air gap flux analysis of the 9-phase IPM
machine using magnetic circuit concepts, where the fields caused by the armature
currents and permanent magnet flux in the air gap are analyzed using finite element
simulations.

In order to realize the equivalent three phase analysis of the 9-phase systems, the
three machine configuration of IPM machine is derived using the Fourier approximations
of winding function and contribution of each machine set to the overall performance is
analyzed in Chapter 5. Similarly, the g-d full order model is also implemented in the
three machine configuration to observe the performance parameters of each machine with
the idea of the induced EMF on each machine windings.

Chapter 6 presents the new method of modeling and simulation of 9-phase
induction machine for pole phase modulation scheme. The realization of PPM to operate
the machine as 9-phase, 4-pole and 3-phase, 12-pole is presented with the help of
winding functions, winding designs and finite element simulations. Different estimation
techniques are utilized to derive the parameters of the 9-phase induction machine in pole
phase modulated schemes. The coupled model of the machine is performed with the help
of parameters derived and the simulation of both operations is carried out. The
comparison of the results obtained while operating the machine in pole phase modulation

are also carried out.
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In Chapter 7, connection of 9-phase induction machine with the help of the three
sets of 3-phase power electronics converters is discussed. The 3-phase system is
connected to three sets of power electronics converters and these converters supply the
three sets of 3-phase voltages of 9-phase induction machine shifted by angle of 60/n,
where N is the number of 3-phase sets. The contribution of each machine torque is
observed for the overall torque production of the machine. Similarly steady state analysis
of 9-phase induction generator is also performed operating as three machine
configuration connected to converters and different loads.

The extended torque/speed operation of 9-phase induction machine is realized in
Chapter 8 with the finite element realization for torque capability in different connection
schemes. With the development of the rotor field orientation scheme, the stator and rotor
model is performed in finite element Software. Similarly, with the help of LUA rotor
field orientation is realized and torque capability is studied under pole phase modulation
and other connection schemes.

A brief overview of the progress made on experiments using DSP and FPGA
interfacing in producing 9-phase switching signals is presented in Chapter 9. The
experimental setup is presented and final results on the experiments are discussed in this
chapter.

Finally, Chapter 10 gives the concluding remarks and summary of the work
performed. Moreover, future recommendations for the work are also discussed with the

contributions made from the research work.
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CHAPTER 2

LITERATURE REVIEW

A survey of historical developments related to this thesis is presented in this
chapter. The chapter consists of four sections. In Section 2.1, the development of
multiphase systems is reviewed with the considerations of multiphase converters, 5-
phase, 6-phase, 7-phase, 9-phase and higher order systems. Section 2.2 discusses the
progress made on parameter estimation and modeling of multiphase drives. Similarly,
Section 2.3 discusses a survey of pole phase modulation technique developed for pole
changing operation of drives for varying speed and torque requirements. Finally in
Section 2.4, the developments on DSP-FPGA interfacing specially designed to interface

electrical drives are discussed.

2.1  Development of Multiphase Systems

The key origin of the research in multiphase machines started in late 1950s, when
the development of inverter fed ac-drives were in initial stage. The 3-phase inverter
operation has the particular problem of the low frequency torque ripple. An increase in
number of phases of the machine appeared to be the best solution, when it was realized
that the lowest torque ripple in an n-phase system is caused by the time harmonics of the
supply of the order of 2n £ 1 , i.e., its frequency is 2n times higher than the supply

frequency. Hence, significant efforts had been put forth in the development of 5-phase
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and 6-phase variable speed drives supplied from voltage and current source inverters until
mid-80s. The other main reason for the development of the multiphase machine is the
better fault tolerance and the possibility of splitting the motor power across a higher
number of phases, thus reducing the converter switching which is the method of power

segmentation [1].

2.1.1 Development of Multiphase Converters

Recent developments in the area of multiphase variable speed drives, for potential
applications like electric aircraft, electric ship propulsion, electric and hybrid-electric
vehicles, and other high power industries, have led to a corresponding development of
pulse width modulation (PWM) schemes for multiphase inverters used in these drives. A
generalized form of space vector modulation for n-phase system is developed in [3], for
operation of the machine in pole phase modulation scheme with the 9-phase machine
implementation. Similarly, a novel analysis is proposed in [4], on a multiphase SVPWM
in order to realize a non-sinusoidal phase voltage. Based on the concept of an arbitrary
reference voltage vector, a five-phase ac motor is synthesized in terms of the applying
times of available switching vectors in a five-phase PWM inverter. The problem of the
space vector modulation (SVM) of multiphase inverters is solved introducing the concept
of reciprocal vector in [5]. The full exploitation of the dc input voltage and the
modulation of voltage space vectors in different d—q planes can be achieved
simultaneously using this approach. The discontinuous space vector PWM (DPWM) for a

five-phase voltage source inverter is presented in [6], with the utilization of large and
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medium vectors to synthesize the input reference in discontinuous mode. Similarly, a
multi-frequency output voltage generation with arbitrary values of various sinusoidal
components is developed in [7]. The scheme is experimentally verified for 5-phase
voltage source inverter. A realization of three to 9-phase matrix converters is performed
in [8], where PWM technique is developed for the ac—ac converter named as a non-
square three-to-9-phase matrix converter. In [9], an FPGA implementation of space
vector pulse width modulation (SVPWM) algorithm for multilevel multiphase voltage
source converters is presented, with the implementation for 5-phase motor. A
comprehensive relation between the multiphase carrier based PWM and SVPWM is
established in [10] in terms of modulation signals and space vector sectors. Similarly, in
this paper, distribution of zero vectors is also discussed, leading to different types of

modulation schemes.

2.1.2 Development of 5-phase Systems

With the development of multiphase converters, significant research has been
accomplished to realise the 5-phase machine scheme in industrial applications. The main
focus on development of these machines is to utilize the higher order harmonics that
contribute to the resultant torque positively. The general model for the 5-phase induction
machine is performed in [11], allowing harmonics in air gap field. Considering the higher
order time and space harmonics, and with the help of the general equations, the behaviour
of the machine is determined in any operating condition. The behaviour of 5-phase

induction machine is studied in [12], with a vector control method developed based on
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the q;d;qsds, reference frame using the independent control of both flux and torque. The
DSP implementation is also performed in TMS320C32 DSP which shows that the control
by using the combined fundamental and 3rd harmonic current achieves the desired
current and flux waveforms. The same concept of vector control is extended to 5-phase
permanent magnet motor in [13], where the effect of the 3rd harmonic currents in the
overall torque production is analyzed with experimental results. It is also shown that the
performance of the 5-phase PMSM is better than the BLDC counterpart due to the
controllability and compatibility with the vector control technique in the field weakening
regions. Similarly, the 5-phase PMSM analyzed for the 3rd harmonic injection in [14],
where the equivalent circuit is developed using the model and experimental results are
compared with the simulation results with the combined effect of fundamental and 3rd
harmonic currents. Similarly, due to the potential advantage of higher order harmonics,
analysis and simulation of 5-phase synchronous reluctance motor is presented in [15],
with the inclusion of 3rd harmonic of air gap. With the help of d-q model of the motor,
computer simulation is carried out and results are compared with experiments. A
synchronous frame current control of 5-phase PMSM is introduced in [16, 17], where the
harmonics of current and voltage which can contribute to the torque positively are
equivalently expressed as dc components under asymmetric fault conditions. With the
help of simulation and experiments, each contribution of individual harmonics is
analyzed. Furthermore, for the analysis of fault tolerant 5-phase drive, fault-tolerant
control techniques for 5-phase permanent magnet motors with trapezoidal back

electromotive forces under various open-circuit conditions is analyzed in [18].
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The 5-phase machines thus developed are extended to multi-motor drives
connected in series. A 5-phase synchronous reluctance machine is connected in series in
[19], with 5-phase induction machine and the verification of decoupling dynamics is
presented. Similarly, in [20], two 5-phase induction motors are connected in series and a
complete decoupling of flux/torque producing currents is realized between the two

machines.

2.1.3 Development of 6-phase and Dual Stator Systems

With the development of n-leg inverter system as specified in [3], the
development of the multiphase system advances into the 6-phase and dual stator systems.
Many of the 6-phase systems are analyzed with the concept of the split phase systems
with the splitting of 30 degrees between the two sets of 3-phase systems. This approach is
utilized in [21], where a d-q model of 6-phase induction machine is derived with the
analysis of the slot leakage coupling between the two 3-phase groups. Similarly the
simple indirect FOC scheme for operation and control of a 6-phase induction machine is
analyzed in [22] with an arbitrary displacement between the two 3-phase winding sets. It
is also shown that the independent control of the two stator winding currents allows for
the elimination of the problem of the unbalanced current sharing between the two 3-phase
winding sets. Similarly, the DTC solution for dual 3-phase induction motor drives is
implemented in [23], to simplify the control scheme and improve the dynamic
performance by elimination of the current control loops. It was experimentally shown

that the good response of stator flux and torque in both constant torque region and field
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weakening region can be achieved by using the DTC scheme. In [24], 3rd harmonic
injection for 6-phase permanent magnet synchronous machine and its effects are
analyzed. Here, it is shown that the creation of an additional rotating field with angular
speed equal to the fundamental angular speed has the effect on the output power
capability (OPC) of the interior PMSM. Similarly, in [25], the establishment of direct
torque control of split phase induction machine is presented. The two new methods of
DTC technique for an SPIM is developed and it was shown that the torque ripple of the
motor can be reduced significantly compared to 3-phase DTC. In [26], the concept of
vector decomposition used for the dual 3-phase machine is developed where the voltages
and currents of original six dimensional vector space are mapped into three two
dimensional orthogonal subspaces. This gives the machine model as three sets of
decoupled equations. Similarly, a new space vector PWM technique is also developed
based on the vector space decomposition. It is shown that the existence of zero sequence
component provides the optimum current regulation of the multiphase machine. In [27],
the 2-motor configuration is extended to 6-phase two motor configuration for decoupled
control. Here, 6-phase induction machine is used in series with 3-phase induction
machine driven from a 6-phase inverter. Full decoupling of the two machines is realized
by using the vector control. In [28], the torque density improvement of a 6-phase
induction motor with 3rd harmonic current injection is discussed. Here it is shown that
the injection of 3rd harmonic zero sequence components in phase current greatly
improves the machine torque density. Analytical, finite-element, and experimental results
are presented to show the system operation and to demonstrate the improvement on the

torque density.
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2.1.4 Development of 7-phase Systems

The increasing trend of research in multiphase systems was also extended to 7-
phase systems in some literatures. In [29], control of multiphase machine with odd
number of phases under open-circuit phase fault is analyzed for 7-phase induction motor.
The mathematical analysis is based on the space vector representation of the multiphase
system and is valid either in transient or steady-state operating conditions. In [30], easy-
to-implement control strategies are developed when a seven-phase axial flux permanent
magnet machine is supplied by a seven-leg voltage source inverter in fault operation
mode. In this case, using a vectorial multi-machine description, a seven-phase machine
presenting a heightened ability to be controlled with one or two open-circuited phases has
been designed and new current references are calculated to avoid high-torque ripples

using vectorial approaches.

2.1.5 Development of 9-phase Systems

With the evolution of the multiphase machines and the concept to utilize the
higher harmonics of air gap, 9-phase systems were developed in recent years. In [31],
design, test and harmonic analysis of 9-phase armature windings is performed. A
harmonic analysis of the designed winding in induction machine is also performed in this
paper. In [32], a 9-phase permanent magnet synchronous motor drive system is developed
based on multiple 3-phase voltage source inverters. The mathematical model is simplified

and drive system is controlled by using the d-q control theory. Similarly, [33] presents the
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study of different configurations of an axial-flux 9-phase concentrated-winding
permanent-magnet synchronous generator for direct-drive wind turbine. Here, an
optimization process is utilized to minimize the total active mass, maximize the power
factor and also validation and measurements are performed in a small scale prototype. In
[34], a fully generalized lumped parameter d-q model of an n phase synchronous machine
is developed along with a multiple harmonic synchronous reference frame control
technique implemented using a carrier based pulse width modulator. The analytical
machine model is verified analytically through the characterization of a 9-phase

synchronous machine prototype.

2.1.6 Development of Higher Phase Order Systems

To get the advantage of the higher phase order, research and analysis is still on-
going for higher phase order systems. In [35], an n-phase PMSM is analyzed for the
generation of optimal current references in normal or fault mode (open-circuited phases).
It also proposes a novel way of generating optimal current references in real time in order
to obtain a constant torque regardless of the number of open-circuited phases of an n-
phase PMSM. An indirect vector control scheme with an improved flux pattern using 3rd
harmonic injection is developed in [36], for the case of 11-phase induction machine. An
improved machine power density was realized by independently controlling both flux and

torque and to generate a nearly rectangular air-gap flux.
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2.2  Parameter Estimation of Multiphase Machines and Modeling

The electromagnetic design of an induction motor follows the determination of
the inductor motor parameters to be used to analyze the motor performances (torque,
current, efficiency and so on). Several patent applications are also filed for the accurate
determination of the induction machine parameters [37]. The fastest and viable approach
is the use of experimental method to determine the inductance parameters; however, this
method is based on measurements and approximation. New methods are developed in
[38, 39] which give the precise estimation of the parameters from the experimental
observation and the magnetic analysis of the structure. Magnetic field analysis is
performed in [40] to determine all the parameters of the machine including the coupled
parameters. Similarly in [41, 42], a finite element approach is developed for the model
which utilizes the analysis of the model using finite element simulations.

The modeling of the 3-phase machine in arbitrary reference frame is performed in
[2] by using reference frame transformation. In [43], modeling and control of 5-phase
induction machine with the inclusion of 3rd harmonics is performed. Similarly, in [44],
modeling and analysis of dual stator induction machine is performed and contribution of
3rd harmonic current injection is analyzed. The modeling of 5-phase permanent magnet
synchronous machine is performed in [14] with the inclusion of effects of 3rd harmonic
injection. In [45], both stator and rotor circuits are modeled by the set of only four
coupled differential equations which are the d-q model of the machine. The model

equations are utilized to model any number of rotor bars with skewing. Modeling of 3-
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phase induction machine under rotor field orientation is realized in [46] using finite

element analysis.

2.3  Development of Pole Changing Operation of Induction Machine

A significant research is on-going to realize the advantage of multiphase machine
to operate in varying speed torque characteristics. With the invention of electronic pole
changing efforts has been made to utilize the machine with the varying number of poles
and phases. The speed variation using the pole changing concept without changing the
number of phases is utilized in the conventional methods like Dahlander or pole
amplitude modulation (PAM) scheme, where number of phases of the stator windings at
both speed ranges is the same [47]. The pole changing capability of a four pole machine
is investigated in [48]. The windings are reconfigured such that the machine operates as
4-pole until the constant power region, thereafter it acts as 2 pole machine. As a result the
operating speed of the motor doubles from the switch of the pole number. Similarly, in
[49] comparison of the power and torque capability of pole changing induction drive is
performed. It also compares the power and torque capability of this drive with
conventional four-pole and two-pole induction machine drives. Similarly, in [50], a new
six-phase pole-changing induction motor drive is proposed to extend the constant-power
operating range for electric vehicle application. Both phase shifts between two references
and between two carriers of the six-phase PWM inverter are proposed to achieve
electronic pole changing and harmonic suppression. In [51], a new double layer 3-phase 4

to 6 pole-changing winding, with 48 slots and 6 terminals is realized. A 2D FEM field-

29



circuit models is developed to simulate the operation of the experimental model equipped
with the newly proposed winding. In [52], the extension of the speed-control range up to
nine times the base speed through online reconfiguration of the motor windings is
realized. It also deals with the switchover of the windings, either from one pole to another
pole which causes small transients with the application in electrical vehicle drives.
However, for the additional degree of freedom, the number of phases is also changed in
modern designs using the principles of stator winding pole phase modulation (PPM) [53],
In earlier works the stator winding design considerations using the pole phase modulation
schemes have been proposed [53, 54]. Several patent applications also have been granted
which cover the (PPM) techniques. [55, 56]. In order to realize the varying torque and
speed operation, the pole phase modulation is realized in [53], where a general winding
design rule for the PPM of induction machines is proposed. With the example of three
types of windings viz. conventional winding machine, toroidal winding machine and
dual-rotor toroidal winding machine operated in the same mode the comparison is made
by using the finite element software JMAG-studio. The results show that both
conventional winding machine and dual-rotor toroidal winding machine present good
performances if pole phase modulation is performed. In the same way, in [57], pole phase
modulation is realized in 9-phase, 4-pole induction machine where a method is presented
for the accomplishment of a 12/4-pole change by modeling as two independent machines
on same load producing independent torque. The pole changing is accomplished in this

paper by increase of the torque of one machine and decreasing the torque of another one.
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2.4  FPGA-DSP Interfacing and Control

In order to realize the control of electrical machines with the higher phase orders,
different DSP and FPGA based control systems are implemented in literatures. In [58],
the investigation of new space-vector PWM (SVPWM) techniques suitable for 6-phase
machine is developed. The proposed system is carried out on a 15-kW prototype machine
and using a low-cost fixed-point TMS320F240 digital signal processor. Similarly, in [59],
the design, implementation, and test of an industrial multiprocessor controller based on a
floating-point digital signal processor (DSP) and a FPGA, to operate on a 150-kVA back-
to-back three-level neutral-point-clamped voltage source converter is developed to be
utilized for wind turbine applications. In [60], implementation of digital controllers using
field-programmable gate array (FPGA) components is presented. To this purpose, a
variety of current control techniques, which is applied to alternating current machine
drives, is designed and implemented with the realization of ON-OFF controllers and PI
controllers. In [61], a new approach using field-programmable gate array (FPGA) to
implement a fully digital control algorithm of active power filter (APF) is proposed
including synchronous-reference-frame transform, low-pass filter, 3-phase phase-locked
loop, inverter-current controller, etc. [62] reviews the state of the art of field
programmable gate array (FPGA) design methodologies with a focus on industrial
control system applications. The direct torque control for induction motor drives and the
control of a diesel-driven synchronous stand-alone generator is with the help of fuzzy
logic by interfacing with FPGA. In [63], the back to back neutral point clamped (NPC)

converter is realized with the use of DSP and FPGA interfacing. The control electronic
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platform assembly, the distribution of the tasks between the two selected processors, a
floating-point DSP and an FPGA, and the programming of these devices is performed to
utilize the control of electronic systems as applicable to wind turbines. Similarly in [64],
a fully digital controller based on multiple DSP and FPGA is proposed for parallel

operated cascaded multilevel inverters for use in Flexible AC Transmission Systems.
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CHAPTER 3

MODELING AND ANALYSIS OF 9-PHASE INTERIOR PERMANENT

MAGNET (IPM) MACHINE USING FOURIER SERIES APPROXIMATION

3.1 Introduction

In this chapter, the Fourier series approximated modeling of 9-phase interior
permanent magnet machine is performed keeping into account the different harmonic
components of the winding function and air gap field flux due to magnet. For better
torque improvement, the study of the individual harmonic contribution needs to be
analyzed in the case of multiphase machines. By generalizing the concept given in [16] to
a (2n+1) phase system, it is observed that there exists n orthogonal d-q spaces where each
odd harmonic with order of less than (2n+1) can be expressed equivalently as dc
components. This concept gives the analysis of fundamental, 3rd harmonics, fifth and 7th
harmonics in 9-phase motor to contribute to the resultant torque. As described in Chapter
1, four rotating frames are also utilized for this analysis, one rotating at fundamental
frequency and other three rotating at three times, five times and seven times the
fundamental frequency, respectively. The self-harmonic and inter-harmonic inductances
are derived using this concept with their contribution to the resulting torque of the
machine. Similarly, the air gap analysis of the machine due to armature current and
permanent magnet flux is analyzed taking into consideration the contribution of the

magnet and armature current to the overall performance of the machine.
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3.2  Modeling of IPM Machine using Fourier Series of Winding Function with

Harmonics

In the modeling of the 3-phase motor, the winding functions are expressed as
Fourier series and then all higher order harmonics are truncated except the fundamental
harmonic [2]. It signifies that only the fundamental harmonic producing ripple free dc
torque is taken into account and other pulsating torque related harmonics are neglected.
In the same way, for the higher phase order machines, the inclusion of fundamental, 3rd
harmonic, 5th harmonic and 7th harmonic produces the ripple free torque and the
combination of each harmonic components also aid in the production of total torque.
Hence in the derivation of the IPM machine that follows, odd order harmonics until 7t
are taken into account. The modeling of the IPM machine in this chapter assumes that the
phase has full pitched concentrated windings in stator and there is no existence of even
order harmonics. Similarly there is no influence of flux saturation, hysteresis loss, eddy
current losses, cogging torque and slot effects. The effect of damper rotor bars is also not

taken into account in this modeling.

3.2.1 Voltage and Flux Equations in Natural Variables

Keeping the assumptions presented in Section 3.2, the phase voltages for phases

a, b, c....1 in 9-phase IPM machine are given as

Vabcdefghis = rslabcdefghis + piabcdefghis (3-1)
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where, I's is the stator resistance matrix. The voltage, current and flux linkage matrixes

are, respectively given as

T
Vabcdefghis = [Vas Vbs Vcs Vds Ves st Vgs Vhs Vis ] (3-2)
i =Ml b My by Mg 1 1 1 LT
Iabcdefghis _[ as bs cs ds es fs gs hs is]

: (3.3)
ﬂ’abcdefghis = [ﬂ'as ﬂ'bs ﬂ’cs ﬂ'ds ﬂ'es ﬂ’fs ﬂ'gs ﬂ’hs ﬂ’is ]

As the effect of damper bars is not included in the analysis, the total flux linkage

in the stator is due to the resultant flux linkage from stator and permanent magnet.

A =1 + A

abcdefghis abcdefghis _s abcdefghis _m = Lss Iabcdefghis + ﬂ“abcdefghis _m (3-4)

Equation (3.4) defines the total flux linkage in the stator windings due to stator

inductance, L, and the magnet flux, A L,, defines the inductance matrix with

abcdefghis _m *
diagonal part as self-inductances of each phases and off-diagonals as mutual inductance

between them and it is shown in Equation (3.5)

Litla L Lo Lo L L Lg Ly L
e Ltle Lo Ly L Lo Ly Ly L
b by Ll Lo Lo L LL
e by b Ll Lo L oLy Ly L

L,=| La Lo L L Lo +Lee Lot L Lo L (3.5

Lia Ly, Lt Ly Le  Litle Ly Ly Ly

Ly Ly Ly Lya e Ly Letly Ly Ly

La Lo L Lg L Ly Ly  Litbw L

L Ly, L L L L L Ly Lotk

Similarly, the second part of Equation (3.4) defines the flux due to permanent

magnet induced on each phases of the stator windings.

/?’abcdefghisim :[ﬂam ﬁ'bm ﬂ’cm ﬂ‘dm ﬂ’em ﬂ‘fm /?’gm ﬂ‘hm /11m]T (3-6)
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In the following sections, each term of Equation (3.5) and (3.6) is derived.

3.2.2 Stator Inductance Matrix

As described in Section 3.2, the winding functions are expressed as Fourier series
with the inclusion of higher harmonics in the modeling of the multiphase motor. The
Fourier series approximation of the winding function is used for the derivation of stator
inductance matrix. Figure 3.1 shows the winding function of phase ‘@’ of the 9-phase

IPM machine. In general, the winding function is expressed as

n, =N, sin(p—ka)+ N, sin3(p—ka) + N;sin5(p—ka)+ N, sin7(p—ke) (3.7)
x=a,b,c....i, k=0,123.8 a= 27”

Due to the saliency of the IPM machine, the air-gap is not constant, but it is the
function of spatial and the rotor angles. If the flux plot of the machine is used, the air gap
length can be easily calculated as a function of spatial angle. However, in this analysis,
the air gap function of the machine is approximated as Figure 3.2. Practically, it is
observed that the design of the rotor includes an even number of symmetrically placed

poles and an equal number of south and north poles. This gives an idea that the inverse

air gap function consists of an average term plus even order harmonics. If 7 is the rotor

pole arc, the inverse gap function is given by Equation (3.8) [15].

k
g"(¢—9):a—zrbsin%cosk@ﬁ—@) (3.8)
where,
a;(L+ ! j)b;[L_ ! j (3.9)

2 gmin gmax 2 gmin gmax
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Figure 3.1 Winding function for phase a
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Figure 3.2 Inverse air gap density function

where ¢,_. and . represent the minimum and maximum values of effective air gap

lengths, respectively. In this analysis, pole arc, 7, is taken to be 90°and Fourier series

components up to the 5™ term are considered.

As a result, the generalized inverse air gap function is obtained as
97 (p,0,)=a, +a,cos2(p—6,)+a, cos6(p—0,)+a, cosl0(p—06,)+a, cosld(p—06,) (3.10)
where, ag, a1, as, a4 are the Fourier series amplitude for the inverse air gap function

obtained from Equation 3.10. They are given as
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a,=a, a1=—b,a2=—g,a3=—%,a4=—g (3.11)

If current i, is flowing through a-phase winding, the spatial MMF in ‘a’ phase

winding is expressed as

o+

: N N N .
f, = I n,i de= 2[ N, cos(¢p) + T3cos 3(p)+ ?Scos 5(p) + 77cos 7(g0)jlas (3.12)
4
The air gap flux density due to current flowing in phase ‘a’ is given as

b, = % g'f, = ,uo(Z( N, cos(p) + % cos3(p)+ % cos5(p)+ % cos 7((p)D (3.13)
*(ao +a,c0s2(p—6.)+a,cos6(p—6,)+a,cosl0(p—6.)+a, cosl4((o—¢9r))
From Equations (3.7) and (3.13), the ‘a’-phase flux linkage due to ‘a’-phase

current is derived as

Ao = ”E U:” n,d¢g )bad¢ (3.14)
2

where r and | denote the effective radius and stack lengths, respectively.

The self-inductance of phase ‘a’ is now given as

A
L. =i—aa (3.15)

aa

Substituting b, from Equation (3.13) and n, from Equation (3.7) into Equation

(3.14), the self-inductance of phase ‘a’ is obtained as

_ 5 ) 2 2 2 ]
MN,a, +7zN5 a, +7ZN7 a, +77N1 aﬁcosﬁr+ﬂN3 & cos60,
9 25 49 2 18

ﬂNi—’:Sa‘cos%’ +%cos69r (3.16)

N,’a, +

Laa:L|s+k L —

r

2 2
+ﬂN5 % cos100 +%COSIOH +%cos29 4—%cos10€r

r
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Mol

where, k =

In the similar way, the mutual inductance between phase ‘a’ and phase ‘b’ is

given as

ﬂ“a
Lab = Lha :-_b

aa

where,

2= ([ nas pe

(3.17)

(3.18)

With the substitution of the Equations (3.7), (3.13) and (3.17), the mutual

inductance between phase ‘a’ and phase ‘b’ is evaluated as

2 2 2

a,
7 0 cosTa+

N, a aNs"a
N a, cosa+%cos3a+#cos§a+

2 2

% cos(26, —a) + % cos6(0, —3a) + %[COSQQ ta)+

c0s(20, —3a)]+ MaNs8

[cos(60, —a)+cos(66. —5a)]+ %[cos@&r +3a)+

cos(26, —5a)]+

N ’a,

N5 N, a,
21

7N,N,a,

2

[cos(66, +a)+cos(66, —Ta)]+ % cos(106, —5a) +

o5 cos(146, —Ta) + %[005(26’r +5a)+cos(20. —Ta)]+

[cos(106. —3)+cos(106, —Tax)]

(3.19)

Equations (3.15) and (3.19) illustrate the derivation of self and mutual

inductances in real variables with the inclusion of amplitude of each harmonics of

winding functions and air gap constants. Taking a close view at these two equations, it is

observed that there exists a pattern of the cosine of rotor angles and cosine of phase shifts

as each phase inductances are taken into account. A definite pattern exists in the

derivation of other inductance terms of Equation (3.5). This pattern is given in Table 3.1,
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i = ol

however, these patterns are needed to be multiplied by the constant and then

each row should be added, before deriving the actual inductances. Similarly, leakage

inductance terms exist in every self- inductance terms.

3.2.3 Flux Due to Permanent Magnet

In the analysis of the induced flux in the air gap due to the permanent magnet, the
flux density waveform also should be represented in terms of the Fourier series. If the
flux density is plotted, it is also observed to contain the odd order harmonics with the
variation of the spatial angle as shown in Figure 3.3.

Approximating Figure 3.3 in terms of the Fourier series, and taking the terms of
the series until the 7™ harmonics the air gap flux density due to permanent magnet can be
approximated as
b,, =B, sin(p—6,)+ B, sin3(p—6,)+ B, sin5(p—6.)+B,sin7(p—-6.) (3.20)
where, B,, B,, B, and B,denote the amplitude of fundamental, 3rd, fifth and 7th

harmonics, respectively. Utilizing Equation (3.20) and Equation (3.7), the flux linkage

induced in the ‘a’ phase winding of the stator due to the permanent magnet is given as

ﬂam=f|j. Tnadé ndo (3.21)
AN
2
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Table 3.2 Inductance patterns of 9-phase IPM machine

N’a, | 2NJa, | 2N a, | 2N,’a, N, ’a, aN,’a, aNsa, N a,
9 25 49 2 18 50 08

Lo | ! ! ! c0s26, cos60, cos(108, ) cos(146, )

Ly, | €O5% | cos3a | cos5a | cosTa cos(26, — a) cos(66, —3a) cos(100, —5a) | cos(146, —Ta)
L, | cos2a | cos6a | coslOa | cosl4a cos(26, —2a) | cos(66, —6a) cos(100, —10a) | cos(146, —14a)
L, | cos3a | cos9ax cosl5a | cos2la cos(26, —3a) | cos(66, —9) cos(100, —15a) | cos(146, —21a)
L, | cos4a | cosl2a | cos20a | cos28a | cos(20, —4a) | cos(66, —12a) cos(108, —20c) | cos(146, —28a)
Ly | cosSa | coslSa | cos25a | cos3Sa cos(20. —5a) | cos(66, —15a) cos(108, —25a) | cos(146, —35a)
L, | cosba | cosl8a | cos30a | cos42a | cos(26, —6a) | cos(66, —18a) cos(108, —30a) | cos(146, —42a)
L,, | cos7a | cos2la | cos35a | cos 49« cos(20. —Ta) | cos(66, —21a) cos(108, —35a) | cos(146, —49a)
L, | cos8a | cos24a | cos40a | cosS6a | cos(20, —8a) | cos(66, —24a) cos(106, —40a) | cos(146, —56a)
Ly | ! ! ! cos(26, —2a) | cos(66, —6a) cos(100, —10a) | cos(146, —14a)
L, | €95% | cos3a | cosSa | cosTa cos(26, —=3a) | cos(66, —9a) cos(100, —15a) | cos(146, —21a)
Ly | cos2a | cos6a | coslOa | cosl4a cos(20. —4a) | cos(60. —12a) cos(108, —20c) | cos(146, —28c)
L, | cos3a | cos9a | coslSa | cos2la cos(26, =5¢) | cos(66, —15a) cos(108, —25a) | cos(146, —35a)
Ly | cosda | cosl2a | cos20a | cos28a | cos(20, —6a) | cos(66, —18a) cos(108, —30a) | cos(146, —42a)
Ly, | cosSa | coslSa | cos25a | cos3Sa cos(26, —Ta) | cos(66, —2lx) cos(108, —35a) | cos(146, —49a)
Ly, | cos6a | cosl8a | cos30a | cos42a | cos(20, —8a) | cos(66, —24a) cos(106, —40a) | cos(146, —56a)
L, | cos7a | cos2la | cos35a | cos 9« cos(260, —9¢a) | cos(66, —27ax) cos(l 06, — 45a) cos(l 46, — 63a)
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Table 3.2 cont’d Inductance patterns of 9-phase IPM machine

2

N *a aN’a, Ns’a, N,’a, N, N,’a, N a, N, a,
b 9 25 49 T2 18 50 98

Le | : : ! cos(26, —4a) cos(66, —12a) cos(106, —20a) cos(140, - 28a)
Ly | OS¢ | cos3a | cosSa | cosTa | cos(26, —5a) | cos(66, —15a) | cos(106, —25a) cos(146, —35a)
L, | cos2a | cos6a | coslOa | coslda | cos(26, —6a) | cos(66, —18a) | cos(106, —30c) cos(146, — 42a)
Ly | cos3a | cos9a coslSa | cos2la | cos(26, —7a) | cos(66, —2la) | cos(106, —35a) cos(146, — 49a)
L, | cosda | cosl2a | cos20a | cos28a | cos(26, —8a) | cos(66, —24a) | cos(106, —40a) cos(146, —56a)
Ly, | cosSa | coslSa | cos25a | cos35a | cos(26, —9a) | cos(66, —27a) | cos(106, —45) cos(146, - 63a)
L; | cosba | cosl8a | cos30a | cos42a | cos(26, —10a) | cos(66, —30a) | cos(106, —50) cos(146, —70ar)
Ly | 1 1 : cos(20. —6a) | cos(66, —18a) cos(l 06, — 30a) cos(l 40, — 42a)
Le | €O5¢% | cos3a cosSa | cosTa | cos(26, —Ta) | cos(66, —21a) | cos(106, —35) cos(146, —49a)
Ly | cos2a | cosba cosl0a | coslda | cos(26, —8ar) | cos(66, —24a) | cos(108, —40c) cos(146, —56a)
Ly | cos3a | cos9a cosl5a | cos2la | cos(26, —9a) | cos(66, —27a) | cos(106, —45a) cos(146, —63a)
Ly, | cosda | cosl2a | cos20a | cos28a | cos(26, —10a) | cos(66, —30a) | cos(106, —50) cos(146, — 70ar)
Ly | cosSa | cosl5a | cos25a | cos35a | cos(260, —1la) | cos(66, —33a) | cos(106, —55a) cos(146, —77ar)
Lee | : : : cos(26, —8ar) | cos(66, —24a) | cos(108, —40c) cos(146, —56a)

g | COS¥ | cos3a | cosSa | cosTa | cos(26, —9a) | cos(60, —27a) | cos(106, —45a) cos(146, — 63a)
L, | cos2a | cosba cosl0a | coslda | cos(26, —10a) | cos(66, —30a) | cos(108, —50a) cos(146, —70a)
Ly | cos3a | cos9a | coslSa | cos2la | cos(26, —1la) | cos(66, —33a) | cos(106, —55a) cos(146, —77a)
L; | cosda | cosl2a | cos20a | cos28a | cos(26, —12a) | cos(66, —36a) | cos(106, —60c) cos(146, —84a)

42




Table 3.2 cont’d Inductance patterns of 9-phase IPM machine

ﬂleao ”stao ”stao 77N723‘o ﬂleal ”staz ﬂN52a3 ”N7—Za4
9 25 49 2 18 50 98
Ly |1 1 1 1 cos(26, —10a) | cos(66, —30cr) | cos(108. —50c) | cos(146, — 70ar)
Ly |cosa |cosda |cosSa | cosTa | cos(26, —1la) | cos(66, —33a) | cos(106, —55a) | cos(146, —77a)
Ly |cos2a | cos6a | coslOa | coslda | cos(26, —12a) | cos(66, —36a) | cos(108, —60c) | cos(146, —84ar)
Ly | cos3a | cos9a | cosl5a | cos2la | cos(26, —13a) | cos(66, —39a) | cos(106, —70a) | cos(146, —9la)
w |1 1 1 1 cos(26, —12a) | cos(66, —36a) | cos(100, —60a) | cos(146, —84ar)
¢ | cosa | cos3a cos5a cos Ta cos(26, —13a) | cos(66, —39a) | cos(108, —65a) | cos(146, —91a)
Ly | cos2a | cos6a | coslOa | coslda | cos(26, —14a) | cos(66, —42a) | cos(108, —70a) | cos(146, —98axr)
Ly, |1 1 1 1 cos(26, —14a) | cos(66. —42a) cos(106, —80c) | cos(146, —98axr)
L, | cosa | cosda cos Sa cos Ta cos(26, —15ct) | cos(66, —45a) | cos(106, —85a) | cos(146, —105c)
L 1 1 1 1 cos(26, —16a) | cos(66, —48a) | cos(108, —90a) | cos(146, —112c)
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Table 3.2 cont’d Inductance patterns of 9-phase IPM machine

7ZN1N3a] ﬂNSNlal NNa, ”Nleaz N,Nsa, 772N5N3a‘
6 6 10 10 30 30
aa cos 26, cos 206, cos 60, cos 60, cos 206, cos26,
ab cos(260. +a) cos(26, —3a) cos(66, — ) cos(66, —5a) cos(26. +3a) cos(26, —5a)
ac cos(20, +2a) | cos(26, —6a) cos(66, —2a) cos(66, —10ax) cos(26, +6a) cos(26, —10a)

[
o

cos(26, +3a)

cos(20, —9a)

cos(66, —3a)

cos(66, —15a)

cos(26, +9a)

cos(20, —15a)

[N
@

cos(26, +4a)

cos(20, —12a)

cos(60, —4a)

cos(66, —20a)

cos(26, +12a)

cos(20, —20a)

=8

cos(26, +5a)

cos(20. —15a)

cos(660. —5a)

cos(60, —25a)

cos(20, +15a)

cos(20. —25a)

&
Q

cos(26, +6a)

cos(26. —18a)

cos(66. —6a)

cos(66, —30a)

cos(26, +18a)

cos(26, —30a)

|-\ \r|\r|r

)
=3

cos(26, +7a)

cos(26, —2la)

cos(66, —Ta)

cos(66, —35a)

cos(26, +2la)

cos(26, —35a)

—

L.

cos(26, +8ax)

cos(20. —24a)

cos(66. —8a)

cos(66, —40a)

cos(26, +24a)

cos(20, —40a)

o
o

cos(26, —2a)

cos(26, —2a)

cos(66, —6a)

cos(66, —6a)

cos(20, —2a)

cos(26, —2a)

o
o

cos(26, —5a)

cos(60, —Ta)

cos(60, —1la)

cos(26, + a)

cos(26, —Ta)

o
o

cos(26, —8a)

cos(66. —8a)

cos(66, —16a)

cos(26, +4a)

cos(20. —12a)

j=3
@

cos(26, —a)
cos(26,)
cos(26, + o)

cos(26, —1la)

cos(66. —9a)

cos(66, —21a)

cos(26, +7a)

cos(26, —17a)

o
=4

cos(26, +2a)

cos(260. —14a)

cos(66. —10a)

cos(66. —26a)

cos(26, +10a)

cos(20, —22a)

o
Q

cos(26, +3a)

cos(26, —17a)

cos(66, —1la)

cos(66. —31a)

cos(26. +13a)

cos(26, —27a)

o
=

cos(26, +4a)

cos(26. —20a)

cos(66. —12a)

cos(66, —36a)

cos(26, +16a)

cos(26, —32a)

O o Y I Il A A

=2

cos(26. +5a)

cos(26, —23a)

cos(66. —13a)

cos(66, —41a)

cos(26, +19a)

cos(26. —37a)
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Table 3.2 cont’d Inductance patterns of 9-phase IPM machine
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Table 3.2 cont’d Inductance patterns of 9-phase IPM machine

7N, Nsa
6

ZAA\IEN
6

N, N;a,
10

NsN,a,
10

N;Nsa
30

NsNsa
30

cos(20, —10c)

cos(26, —10a)

cos(66, —30a)

cos(66, —30a)

cos(26, —10a)
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ﬂNlN7a‘2 ﬂN7N1a2 ﬂN5N7a‘1 ﬂN7N5al 7ZN3N7a3 7ZN7N3al
14 14 70 70 42 42
L cos(66, —30a) | cos(66, —30a) | cos(26, —10a) | cos(26, —10a) | cos(106, —50a) | cos(106, —50c)
L cos(66, —29a) | cos(66, —37a) | cos(26, —5a) cos(20, —17a) | cos(1060, —47a) | cos(106, —57a)
L cos(66, —28a) | cos(66, —44a) | cos(26,) cos(26, —24a) | cos(106, —44a) | cos(106, —64a)
Ly cos(66, —27a) | cos(66. —51a) | cos(26, +5a) cos(26, —31la) | cos(108, —41a) | cos(106, —71x)
p cos(66, —36a) | cos(66, —36a) | cos(26, —12a) | cos(26, —12a) | cos(106, —60a) | cos(106, —60)
¢h cos(66, —35a) | cos(66, —43a) | cos(26, —Tar) cos(26, —19a) | cos(106, —57a) | cos(106, —57a)
gi cos(66, —34a) | cos(66, —50a) | cos(26, —2a) cos(26, —26a) | cos(106, —54a) | cos(106, —54a)
L, cos(66, —42a) | cos(66, —42a) | cos(26, —14ar) | cos(20, —14a) | cos(106, —70c) | cos(106, —70cx)
L cos(66, —41ar) | cos(66, —49a) | cos(26, —9a) cos(20, —2la) | cos(108, —67a) | cos(106, —77a)
Li cos(66, —48a) | cos(66, —48a) | cos(260, —16a) | cos(26, —16a) | cos(108, —80a) | cos(106, —80cx)
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Figure 3.3 Trapezoidal approximation of magnet flux density due to permanent magnet

Solving Equation (3.21) with the substitution of the Equations (3.7) and (3.20),
the flux linkage due to magnet and phase ‘a’ can be determined. Expressing in matrix
form, the flux linkage due to magnet and all corresponding phases of the 9-phase

machine is given as

Aavcaetgni m = V1K, cos(8, —ka) +k; cos3(6, —ka) +
- 3.22
k, cos5(6, —ka)+k, cos7(6, —ka)] (3.22)
where, k, = 78N, k, = ”B;N3 K, = ”B;NS K =M 0128 (3.23)

3.2.4 Synchronously Rotating g-d Voltage and Flux Equations

After the derivation of inductances in real variable form, equivalent
transformation of 9-phase variables is the next task to be performed to decompose the
higher phase orders into synchronously rotating axes with the reference frame angle of 6

Recalling the transformation matrix as discussed in Chapter (1),
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[c®) c@-a) o@-20) cO@-3a) c@-4a) oO@-5a) c@-6a) c@-Ta) o(O-8)]
s@ s@-a) s@-2a) sO0-3a) s(O@-4a) S(0-5a) S(0-6a) SO-Ta) S(O—-8x)
c(39) c30-a) c3(@-2a) c3I(0-3a) cAO—-4a) C3(@-5a) C3(@-6a) c3(O-Ta) c3(O—-8a) (3 2 4)
5[SBO) HO-a) SHO0-2a) s} O0-3a) SHO-4a) s} O-5a) s30-6a) s} O-Ta) s} O-83a) )
T@)=—|c(50) c560—-a) c50-2a) c5(O@-3a) c5(@-4a) c(O-5a) cO—-6a) c5O-Ta) c50-8x)
9 S(560) s5(0—-a) S50-2a) SNO-3a) S5O-4a) SNO-5a) S5O—-6a) sSNO-Ta) S50—-8x)
c(760) cl(@-a) c1(@-2a) cl(@-3a) cl(@-4a) Cc1(O@-5a) cl(@-6a) c1(O—-Ta) CT(O—8cx)
S(760) s 0-a) sNHO-2a) sST(O-3a) sTHE—-4a) s1(O@-5a) sNO-6a) SNO-Ta) ST(O—8x)
| 1/2 1/2 1/2 1/2 1/2 1/2 1/2 1/2 1/2

where,‘s’ denotes the sine and ‘c’ denotes the cosine of the angles. Similarly, @denotes
: . D 2
the transformation angle and «denotes the phase shift angle which is equal to i

radians.

Hence, multiplying both sides of Equation (3.1) by the transformation matrix

T(0)

b

T(ON,s =T(O)iis +T(O) PAy (3.25)

Denoting the transformed variables in q-d variables,

Vaas = T(O)1T(0) g +T(0) Py (3.26)

where, subscript ‘xs’ denotes the stator phases a,b,c...1 of the 9-phase machine.
As described in Section (3.1), the flux linkage in each phase consists of flux due

to the armature currents and the magnet flux, i.e.,

ﬂ'XS = LSSIXS +me

(3.27)
where, /Ixm gives the flux due to the permanent magnet on the stator windings.

For evaluation of Equation (3.26), each term is considered separately. The first

term of the equation gives the stator resistance matrix with constant stator resistance in

the diagonal terms as

TOT(@O) " =1 (3.28)
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For the manipulation of second term,

T (9) pﬂ'xs =T (0) p(T (9)_1 ﬁ“qdoxs ) =T (9) pT (0)_1 ﬂ’qdoxs +T (Q)T (6)_1 pﬂ‘qdoxs (3-29)

The first term in Equation (3.29) gives the flux linkage due to speed component.

The term T (&) pT (€)' gives the matrix of Equation (3.30).

01 00 0 0 0 00
10 0 0 0 0 0 0 0
00 03 00 0 00
0 0-30 0 0 0 00

T@OpT@)'=0/0 0 0 0 0 5 0 0 0 (3.30)
00 00-5020 00
00 00 0 0 O0 70
00 00 0 0-700
00000 0 0 0 0

where, wis the angular speed of the reference frame of transformation.
For the second term of Equation (3.29), applying the transformation matrix given

in Equation (3.24)

Agaors = T(O)As =T(O) Ll +T(O) Ay, (3.31)
j’quxs :T(Q)LssT (0)_liqus +T(‘9)l quxs quxs +T(9)ﬂ' (3-32)
where, quOxs =T(0) LssT (0)_1 (3.33)

The g-d inductance as obtained in Equation (3.33) needs to be formulated with the
help of equations of inductances derived in Table (3.1) and transformation matrix given
in Equation (3.24). The use of identities given in Appendix A aids for the easy
calculation of the g-d inductances in the evaluation of this inductance matrix. A simple
example of the utilization of the identities for the derivation of one inductance element of

Equation (3.33) is also given in Appendix A. There is the existence of self-inductance
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terms for each harmonic and inter-harmonic inductance terms. The matrix given by

Equation (3.33) has the following form:

Ly,
0
L31
0
=|L

qd 0xs 51

L,
0
0

0
L

o

1

3|_ OS'_O

(e}

Lis
0

L

35

0

L

o

q5

75

0
L;s
0
Lss
0
Lys

r o

75

ol ol oI o
~ ~ ~

S O O O O o o O

r

(3.34)

After using the transformation matrix and applying the concept of balanced

trigonometric identities as in Appendix A, the diagonal and off diagonal terms of

Equation (3.34) are given as

18 1l
"7 6

18 4, rl a
Ldl :Aﬂle[aO _?1]"' I-I

16

_18/10” 2
B 9%16 e
_18#0” 2
d3 — 9*16 3
_18#0” 2
T 05%]16 s
18# rl 2
L.=—"0" N
5 05%16 0 °
_18ﬂ0r| 2
77 49%16

aN,’[a, +%]+ L,

S

[ao + %] + I—Is

a
(3, ~ 21+ L,

a
[, + 73] + L

[ao -

a;
2

—]+L

Is
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(3.35)

(3.36)

(3.37)

(3.38)

(3.39)

(3.40)

(3.41)



_ 18,uorl 2 a,
d7 49*167ZN7 [ao _?]"'Lls (3'42)
L, =L, (3.43)
L, = St NN, 2 (3.44)
16 3
L, = StrANN; 3, (3.45)
16 5
8u,rl7N N, a
L = St N, &, 3.46
17 T 5 (3.46)
8u,rIAN N, a
L. =—f0""37°571 3.47
. 16 15 (3.47)
8u,rl7N,N. a
L, =—f0 "3 7773 3.48
¥ 16 21 (3.48)
u, NN, a
L. =—/0 "5 77 71 3.49
> 16 35 (349)

The series of derivations from Equations (3.35) to (3.49) gives the clear picture of

the effect of harmonics in derivation of the q-d inductances. Looking at Equation (3.35),
the expression for qu shows that it has only the term with N, . Similarly, Equation (3.36)

consists the term only with N,, i.e., the 3rd harmonics. The same result can be implied

from Equations (3.38) to (3.42) for other harmonic numbers. Similarly from Equations
(3.44) to (3.49), the inter-harmonic interactions give rise to different mutual inductances.
In the expressions of inductances due to the effect of first and 3rd harmonics, as observed

in Equation (3.44), it contains the term with N, and N;. Similar results are obtained

when Equations (3.45) to (3.49) are considered. Hence, this method gives an easy and
generalized approach to determine the g-d inductances for higher phase order systems

without the need of rigorous mathematical manipulations.
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After the determination of the self and inter-harmonic inductances of stator
windings, the mutual inductance between each harmonic component and the permanent
magnet flux needs to be determined in order to account for the induced electromagnetic
force in the stator windings. Applying the transformation in the flux equation described
by Equation (3.22) and solving by the use of trigonometric identities, the induced magnet

flux can be determined by Equation (3.50).

T(O) A, = 0 (3:50)

It is also observed that, the flux linkage vector due to each harmonic component
only has the terms associated in d- axes and corresponding harmonics of stator only
interact with corresponding harmonics in permanent magnet flux. The g-axes components
are zero as shown in Equation (3.50). The fundamental, 3rd, fifth and 7th harmonic g-d
voltages induced in stator windings can be simply obtained by the multiplication of flux
linkage with the corresponding speed of the harmonics. For example, the fundamental g-
axis induced EMF is obtained by the product of fundamental speed, ® and second
element of matrix given by Equation (3.50). Now using the set of Equations (3.25) to

(3.50), the g-d voltage and flux equations are expressed as
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=r.i

s'qgls +a)ﬂ’dls + pﬁ'

qls qls
dis — sdls a)ﬂ“ +pﬁ’dls

= + 3wl + PA

g3s s q35
d3s — rs|d3s 360/1 + pﬂ“d3s

q3s

gss = s q53 + 5045 + pj’qu (3.51)

s d55 5(0], + pﬂ“dSS

o
W
»

= +TwAy, + pPA

q7s s q7s

- rs|d7s 7(()/16]73 + p/q“d7s

q7s

o
=2
%)

< < < < < < < < <

0s — rs|0s + pﬁ’os
/1 = qulq1 + L13|q3 + L15|qS + L17|q7

/Idls = Ldlldl + L13'd3 + L15|d5 + L17|d7 +/1md1

/1 L31|GIl + Lq3 ot L35Iq5 + L37|q7
/1d3s = L31|d1 + Ld3|d3 + L35'd5 + L37|d7 +ﬂ“md3
ﬂ = L51|q1 + L53|q3 + qu q5 + L57|q7 (352)

/IdSS = Lyl + Lasigs + Lysigs + L57|d7 + Aings
Aqrs = Lol + Lisigs + Lisigs +L

73193 75195 q7 q7

/1d7s = Loy, + Losigs + Loslys + Lysig + A5
203 = I—03|05

With the use of Equations (3.51) and (3.52), it is now convenient to draw the

equivalent circuit of the system including the effect of all harmonic components. Figure

3.4 shows the g-axis equivalent circuit and Figure 3.5 shows the d-axis equivalent circuit.

3.2.5 Derivation of the Torque Equation

After the derivation of the inductance equations, voltage and flux equations, the
next step is the derivation of the torque equation to show the effect of individual

harmonics in the resultant torque of the system. In this section, electromagnetic torque is
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derived using the concept of co-energy and energy stored which can be given in terms of

stator current and magnet flux linkage as

W :%IStLSSIS +1.', (3.53)

co

where, | is the current matrix and L is the inductance matrix

From the relation between co-energy and electromagnetic torque,

_OW,,

Te
00

(3.54)

The evaluation of (3.54) follows from the the partial derivative of equation of co-
energy, given in Equation (3.53).
Taking the partial derivative and differentiating by parts,

o1 P
S S ae

m

STy
2 " 06,

m

| (3.55)

Using the relation between the mechanical angle 6, electrical angle 6, in

rotational systems,

0, = Eﬁrm (3.56)
2
Hence, Equation (3.55) becomes
T, :El 1! oLy I +E ! O (3.57)
22 ° 00 2 " 06

r r

Applying the reference frame transformation, and rearranging the terms, Equation
(3.57) turns into
0

An
06

r

T

9P 1 oL 9P
=———|l TO)=—=T@6) "l . +——|I T 3.58
e 222[Qdos} ( )60 ( ) qdos zz[qdos:r ( ) ( )

r
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Figure 3.4 q axis equivalent circuit

Figure 3.5 d axis equivalent circuit

In Equation (3.58), the expression of the torque involves the partial derivative of
inductance matrix with respect to the rotor angle, and similarly the partial derivative of

magnet flux with respect to the rotor angle. Applying the derivatives and use of identities
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as described in Appendix A gives the torque equation in terms of q and d inductance

matrix with the induced flux linkages as

9P - .
Te :T[(qu - Ldl)lqlldl +3(Lq3 - Ld3)|q3|d3
+5(Lgs — Lds)iqsids +7(Lg; — Ld7)iq7id7 (3.59)

+2Lm13(|q1|d3 - |d1|q3)+6Lm15(|q1|d5 _Idllqs)
+ 6L, (I 0g7 —1gi0g7) + 2L 55 (gslys —1gslgs)

+ 2|-m57 (iqsid7 - iq7id5) + 10Lm37 (iq3id7 - iq7id3)]

oP . . . .
+T[Iqlﬂdml +3|q3ﬂ’dm3 +5|q5ﬂ“dm5 +7|q7ﬂ’dm7]

The expression of Equation 3.59 gives an interesting observation regarding the
harmonic components and the total torque contribution. The contribution of each
harmonic component can be observed and inter-harmonic inductances are also in torque
formulation contributing to the total torque. This observation signifies the importance of
including the higher time and space harmonics in the analysis of the system. Hence,
improvement of torque is obtained through the injection of higher order harmonic
currents in the motor which is verified by Equation (3.59). The individual harmonic
current control algorithm can be utilized to perform the feedback control of the machine

for the better improvement of the machine torque.

3.3  Air-gap Flux Analysis of 9-Phase IPM Machine

The analysis of air gap flux is performed to observe the performance
characteristics of the drive under any operating conditions. The knowledge of air gap flux

leads to steady state and dynamic analysis of the machine under different operating
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conditions. Similarly, in the case of permanent magnet machines, the determination of
induced flux linkage induced EMF and other parameter estimations are performed only
after the analysis of the air gap flux. In this section, the 9-phase machine is analyzed
extensively using the fundamental concepts of Ampere’s law and magnetic circuits. With
the help of reference frame transformation, the analysis is performed in d-q reference

frame which aids for the easier mathematical evaluations.

3.3.1 Basic Machine Model Used for Analysis

The stator of the machine to be analyzed has m-phase winding with

sinusoidally distributed turns per pole.
where,

N = Number of stator turns

Ky = Winding factor

P = Number of poles

Suppose that currents i_,i,..d,, flow through each of the phase windings. For the
purpose of analysis, the air gap is increased by the Carter’s coefficient which is
calculated in [40]. In particular, the equivalent air gap is given in terms of actual air gap
g’ as
g=0'k .k, k (3.60)

Cs" 'Cr °s

where, K and k_are carter coefficients for stator and rotor slotted surfaces and K, is a

saturation factor for the iron parts of the machine. The transformation of the voltages and
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flux linkages to a d-q reference model is made using the Park’s transformation. In this

analysis only the fundamental component is taken into account, hence, for the 9-phase

machine, the Park’s transformation with the fundamental component is given as

T(g):g{cgeg cE@—Za; cge—m; cge—4a; cEH—Sa% CEG—6a§ CEG_M; cg9—8a; } (3.61)
9/s(@) sl@-2a) sl@-3a) sl@-4a) sl@-5a) sl@-6a) sl@-Ta) s(O0-8a

The analysis of the machine has following assumptions:

a. The relative motion between stator and rotor can be represented by identical
configurations but having no relative motion.

b. The representation of m-phase stator can be applied as a d and q winding,
each being equivalent to the original winding except that their axes lie,
respectively along d and q axes.

c. The values of magneto-motive force on the stator surface at any angle € from

the d axis are given as

F =2 m/z(‘/lz:'“)NkW cos= 0 (3.62)
VA

m/2(~21 )Nk
p o AMI22INK, P (3.63)

o P 2

where

m = No. of phases
| 4= d-axis current
I, = g-axis current,

P = No. of poles

kw= Winding factor
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The flux lines in the air gap are radial flux lines across the magnets lie in

perpendicular direction to the face of the magnet.

3.4  Fields Caused by the Magnets Acting Alone

In the analysis of the permanent magnet machine, the flux in the air gap which is

caused by magnet alone will induce a voltage called the open-circuit voltage E. The flux

which exists due to magnet is a d-axis flux since it is represented symmetrically over a

pole. [73].

3.4.1 Representation of Magnet

The normal B-H characteristic of a magnet is assumed to be linear and it lies in
the second quadrant. This is true to many of the materials made for the magnet,
particularly ferrites and earth materials. The B-H characteristic of the magnet is
represented in terms of residual flux density, By as
B=—4#H+B (3.64)
where, #' is the permeability of the magnetic material.

This linear characteristic of the magnetic material is shown in Figure 3.6.

In terms of the residual magnetic flux density and coercive force, the slope of

Figure 3.6 is given as
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L=—1 (3.65)

This property is applicable to the permanent magnet material but not to the entire
magnet. For the magnet characteristics Ampere’s law is applied as following for

calculation of total flux in the system

¢ =BA, (3.66)

m (3.67)
where, A and L are the magnetic area and length. From Figure 3.6 and Equations (3.66)

and (3.67) it is observed that the magnet characteristic is linear with the intercepts equal

to residual flux, ¢, = B, A, and coercive force, F, = H_L

Hence, from Equations (3.66) and (3.67), the total flux in the system can be given

in terms of residual magnetic flux and coercive force as

4 = {ﬁ_ F +¢rJ (3.68)

c

In the Equation (3.68), the quantity Fe is represented as reluctance of the magnet

r

F._H.L, L

_c m__R

- = 3.69
¢r BrAm #'A ( )

m
m

3.4.2 Equation Form of Magnet Configuration

The magnet configuration for the IPM machine provided is given in Figure 3.7,

where 1/4™ of the machine configuration with the magnet is presented.

63



For this configuration, there are two integral paths as observed in Figure 3.7. First
path is located entirely on the rotor and links only the rotor magnets while another one
links the stator and the magnet part. Now the resultant consists of the line integrals with
these two configurations.

Using Ampere’s integral law for the two paths,

HL -H,L =0 370
20gH, -H,L, =0 (3.70)
where, L; and L, are the lengths of the corresponding segments and g is the air gap

length.

Now a flux balance equation is needed in addition to the integral quantities

discussed. The flux ¢,, for the magnet sections is considered to be sum of magnet air gap
flux ¢, and the steel bridge leakage flux ¢ with stack length, I
#n =21,(nB, +,B,) = +4, (3.71)

where, h; and h; are the magnet width for Path 1 and 2, respectively.

Br
(Residual B Gauss
Induction)

HC
(Coercive
Force

-

H Orested

Figure 3.6 B-H characteristics of a magnetic material
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Figure 3.7 Flux pattern for 1/4™ of the machine
To define B, and B, one should go towards the fundamental of Ampere’s law and

The leakage flux in the steel bridge is the resultant of the magnet effect and the

Figure 3.7. In general they are given in terms of residual flux densities By; and By, for
armature reaction (i.e., caused by the stator currents on the magnet). This analysis is

performed only using the magnet part. For this analysis, suppose that the stator is open

3.4.3 Leakage Flux in Steel Bridges
circuited, i.e., there is no armature reaction.

Sections 1 and 2, respectively:

B, =-xH, +B,
B, =—u,H,+B,,



Considering the particular case of the steel bridge as in Figure 3.8, the Amperes
law for bridge and air gap parts yields,

H1L1 _HtlLl =0

3.74
2gH, —H,L, =0 (374)

Also from Figure 3.8, the field strength on the bridge is found to be

H, =2gH,L,. Hence for the two bridges, the total flux is

, . R
¢, =B, 2t =2gH 1, 2t, = =29, — (3.75)
Ll Rll
where
g L,
R =2 R = 6. =B A 3.76
g Ag 11 ,U12t1|5 ¢f fiY ( )

The total leakage flux per pole is the leakage in two bridges of dimensions

L,,t,, 4 and L,,t,, i, . The total leakage flux per pole is

R
& =, + b, =2¢; ?g (3.77)
I
where
1
R = (3.78)
Ltl+ #ly 21,
I_1 LZ

3.4.4 Air-gap Flux Due to Magnets

From the combination of the derivations (3.74)-(3.78), the following equations

can be achieved for the field of the magnet.
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H,L, -H,L, =0

2gH; -H,L, =0
2|s(hlBl+thz):¢f + 4
B, =-mH, +B,

B, =-m,H,+B,

¢| :2¢ng/R|

Solving these equations simultaneously,

[
1+ Sk,

P =

where

¢, =Remnant flux = 2I_(h,B,, +h,B,)

k, =Leakage factor = 1+ %
1

B=2R,/R,
R, =0/A,

Figure 3.8 Flux pattern for steel bridges
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R,, =Reluctance of Sections 1 and 2 = L

(3.83)
- + -
Rl RZ
where
R, =Reluctance of Section 1 = L (3.84)
#'2lhy
R, =Reluctance of Section 2 = L, (3.85)
#,'21sh,

By rearrangement of Equations (3.79)-(3.85), the following equations are
obtained.

/A
¢f:BAAm :

; 3.86
1+ B, (3.86)
Br :ﬂ: hlBrl +thr2 (387)

A, h, +h,
3.4.5 Flux Density Due to the Magnets
The flux density in the air gap due to the magnet is given as
20y
= F__ N9/ (3.88)
A, 1+ K

This density is constant over one pole pitch. The actual tapered flux density is

shown in Figure 3.8 and it can be represented by a Fourier series as

cosnP¢
(A sy 2"
B _(HJ(A ]Zkf" n

(3.89)
g /n=1,3,5
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_sinny

K, (3.90)
ny
where,
PL,
= 3.91
’=30 (3.91)

D is the diameter of the machine between two points of air gap and P is the number of
poles.

Using the parameters of the machine from Appendix B, the trapezoidal
approximation of the flux density of the magnets is obtained as in Figure 3.9. Figure 3.10

gives the Fourier analysis of the waveform for flux density.

35 Field Due to the Armature Currents

The previous derivations are based on the flux due to the magnet alone; hence
there is no influence of armature currents in air gap. However, the total air gap flux is the
summation of the flux due to armature currents and the permanent magnet. The

derivations are now focused on the influence of the armature currents on the air gap flux.

1

o
]
T
|

Magnet fiux density {T)
o
o o
l L

1 1 1 1
-1 0 1 2 3 4
Spatial angle (Radians)

-
S

1
s
1
[y

Figure 3.9 Trapezoidal flux density due to magnet
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— FFT analysis

Fundamental (60Hz) = 1.043 , THD= 25.19%

Mag (% of Fundamental)

|

5 10 15 20
Harmonic order

Figure 3.10 Fourier series amplitudes for flux density due to magnet

First, derivation of the flux density in direct axis caused by armature currents is

calculated then, the derivation is performed quadrature axis component.

3.5.1 Flux Density in Direct Axis Caused by Armature Currents

The air gap flux density B,, caused by the direct axis armature currents can be
obtained from the set of equations similar to the previous Section 3.4 and with the
following exceptions:

a. The MMF created by the stator currents is now going to be included with the

source of flux given by an amount of the current corresponding to

2F,, cos(P/2)8.

b. Since the assumption is that the magnets are un-magnetized, the magnet

sections has the permeability of 1.
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c. Both B,and B,have the same general directions since the flux in the rotor

originates from the stator windings.

d. The flux balance equations should now become,
¢m :¢f +¢Iﬂ¢ad :¢m +¢I (392)

Hence from the assumptions ‘a’-‘d’, and using the same derivations steps
presented in Section 3.4, the equations to be solved are given as

H/'L —H,'L, =0

2gH,, +H,'L, =C,F,, cos(P/2)8

21,(h,B,"+h,B,")+¢'= DI, [ B,ydg (3.93)
B,'=—u'H'

B,'=—u,"H,’

where,

4 m/2(J21 )Nk,

C 3.94
.= P (3.94)
The flux balance equation given in Equation (3.90) can be rewritten as
7/P @'
DISL Badd¢:¢m'+¢l'= ¢m‘ 1+? :¢m'kl (395)

Here, ki represents the leakage factor due to armature currents. It has the same

form as Equation (3.81).
The magnet flux can now be evaluated by substitution of first and last two

equations of (3.93). Hence,

R, =Reluctance of Section 1 = L (3.96)
w2l h,
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L2

R, =Reluctance of Section 2 = (3.97)
#,'21sh,
Hence, the magnet flux is given by
¢m = 2'5 (hl Bl '+h2 Bz v)
3.98
=H1|—1'/(L+Lj (3.98)
Rl 2

For the air gap, B,, and H_, have the same value. Using Equations (3.93), (3.94)

and (3.95) and solving for Hj,

H, = 2G4 Fyy (3.99)
L, (1+ /)

Eliminating H,' from Equation (3.99) and Equation (3.93), and solving for B, ,

B,, =%[COS(P/2) —12/;( } (3.100)
g + PK

The air gap field is described by Equation (3.100).

3.5.2 Flux Density in Quadrature Axis Caused by Armature Currents

The quadrature axis flux does not cross the magnet face. Hence, the equation that
satisfies for this case is

29H ,, = Cy7F,, sin(P/2)0 (3.101)

For the air gap, B,, = H, . Hence,

C,7F
B, = dz—gq”‘[sm(P/z)e] (3.102)
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3.6  The Total Field and Magnet Operating Point

The total air gap field B is the combination of the magnet and armature current

fields

B, =B, + B, + B, (3.103)

From previous sections,

=l 2 (3.104)
TOA T+
B, = oo | og(p/2)g— 27 (3.105)
29 1+ A,
C 2k
= "2 ™ [sin(P/2)8] (3.106)
g

Adding (3.104), (3.105) and (3.106), the total air gap flux density is given as

C—sz cosE(a -0)
29 2

B, =B, (A,/A,)-2C Fgm

B, =B

9 gk

F=\Fu +Fp’
3.107
_ -1 de ( )
a = COoS
F
From Equation 3.94, the condition for maximum air gap flux density is
a=460 (3.108)
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Hence, for the maximum air gap flux density in the air gap for IPM machine, the
angle between the resultant MMF and d-axis MMF, a should be equal to the considered

space angle, 6.

3.7 Simulation Results

To observe the flux density pattern, a computer simulation is performed using the
permanent magnet parameters given in Appendix B. For the stator peak current of 10 A,
finite element simulation is performed and the flux pattern is shown in Figure 3.11. The
variation of air gap flux density along the circumferential angle is shown in Figure 3.12.
To observe the resultant flux density due to armature current and magnet flux, the g-axis
current is fixed at 8 A and the d-axis current is fixed at 6 A. With the given rated magnet
flux density, the resultant plot is obtained and given in Figure 3.13.

Moreover, the simulation is also carried out to study the effect of the flux due to
different current angle. A three dimensional plot is performed and shown in Figure 3.14
taking peak stator current as 10 A. Similarly, for the same case, a contour plot is drawn in
Figure 3.15 to observe the clear picture of the flux density due to magnet, current angle

(alpha) and spatial angle (phi).
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Figure 3.11 Flux patterns for 9-phase IPM machine with rated current
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Figure 3.12 Flux density plot for 9-phase IPM machine with rated current
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Figure 3.13 Variation of air gap flux density with variation in spatial angle
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Figure 3.15 Contour plot for 10 A peak current

Figures 3.11-3.15 give some interesting observations in different operating
conditions of the 9-phase IPM machine. For peak current of 10 A, the finite element
simulation shows the variation of air gap flux density with the circumferential angle. The
total flux density in air gap is also obtained with different q and da axis currents in the
rated magnet flux condition. With the change of current angle and spatial angle, the 3-
dimensional plot in Figure 3.14 gives the sinusoidal variation of the flux density in air
gap for peak current of 10 A. From the contour plot, it was observed that the maximum
flux density is about 1.5 T which is comparable from the finite element simulation
results.

3.8 Conclusion

In this chapter, a comprehensive analysis of 9-phase IPM machine is performed

with the inclusion of higher order harmonics. The closed form solution of the model
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equations are obtained by using the Fourier series approximation of winding function and
air gap function. Similarly, the effect of each harmonic component in the overall torque
production is studied without the consideration of damper bars. Similarly, the air gap flux
analysis is performed with the analysis of armature reaction and magnet effects. The 2-
dimensional finite element plot is drawn to observe the variation of air gap flux density
with the circumferential angle. Similarly, variation of the air gap with current angle and
spatial angle is also observed under the rated condition for the 9-phase IPM machine. A
3-dimensional analysis is also performed to observe variation of the air gap flux by
varying the current angle of the stator windings. Hence, analytical and mathematical
methods are applied in this chapter to analyze the 9-phase IPM machine in different

operating conditions.
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CHAPTER 4
FULL ORDER Q-D MODELING AND SIMULATION OF 9-PHASE IPM

MACHINE

4.1 Introduction

This chapter introduces a new technique in modeling of 9-phase IPM machine
using the graphical form of the winding functions of stator, rotor damper bars and
magnet. The method of transformation is highly applicable in studying performance
characteristics of the machine due to reduced numbers of equations. In this chapter, the
machine variables are transformed to q-d variables graphically and the equivalent circuit
variables of the machine are also derived graphically using corresponding dynamic
equations. Firstly, g-d stator winding functions are evaluated in stationary reference
frame with harmonics. Secondly, the stationary reference frame transformation is
extended to the rotor bars to evaluate the q and d winding functions. Thirdly, self and
mutual inductances of stator and rotor circuits are evaluated graphically with the
assumption of coupled circuit model of the machine. Finally, with the help of the
permanent magnet flux density waveform, the induced voltages of the machine winding
is evaluated graphically and the equivalent circuit is reflects the harmonic and inter-
harmonic effects. This method gives the solution of machine equations in graphical form

avoiding the complex mathematical manipulations.
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Figure 4.1 Clock diagram of 9-phase IPM machine showing phase distribution

4.2 Stator Winding Functions of 9-Phase IPM Machine

The 9-phase machine to be modeled is a 2 HP 4-pole, full pitched machine having
48 damper bars. The stator slots are dual layered and the number of coils per slot is 56.
Figure 4.1 presents the clock diagram of the stator windings showing the phase

distribution.

4.2.1 Turn and Winding Functions

The stator turn and winding functions plotted against the circumferential angle of
the different phases are shown in Figure 4.2, 4.3 and 4.4. The number of conductors per
layer per slot for the stator winding N is 28. Since the machine is double layered, the
number of conductors per slot is twice Ns. Also as seen in the clock diagram of the

machine, only a particular phase having a particular orientation fills up a given slot.
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Figure 4.4 Turn and winding functions for phases ‘g’, ‘h’ and ‘1’ of 9-phase IPM machine

4.3  Stationary Reference Frame Transformation of Stator Winding Functions

The winding functions obtained in Section 4.2 are in real variables and to avoid
the large number of derivation steps and complex calculations, it is convenient to express
these winding functions in any arbitrary reference frame. In this section, the winding
functions of Section 4.2 are transformed into the stationary reference frame using the
transformation matrix with the inclusion of fundamental and higher order harmonics. The
transformation matrix is the same as used in Chapter 3. Figures 4.5-4.12 depict the q and
d winding functions transformed from Section 4.2 for each harmonics of the stator
winding functions transformed in the stationary reference frame. Similarly, Figure 4.13
shows the zero sequence winding functions of the stator windings obtained from the real

variable winding functions in Section 4.2.
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Figure 4.5 g-axis fundamental stator winding function vs. stator angle
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Figure 4.6 d- axis fundamental stator winding function vs. stator angle
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Figure 4.7 g-axis 3rd harmonic stator winding function vs. stator angle

83



400

150 200
Stator angle

100

50

-axis 3rd harmonic stator winding function vs. stator angle

Figure 4.8 d
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Figure 4.10 d-axis S5th harmonic stator winding function vs. stator angle
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Figure 4.12 d-axis 7th harmonic stator winding function vs. stator angle
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Figure 4.13 zero sequence stator winding function vs. stator angle
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4.4  Derivation of Rotor Bar Winding Functions

The cage formed by the damper bars of the IPM machine with n (even or odd)
bars and two end rings to short circuit all the bars together is considered as n identical
magnetically coupled circuits. Each circuit is composed of two adjunct rotor bars and
segments of the end rings connect two adjacent bars together at both ends of the bars.
Each bar and end ring segment of the rotor loop is equivalently represented by a serial
connection of a resistor and an inductor as shown in Figure 4.14. From [45], for non-
skewed rotor bars, rotor turn and winding function is given in Figure 4.15 and the
winding function of the rotor bars is given in Equation (4.1) which is obtained from .the

function of Figure 4.15.

% o<o<o,
2

N, (0)=11-22,0<0<0,+a, (4.1)
2

—ﬂ,ﬁi +a, <0<2r
2

The turn and winding function derived from Equation (4.1) is depicted in Figure
4.15. However, in order to represent the winding function of all damper bars, the first bar
is assumed to be started at the origin and plotted against the circumferential angle as

shown in Figure 4.16.

45  Stationary Reference Frame Transformation of Rotor Winding Functions

Similar to the case of stator winding function, the stationary reference frame

transformation is applied to the rotor bars considering the effect of odd order harmonics.
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Figure 4.14 Mutually coupled rotor model
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Figure 4.15 Rotor turn and winding function
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Figure 4.16 Rotor winding functions for each bar
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Figure 4.17 g-axis fundamental rotor bar winding function
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Figure 4.18 d-axis fundamental rotor bar winding function
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Figure 4.19 g-axis 3rd harmonics rotor bar winding function
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0, [degrees]

Figure 4.20 d-axis 3rd harmonics rotor bar winding function
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axis 5th harmonics rotor bar winding function

Figure 4.21 q
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Figure 4.22 d-axis 5th harmonics rotor bar winding function
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0, [degrees]

Figure 4.23 g-axis 7th harmonic rotor bar winding function

0, [degrees]

Figure 4.24 d-axis 7th harmonic rotor bar winding function

Considering ‘m’ number of rotor bars, the order of transformation matrix in this case is
n*m where ‘n’ is corresponding phase number of the machine. Figures 4.17-4.24 show

the corresponding plots with variation in rotor angle.

4.6 Derivation of Stator Self-Inductances

After the derivations of the winding functions in stationary reference frame, they

are now utilized to determine the g-d parameters in terms of g-d winding functions.
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Starting from the basic model equations in real variables, the stator voltage equations are
given as

Vabc...is = rsiabc..is + p)labc..is (42)

The stator flux linkage A

ancis 1S given by the resultant of the flux linkage due to

stator currents, rotor currents and magnet flux, i.e.,

Aae..is = Lanc.isabe..is + Lane.isabe..or lave..nr + Zabe.im (4.3)
Using reference frame transformation with any arbitrary angle & in Equation
(4.3),
T(e)labc.“is :T(H)Labc.“isiabc...is +T(H)Labc..isabc.“nriabc..“nr +T(9)ﬂ'abc“im (4.4)
Part 1 Part I Part 111

In Equation (4.3), Part I of the equation defines the flux linkage due to stator
currents which gives the derivation of the stator inductances. Similarly, Part II defines the
mutual inductances between the stator windings and damper rotor bars. Part III gives the
flux induced due to permanent magnet on the stator windings. The self and mutual
inductances of the system is obtained from Part I, which is taken into account for
derivation of stator self-inductances.

Also, from the properties of the transformation, it can be shown that
T(0)=T(0-6,)T(6,) (4.5)

Hence first term in RHS of Equation (4.4) becomes,

T (Q)Labc...is iabc..is = T (0 - ex )T (ex )Labc..is iabc..is

=T (9 - Hx )T (ex )Labc...isT (ex )_IT (0 - ex )_1 i (30

qdoxs
Assume the transformation is to the rotor reference frame, i.e., # =6, and 6, =0

Hence,
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T (G)Labc ...... isiabc ..... is — T (er ) T (O)LabcwisT (0)71 T (er )71 iqdoxs (47)

Stationary Reference Frame

As observed in Equation (4.7), the middle terms imply the stationary reference
transformation of the stator inductance matrix. According to the basic relation between

inductance and winding functions, inductance between ‘i’ and ‘j’ is given as

Ly =l NN, (#)g (4.6, )d9 4.38)

Hence, for stator phases,

Lo = 40 . N (@N, (#)a ™ (4.6, )d9 (4.9)

27 _
Lo = 41" NL(#IN, ()07 (4,6, )dg (4.10)
The same equation applies for derivation of other self and mutual phase

inductances. Now, using Equation (4.9) and (4.10) for the term T(0)L,. . T(0)" in

Equation (4.7),
T(0)L e s T(0)"
N, ONGN, NGNG NN NN, NN, NGNG NN, NGN
N,N, o0 NN NN NN, NgN, NyNg NN, NN,
N.N,  NoN, N2 NNy NN, NN, NGNg NN NGN,
NJNg NNy NONg  Ng® NGN, NN NN NNy NN,
=ur [TTOF NN, NN, NN, NN, NG NN, NGNG NN, NN, [T(0)°
NN, NoN, NN, NgNg N,Ng o N2 NGNg NN, NN,
N.N, NN, NN, NN, N,Ng NGNg N2 NgNp NN,
N.N,  NoN, NONp NGNp o NGNp NGNg NGNG NG NGN,
N.N, NGN, NON, NGN, NN NGN NGNp NN, N
(97'(s.6,) 0 0 0 0 0 0 0 o &I1D)
0 97'(s,6,) 0 0 0 0 0 0 0
0 0 97'(s,0,) 0 0 0 0 0 0
0 0 0 97'(s,6,) 0 0 0 0 0
x| 0 0 0 0 97'(s,0,) 0 0 0 0
0 0 0 0 0 97'(s,6,) 0 0 0
0 0 0 0 0 0 97'(s,0,) 0 0
0 0 0 0 0 0 0 97'(s.6,) 0
0 0 0 0 0 0 0 0 97(4.6,)

\O
[\S)



The given matrix can be resolved as

(4.12)

w01 [ T(0)ABT(0)'C

T(O)Ly. 1T (0)"

where,

(4.13)

I
C O O T O v O £ _.—
zZ2z2zZ2z2z z 2 2

T O O T O 4 o -
z2z22 =2z =z =22

T O O T O %~ D £ =—
z2z22z2z =z z2Z

T O O T O 4 o o -
z2zZ22z2z =z =z2Z

T O O T O %~ D £ =
zZ2zzZzz2z =z 2 2

T O O T D %~ D) £ =
zzZz2Z2z2 =z z 22

T O O T D %~ D) £ =—
z2z22z2z =z z2Z

T O O T O 4 o o -
z2Z2Z2z2z =z =z Z

c O O T [ o =
z2Z2Z2z2z =z 22 Z
L

(4.15)

)
n
—
<
N—
I
S oo oo o o o ST
S o ocoooc o o SFo
S o ocooco o 700
OOOOONfOOO
coc oo o o oo
S oo ;oo o oo
oo oo o o oo
© foo oo o oo
Sfocoococo o oo

I
<

I
m

0
9'(2.9)

0

0

0
9'(2.6)

9'(.6,)

0

0

9'(2.0)

0

9'(¢.6,)

0

Now, applying stationary reference transformation to matrix A, the matrix turns

into g-d winding matrix
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1
]

o]
—

al ql
dl di
g3 g3
d3 d3
a5 95
ds ds
q7
d7 d7

o]
—

ql
d1
g3
d3
qs
ds

o]
—

al ql
dl di
g3 g3
d3 d3
a5 95
ds ds
q7
d7 d7

o]
—
z 2
z =2
z 2
o
—
z 2
z =2
o
—

o
fumry
o
—_

=z
=z
=z
=z
=z

o
[S)
o)
w
o)
[S)
o
w

(4.16)

o
(O8]
o
W
o
(98]
o
W

o)
W
o)
W
o)
W
o)
W

=
=z
P
=
=z

o
()]
o
()]
o
()]
o
()]

=
=z
=

= =z
= =z

zZz 2 Z2 Z2 2 Z zZ2 Z
=z

—
=
S —
>
I
zZ zz zz zz =z
p=d
=z
z
zZ zz zz zz =z
z =z
z =z
zZ zz zz2z zz =z
o o
N

=z
=
=z

o o
=
o
=
=z
=z

o o
U
o]
N
o o
N
o]
N

=z
(e)
=2
S
Pz
(e)
=2
(e}
=2
S
=
(o)
=2
S
P
()
=2
S

Multiplying Equation (4.16) with BT (0)71 the resulting equation becomes

Nq12 quNdl quNq3 quNd3 quNqS quNdS quNq7 quNd7 quNO

quNdl Ndl2 Nleqs Nled3 Nleqs Nleds Nleq7 Nled7 Nleo

Nq3qu Nq3Ndl quz Nq3Nd3 Nq3Nq5 Nq3Nd5 Nq3Nq7 Nq3Nd7 Nq3No

Ndqul Nled3 Nquds Nd32 Nd3Nq5 NdsNds Ndqu7 Nd3Nd7 Nd3N0

T(O)’A\BT(O)71 = quNqS NleqS Nq3Nq5 Nd3Nq5 NqS2 NqSNdS NqSNq7 NqSNd7 NqSNO

quNdS NledS NqSNdS NdSNdS NqSNdS Nd52 NdSNq7 NdSNd7 NdSNO

quNq7 Nleq7 Nq3Nq7 Nd3Nq7 NqSNq7 NdSNq7 Nq72 Nq7Nd7 Nq7NO

quNd7 Nled7 Nq3Nd7 NdSNd7 NqSNd7 NdSNd7 Nq7Nd7 Nd72 Nd7NO

_NqINO NdINO Nq3NO Nd3N0 NqSNO NdSNO Nq7N0 Nd7N0 NO2 i
StationaryReference Frame
Recalling Equation (4.12),

T(O)LabcwisT (0)_1 = ﬂOrILMT(O)ABT (O)_] Ciqdoxs (4 1 8)

Equation (4.18) involves the integration of Equation (4.17) from 0 to2x . If
looked closely inside the matrix of (4.17), the integration of product of q and d winding
functions will result to value of 0. It is due to the cancellation of the terms after the

integration. For example, the graph of N, given by Figure (4.17) is a cosine function

and N,, given by Figure (4.18) is a sine function. If both are multiplied together and the

resultant is added from 0 to 27, it will result in the value of 0. Similar case is true for

other integration involving q and d winding functions.
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Figure 4.25 Air gap function vs. rotor angle

Recalling Equation (4.7),

T(Q)Labc ...... |siabc ..... = (‘9 )T( ) abc....is ( )IT(Qr )_liqdoxs
=T(6, ), 1! j (0)ABT(0)'CT(6,)"i
=L

(4.19)

qdoxs

qdoxs qdoxs

The term L, in Equation (4.19) is the g-d inductance matrix with the inclusion

qdoxs
of harmonic components.

From Equation (4.15), the term ‘C’ defines the matrix due to inverse air gap
function which is dependent on rotor angle for the case of IPM machine. Hence, the term

L4, 1N Equation (4.19) is dependent of rotor angle due to the presence of transformation

qdoxs
matrix T(Hr) and the air gap matrix ‘C’. To make the calculation easier, the graphical

representation of air gap function is taken which is given in Figure 4.25.

In order to obtain the gq-d inductance L the rotor angle is stepped from 0 to

qdoxs »
360 degrees and the integration is carried out for Equation (4.19). The inductances are
evaluated for each step and plotted from 0 to 360 degrees moving with each step of rotor
angle with each harmonics. Applying this method, Figures 4.26-4.29 show the self q and
d stator inductances and Figures 4.30-4.35 depict the mutual inductance between

corresponding stator harmonics with the variation of rotor angle, 6, .
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Figure 4.28 5th harmonic stator q and d axis inductances
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Figure 4.32 Mutual inductance between first and 7th harmonics

x 10°

® Ld535

L

25F- -
2

100 150 200 250 300 350 400

50

Figure 4.33 Mutual inductance between 3rd and 5th harmonics
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Figure 4.34 Mutual inductance between 3rd and 7th harmonics
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Figure 4.35 Mutual inductance between fifth and 7th harmonics

4.7 Derivation of Rotor Self and Inter Harmonic Inductances

For the derivation of self and inter-harmonic inductances of rotor bars, the
reference frame transformation is applied to the rotor flux linkage equations. Similar to
the case of the stator inductances, the self and inter-harmonic inductances are obtained
graphically using the rotor winding functions and air gap functions.

The voltage equation for rotor is given as

Vabc...nr - rrlabc..nr + pﬂ“abc..nr (4-20)

The rotor flux linkage in real variable form is given as

ﬁ“abc...nr = Labc..nrlabc...nr + L I

abc..isabc...nr "abc...is (4-21)

Multiplying both sides of Equation (4.21) by rotor transformation matrix,
T(0-6,),

T (9 - gr )ﬂ’abc...nr =T (0 - gr )Labc..nr iabc...nr +T (9 - er )Labc..isabc...nriabc...is (4.22)
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In Equation (4.22), the first term signifies the rotor inductance matrix. Hence,

taking this equation,

T (0 0 )Labc nrlabe..nr = T (9 - er )Labc..an (e - er )7] iqdor

Assuming the rotor reference frame,

0=0

r

Hence, Equation (4.23) becomes

T(O-6,)L =T(0)L,, , T(0)i

abc..nr abc .nr qdor

(4.23)

(4.24)

(4.25)

This equation is similar to the case of stator circuits except the winding functions

now consist of the rotor bars. The integration of the product of q and d axis winding

functions is zero. Hence, the same method defined previously is true for this case. As in

previous section, the d and g-axis inductances for each harmonic component are

determined and plotted with the variation of rotor angle. Figures 4.36-4.39 depict the self-

harmonic inductances of the rotor and Figures 4.40-4.45 depict the inter-harmonic

inductances of the rotor.

4.8 Mutual Inductance between Corresponding Harmonics of Stator and Rotor

In this section, the derivation of the mutual inductances between stator and rotor

is discussed with the help of stationary reference frame transformation of q and d winding

functions as derived in Section 4.3.

Applying the transformation for stator flux linkage equations,

T(6)4

abc...is

:T(Q)Labc.‘.isiabc..‘is +T(0)Labc isabc...nr abc .nr

100

+T(0)4

(4.26)
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Figure 4.36 Fundamental q and d axis inductances for rotor
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Figure 4.38 5th harmonic q and d axis inductances for rotor

101



0, [Degrees]

Figure 4.39 7th harmonic q and d axis inductances for rotor
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Figure 4.40 Mutual inductance between first and 3rd harmonics for rotor
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Figure 4.41 Mutual inductance between first and 5th harmonics for rotor

102



200 250 300 350 400
0, [Degrees]

150

100

r

Figure 4.42 Mutual inductance between first and 7th harmonics for rotor
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Figure 4.44 Mutual inductance between 3rd and 7th harmonics
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Figure 4.45 Mutual inductance between fifth and 7th harmonics

In order to determine the mutual inductances between stator and rotor, the second

term in Equation (4.26) is taken, i.e.,

T (0L isa..rfave..or = T (0) e isave.or T (O =6, ) r (4.27)

Also, T(0)=T(6-6,)T(6,) (4.28)
Assuming, 8, =0, and 8 =6, , i.e., rotor reference frame,

T (0L it arhavo..or = T(O =T (0 Mo isave. . T (0 = 0,) ' ier (4.29)

If Equation (4.29) is solved in terms of real variables and stationary reference

frame transformation is applied, the equation reduces to

quors =T (gr )luorlj. [N qdors ]g B (¢s ’er )d ¢s (430)
NosNgr  NaoNaw  NgioNgsr e N s N
NaNgr  NgieNgie NgioNgsr o N, N,,

where, N, = : : . . : (4.31)
qusNOr NdlsNOr Nq3sN0r NdSSNOr NOsNOr

Similar to the case of derivations of stator and rotor, the product of q and d

winding functions of stator and rotor give rise to zero. Taking into account only the

104



mutual harmonic terms in Equation (4.31), the mutual harmonic inductances are derived
with variation of rotor angle. Figures 4.46-4.49 show the corresponding mutual

inductance terms due to corresponding harmonics of stator and rotor bars.

4.9 Induced EMF of the Magnet on Stator Windings

Considering the stator flux linkage equations,

T (H)Aabc...is =T (H)L [ is +T (H)L I +T (g)ﬂ“abc..im (432)

ab...islabc.i abe. isabe...nr abc....nr
The 3rd term in above equation defines the flux due to permanent magnet induced
on each phase windings of the stator. The flux linkage due to magnet on phase ‘a’ of [IPM
machine is given as [2]

27

A= [ N[ BL(¢.0, ridcdy, (4.33)

0 ¥
Here, Br(é' , 6’r) represents the magnet flux density with the variation of spatial

angle. This is derived in Chapter 3 and given in Figure 4.50. In matrix form,

ﬂ’as Nas Nas Nas Nas Nas Nas Nas Nas Nas Br é/ ’ 0,—
/1hs Nbs Nbs Nbs Nbs Nbs Nbs Nbs Nbs Nbs Br é/, 0,—
ﬂ’cs Ncs Ncs Ncs Ncs Ncs Ncs Ncs Ncs Ncs B,— é’, er
ﬂ’ds Nds Nds Nds Nds Nds Nds Nds Nds Nds B,— é’; er
ﬂ’es = LI Nes Nes Nes Nes Nes Nes Nes Nes Nes J.¢S+” Br é/, Hr d§d¢s (434)
ﬂ’fs 9 N fs N fs N fs N fs N fs N fs N fs N fs N fs ’ Br é/ ) Hr
ﬂ’gs Ngs Ngs Ngs Ngs Ngs Ngs Ngs N gs Ngs Br 43 gr
ﬂhs Nhs Nhs Nhs Nhs Nhs Nhs Nhs Nhs Nhs B" 4’ 0"
_ﬂis_ _Nis Nis Nis Nis Nis Nis Nis Nis Nis_ _Bf é/’er |
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Figure 4.46 Mutual inductance between fundamental of stator and rotor
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Figure 4.47 Mutual inductance between 3rd harmonics of stator and rotor
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Figure 4.48 Mutual inductance between 5th harmonics of stator and rotor
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Figure 4.49 Mutual inductance between 7th harmonics of stator and rotor

Multiplying both sides of Equation (4.34) by transformation matrix, T(@)
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From the property of transformation, it can be verified that,

(4.36)

)

(@

Hence, RHS of Equation (4.35) becomes

X

-0

T(6

T(0)=
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Again, using the rotor reference frame,

0, above Equation (4.35) turns into
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can be brought inside the integration.
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Figure 4.50 Plot of flux density with spatial angle
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Figure 4.51 Flux density integrated with ¢, =0

The term inside the second integration is the waveform of the tapered flux
density. Since the flux density gives the same value for any range of integration, the

integration here is performed for the limits with ¢, =0 . Using this integration, the flux

density is as given in Figure 4.51. Solving for the flux linkage of Equation (4.39), it

reduces into

)

|
313 dg, (4.40)
%

)
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Hence, the fundamental g-axis flux linkage due to magnet is derived as

c(6,)x N, (B, (6,))+¢(6, —a)x Ny, (B, (6,)) )
+¢(0, —2a)x N, (B, (60,))
Aans = [ |+ 60, =30)x Ny, (B, (6,)) +¢(6, — 4er)x N o5, (B, (6,)) [0, (4.41)
+¢(0, —5a)x Nys, (B, (6, )+ (6, — 6ar)x N, (B, (6,))
|+¢(0, —7a)x Ny, (B, (6,))+c(0, —8a)x Ny (B, (6,)) |

The plot of the magnet flux linkage with variation in 6, is given in Figure 4.52.

Since the fundamental q axis flux linkage is very small, the induced voltage due
to the q axis flux is almost zero.
Similarly, the fundamental d-axis flux linkage is derived as

= @)% N5 (B, (6,))+5(6, ~20)xNs,(B, (6, )

[ +S(t9r =30)xN s (B, (6, ))+5(6, ~4e)x N, (B, (6,) (4.42)
0 [ +s(6, - (6,)+5(6, —6a)xNy;4(B.(6,))

( )

0, — 7a)>< d47s Br(r))+8(6’r —8a)xN ( ( ))

The graph is obtained for flux linkage as shown in Figure 4.53 and the g-axis
induced voltage due to fundamental d-axis flux linkage is given in Figure 4.54
The d-axis 3rd harmonic flux linkage due to magnet is derived as

s3(6, )xNg(B, (6,))+53(6, —a)xNy, B, (6, )+53(6, —22)xN,; B, (6,)
L r,r +53(6, —3c)x Ny, B, (6, )+53(6, —4a)xN¢5, (B, (6, ))
B do | 4536, —5a)x Ny, B, (6, )+53(6, —62)xN,,.B, (6,.)

+53(0, —~7a)xN,,.(B.(4

r

(4.43)
r q7s —r

)+53(6, —8)xN,(B,(6,))

The plot of 3rd harmonic d-axis flux linkage is given in Figure 4.55 and plot of g-
axis 3rd harmonic induced voltage is depicted in Figure 4.56. Due to the symmetrical
transformation, g-axis flux linkage for 3rd harmonic is zero. Hence, d-axis 3rd harmonic
induced e.m.f. is also zero.

Similarly, for the 5th harmonics, the d-axis flux linkage is given as
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Figure 4.52 Plot of fundamental g-axis flux linkage due to magnet
—OC)X Ndls (Br (9 ))+55(9r _2a)>< Nq3s (Br (0 ))

6, —4a)xN,(B.(4,) (4.44)

+SS(H _6a)>< Nq7s (Br (ar ))
Br (Hr ))+35(9r —80{)>< NOs (Br (er ))

Figure 4.57 depicts the flux linkage due to d axis 5th harmonics. Multiplying this
flux linkage by five times the synchronous frequency the g-axis 5th harmonics induced

voltage is given in Figure 4.58.

Finally, the q-axis flux linkage for 7" harmonics is given as

(4.45)

Figure 4.59 depicts the flux linkage due to d axis and 7th harmonics. Multiplying
this flux linkage by seven times the synchronous frequency, the g-axis 7th harmonics

induced voltage is obtained as in Figure 4.60.
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Figure 4.53 Plot of fundamental d-axis flux linkage due to magnet
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Figure 4.55 Plot of d-axis 3rd harmonic flux linkage
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4.10 Equivalent Circuit

For the equivalent circuit, the flux and voltage equations are needed in q and d-axis.

In case of 9-phase IPM machine with harmonics, the voltage equations are given as

Vqls s qls +a)ﬂ“dls + pﬂ'qls

les =T Idls —a)/"t st pﬁ“dls

VqSS s q3s +3w2’d35 + pﬂ“qu

Vd3s = rs|d3s _30)1 st pﬂ’st

Vqu = s qSS +5a)ﬁ“d55 + pﬂ'qu (446)
VdSs =|’|d55—50)ﬂ + pﬂ'dSS

Vq7s = s q7s +7a)/1d7s + pﬂ’q7s

Vd7s s d7s 760& + pj’d7s

VOs 0s + pﬂ“os

Vqlr r qlr +(a) @ )ﬂ“dlr + pﬂ’qlr

ler - rrldlr (a)_a) )ﬂ’qlr + pﬁ“dlr

Vq3r = r q3r +3(a) 2 )ﬂ’d3r + p/lq3r

Vd3r =1 Id3r —3(0)—60 )ﬂ’qBr + pﬂ’d3r

Vqu = r q5r +5(a) @ )ﬂ“dSr + pﬂ'qu (447)
VdSr =T IdSr _5(60_0) )ﬁ“qu + p/1d5r

Vq7r = r q7r +7(CO @ )ﬂ’d7r + pﬂ’q7r

Vd7r = rr|d7r _7(a)_a)r)ﬂ“

q7r + pﬂ“d7r
Vor = Flor + DAy

A qls qulql + L13|q3 + L15|q5 + L17'q7 + qul qlr
ﬂ’dls = Ldlldl + L13|d3 + L15|d5 + L17|d7 + Ldllldlr +/1md1

ﬂ’q3s = L31|q1 + Lq3|q3 + L35|q5 + L37|q7 + I-q33 q3r

Agzs = Lyjlgy + Lyslgs + L35'd5 + Ly, + Ld33|d3r + A
/1 =L, +Lai.+L

511g1 53193

(4.48)

a5 q5 + L57|q7 +L

/1d55 = Lyjig + Lsgigs + Lyslgs + L57|d7 + Lysshase + Anas

/1 = L71|q1 + L73|q3 + L75|q5 +L + I—q77 q7r

asslgsr

q7 q7
/1d7s = Loy, + Lgigs + Lsigs + Lyslgs + Laglare + Apas
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=L

= Ldlrldlr + Ldll dls
L +L

+L

qlr qlr qll qls

q3r q3r q33 q3s

= Ld3r|d3r + Ld33 d3s

=L +L

ﬂdSr = Ld5r|d5r + Ld55 dss
/1 =L +L

7r q7r q7r q77 q7s
/1d7r = Ld7r|d7r + I—d77 d7s

Agie
ﬂ’dlr
ﬂ’q3r
A

asr (4.49)
ﬂqu

qsr q5r q55 qSS

411 Turns Transformations

The equivalent circuit equations derived in Section 4.10 are simplified using the
turn transformations in this section. As the turn and winding functions are used in the
derivations of the equivalent circuit parameters, the appropriate ratio of turns makes it
easier to transform the rotor or stator harmonic quantities into stator fundamental

component to ease the mathematical manipulations.

4.11.1 Rotor Harmonics Turns Transformation

Starting from the rotor voltage equations for 3-phase case,

Vabc....nr rrlabc .nr + pﬂ’abc....nr (450)
Similarly, rotor flux linkage equation is given as
ﬂ“abc.“nr = Labc...nriabc...nr + Labc...nrabc...isiabc...is (451)

Multiplying both sides of Equation (4.51) by the turns ratio of stator and rotor,
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N, N, . N, .
N_rﬂ“abc.. o N_r Labc....nrlabc....nr + N_r Labc 44444 nrabe...is abe.....is (452)
s N s ; N s
T (9 - Hr ) ;i‘abc ..... T T (0 - er )N_ Labc ..... nrlabc.... +T (0 - er ) N Labc nrabe....is Vabe..... (4 53)
Hence,
N, ) N
ﬂ“qdor =T (‘9 - gr {N_S] Labc..‘nr iabc...nr +T (0 - er )N_s Labc...nrabcsiabc...is
S ' (4.54)
N N
=T (0 - Hr { N > ] Labc...an (9 - gr )_1 iqdor +T (0 - er )N_S Labc...nrabc....isT (9)_1 iabc....is
The first part of Equation (4.54) is given as
N 2
T (9 - er {N_S] Labc....an (9 0 ) qdor
“ (4.55)
N g rl c2r
—T(Q Q)N ; »[0 [ abc.. nrhﬂ(a 9) qdor
where,
NS ONN, NN, N, N, |
N, N, N> NN, . N, N,
Nabc.“nr = : : L e : (456)
NG NG NONg NN e N, |
Using rotor reference frame,
N2 N_N, NN, N, N, |
NI LML N, NN, N, N,
Holl 27 .
T(0-0.)75 e [ : S CAgT(0-6,) i
NN, NONG NGNG e N, |
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N2 NN, NN, . N, N_ ]
N, N N, N N, . N, N 4.57)
NSZ /l rl . br ' Var br br ' Ver br 'V nr o ( .
"N g TO["| - : S AgT(0-0,) i
NN, NNy NN N," |
Naw o NgeNayw NNy e N i Ny
2
N 2 p rl ) NdIqulr Ndlr NdIqu3r """"" Nderor
s 4 -1 ]
:N 5 ; J.O : : L : dgT(60-6,) I qgor (4.58)
NG NG NNy NgNey Noo |

4.11.2 Stator Harmonics Turns Transformations

The expressions derived for rotor-stator mutual turns transformations can also be
extended for stator harmonics turns transformations in case of 9-phase machines. Taking

the voltage equations for three of the 9-phases,

Vabc....is = rsiabc...iis + pﬂabc ..... is (459)
j“abc...is = Labc ..... isiabc ...... is + Labc ..... isabc...nriabc...nr (460)
T(e)ﬂ“abc ..... is — T(H)Labc ..... isiabc ..... is +T(0)Labc ..... isabc...nriabc ...... nr (461)
Multiplying both sides of Equation (4.61) by ratio of harmonic turns,
N N, | N
= T(H)ﬂ“abc is — 5 T(Q)Labc isiabc is LT (Q)Labc isabc nriabc nr (462)
o N o . N o .
N, . N, .
NS; T(Q)Labc..islabc“.is + N_S;T(G)Labc“isabc.“nrIabc.“nr
(4.63)

2

N . N .

= {N_ﬂj| T (Q)Labc..isT (9) 1 quoxs '+N_SIT (Q)Labc..isabc...an (0 - er ) 1 quonr
s2 s2
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For evaluating the stator harmonics turns transformations, first term of Equation

(4.63) is taken. The inductance matrix L

is given as
aa Lap  eeee L,
L L Ly e L,
abc..is
Lia Lib Lii

abc..is

is the inductance matrix in real variables. It

(4.64)

The inductance matrix in Equation (4.60) consists of self and mutual inductance

terms. From definition of inductance,
27
Laa = #4601 NL(@IN, (#)g ™ (6.6, )dg

L =01 [N, (#N, ()™ (8.6, )dg

Hence,

el v

N52
N,’
2
N, 27| NN,
:{N_ﬂ T(0)uor [/ "
N;N

1 a

(4.65)
(4.66)
N, N; (4.67)
"M 1140, )agT (0)”
N2

In Equation (4.67), the transformation matrix T(H), the winding function matrix

and the inverse of the transformation matrix T(Q)_1 gives the winding function in q-d

variables as they were derived in previous sections. Proceeding with the derivation,

Equation (4.67) can be given as
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2
2 N
] Ty = S| [Che (4.68)

NSZ
s2
where, C is the air gap matrix with diagonal terms as air gap function g’l(¢, t9r). Matrix

A is given as

Nql2 quNdl quNq3 quNd3 quNqS quNdS quNq7 quNd7 quNO
NaNai Nar® NgNgs NaiNas NaiNgs NaiMas NaiMNgr NaiNaz NaiNo
Nq3Nq1 Nq3Nd1 Nq32 Nq3Nd3 Nq3Nq5 Nq3Nd5 Nq3Nq7 Nq3Nd7 Nq3NO
NasNg NaiNas NggNas Nas® NasNgs NasNas NasNgr NasNaz NasMNo
A= quNqS NleqS Nq3Nq5 NdSNqS NqS2 NqSNdS NqSNq7 Nq5Nd7 NqSNO
NaNas NaiNas NgaNas NasNas NgsMNas Nas® NasNgz NasNaz NasMNo
quNq7 Nd1Nq7 Nq3Nq7 Nd3Nq7 Nq5Nq7 Nd5Nq7 NO|72 Nq7Nd7 Nq7NO
NaNa7 NaiNa7 NggNa7 NasNaz NgsMNaz NasNaz NgrNaz Nar® NagMNo
NaNo  NaiNo NgsNo o NasNg NgsNo o NgsNo  NggNg  NggNg  Np? (4.69)

Equations (4.68) and (4.69) give the expression of the turns transformations for

the stator harmonics.

4.11.3 Turns Transformations for Stator and Rotor Circuits

The rotor and stator harmonic transformations given in Sections 4.11.1 and
4.11.2, respectively are now used as basis for transforming the model equations into the
stator side using the appropriate transformations. Starting from the flux linkage equations
Ags = Lyl

Adrs = Lailgy + Lislgs + Lislys + Liglgs + Laylgye + Agy

+ L13|q3 + L15|q5 + L17|q7 + qullqlr

/1q3s = L31|ql + Lq3|q3 + L35|q5 + L37|q7 + Lq33|q3r
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ﬁ’d3s = L31|d1 + Ld3|d3 + L35|d5 + L37|d7 + Ld33|d3r +/1mc13

l L51|q1 + L53|q3 + qu s T L57|q7 + qus qsr
ﬁ’dSS = L51|d1 + L53|d3 + Lds as I-57|d7 + Ld55 dsr +ﬂ“md5
ﬁ’q7s = L71|q1 + L73|q3 + L75|q5 + Lq7 o7t Lq77 q7r

ﬂ“d7s = I‘71|dl + L73|d3 + L75|d5 + Ld7 d7 + I‘d77 d7r +ﬂ’md7

/1 =L +L

qlr qlr qll qls
ﬁ’dlr = Ldlrldlr + Ldll dls
Agse = Ld3r|d3r + Ld33 d3s
ﬂqu Lqu qsr + Lq55 qss
Aase = Laselase + Lasslass
A = Larddgrr + Lgarlgas

/1d7r = Ld7r d7r T I-d77 d7s

(4.70)

4.71)

Transforming the rotor harmonic inductances into the stator side using the

appropriate transformation ratio with the reference of Equation (4.54), the referred stator

inductance can be written as

2 2
N N
Low'=| =2 | Ly La'=| 22| L
qlr qurJ qlr dir (Ndlr] dlr

' N 1 ' Nd B
an = N:li]ana Lars :(W:rjl-dn

2 2
N, . (N
LQ3r': = Lq3r’ Ld3r :[ d3SJ Ld3r
Nd3r

S [] N
Lq33'= Nq3 Lq33: L3 Z(ﬁ)—dz@
d3r

2 2
N N
Lose'= |~ | Lygrs Lyse'=| 225 | L
qsr {Nqer qsr dsr (Ndsr] dsr
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(4.73)
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(4.75)
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N N
L.'= qss L , L. '= dss L
q55 Nqu q55 > —d55 [NdSr d55
N, N,..)
L r': = L ro Ld7r'=( d7s] Ld7r
v Nq7r v Nd7r

N S ' N S
Lq77': = Lq77> L7 :(LJLdW

Nq7r Ny
L., '= Nos 2L L '=(N‘“STL L '=(N‘“SJ2L
a3 N 036 q3> —as Nqu a5’ —q7 Nq7s q7
L= | Nas 2|_ L '=£Nd‘SJ2L L '=(NC“SJ2L
d3 Nd35 d3> =d5 Ndss d5> =d7 Nd75 d7

L.'= Nq3s L. = qus qus L
35 T N 35 T N N 35
q5s a3s qs5s
L.'= Nq3s L. = qus qus L
37 T N 37 N N 37
a7s a3s q7s
L.'= Nq5s L. = qus qus L
57 — N 57 — N N 57
q7s gss q7s

Similarly, the current transformations between the harmonics

i = Nq35 i i = Nq55 i i = Nq75 i

" qus " " qus wr qus v

i v_(Nd:iS jl | !_(NdSS JI | v_(Nd7s JI

d3 — d3» "d5 — d5s»> 'd7 — d7
Ndls Ndls Ndls
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(4.79)

(4.80)

(4.81)

(4.82)



iv_hi iv_hi i = Nq”i
q3r — N q3r> ‘q5r — N qsr> ‘q7r — N q7r
qls qls qls
The flux transformations are given as
/1 " qus ﬂ ﬂ V_ qus /1 V_ qus /1
q3s — N q3s > “*q5s N q5s > “*q7s T N q7s
q3s qss q7s
N N N
" dls "V dls " qls
/?’d3s - N /?’d3sa ﬁ’dSS - N ﬁ’dSS’ ﬂ“d7s N ﬂ’d7s
d3s dss q7s (4 83)
T =| a1y =] ey e Ny g | D
qlr — N gqlr > “*q3r — N q3r> “Fq5r — N qsr > “fq7r T N q7r
qlr q3r qsr q7r
N N N N
(. dis (. d3s (. dls " dls
ﬁ“dlr - N ﬂ“dlra ﬂ’d3r - N ﬂ’dSr’ ﬁ“dSr - N j“dSr, ﬂ“d7r - N ﬂ“d7r
dir d3r d5r d7r
The flux equations after transformation are given as
ﬂ* qu ql + Ll3|q3 +L15 q5 +L17 q7 +Lq11 q1r
— ' '
//i’dls - Ldlldl + L13 Id3 +L15 IdS +Ll7 Id7 +Ld11 Idlr +/Imd1
" " 1 [ 1 [ 1
ﬁ’qu - L31 + Lq3 q3 +L35 IqS +L37 Iq7 +Lq33 |q3r
" 1y 1 1y 1 1y 1
Agas'= Lyt gy + Lgs g3+ L g s L, g, Ly s 'd3r + A3 (4.84)
. .
ﬂ’qSS - LS] + L53 q3 +Lq5 q5 +L57 q7 +Lq55 q5r
_
Agss'= Lsi"lgy + Ls3 "3+ Ly s g5+ Ly gy '+ Lyss' |d5r "+ Amas
_
/lq7s - I‘71 + L73 q3 +L75 q5 +Lq7 q7 +Lq77 q7r
1
Aazs'= Loyl + Lys s+ Lgs g5+ Ly 'y - Lag 'l '+ Aag
"
ﬂ’qlr =L lr qlr +Lq11 qls
"
ﬂ“dlr - Ldlr Idlr +Ldll Idls
"
ﬂ“qu =L 3r q3r +Lq33 q3s
"
ﬁ’d3r - I-d3r Id3r +Ld33 |d3s (4 85)
. .
ﬂqu =L 5r q5r +Lq55 qSS
"
ﬁ’dsr - I—d5r Id5r +Ld55 IdSS
_
ﬂq” =L 7r q7r +Lq77 q7s
"
Aare"= Lz laze + Loz 'l
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Turns ratio transformation of voltage equations

Original Equations

Vqls = s qls + a)ﬂ“dls + pﬂ“qls

les - rsldls 60/1 + p/idls

Vq3s = s q3s +3a)ﬂ“d35 + p/lq3s

Vd3s = rs|d3s _3601 s T pﬂ’d3s

Vqu = s qu +5a)ﬁ“d55 + pﬂ'qu (486)
VdSs - rsIdSS Sa)ﬂ’ + pA’dSS

Vq7s = s q7s +7a)/1d7s + pﬂ'q7s

Vd7s - rs|d7s 7a)ﬂ“q7s + pﬂ“d7s

VOs IOs + pﬁ“os

Vqlr r qlr +(a) o, )/’Ldlr + p/iqlr

ler =1 Idlr _(a)_a) )ﬂ“qlr + pﬂdlr
Vq3r = r q3r +3(0) @ )j’dSr + p//t

q3r
Visr =1 'd3r =30 = 0, ) Ags, + Py,
Visr =Lgs, +5(0— @) A5, + PAys, (4.87)
Visr =Klysy = (@ — @, ) A5, + PAgs,
Vi =Ll 1@ — @) Ay, + PAGs,
Vd7r r, |d7r N— @) Ay + Py,

V,, =T, + pA,

' N 1 ] qus N
Vq3s:(NqS q3s’Vq55:[N q55>Vq -
q3s gss
(o v -(W
d35 d3s» d55 - dss» d7s -
Nd NdSs Nd
N N N,
Vqlr': = qlr » Vq3r': = q3r > Vq - & qsr '= =
quf q3r N
N , N
dlr (N: dir» Vd3r :( :;Sr }/d3ra VdSr :( : d5r» d7r :(N: )V
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After the transformation

- s qls + a)ﬂ“dls + pﬂ“qls
dls I’-sldls a)ﬂ' + pﬂ“dls

s q35 +3a)ﬂ’d3s + pﬂ’

Vs
\Y
V q3s
\Y, '=30A 35"+ PA

d3s s d3s p d3s (489)
V '= s qu +5a)ﬂ“d55 +pﬂ‘q53
VdSs s d55 560], +pﬂ’d55
V '= s q7s +7aM’d7s +pﬂ“q7s
Vd7s s d7s 7601 +p2’d7s
V '=r' q1r - @) Ay, +p/1q1r
ler - r Idlr' (a) @, )ﬁ'qlr +p2’d1r
Vo' =1 q3r (@ — 0, ) Ags '+ PAgs, !
Vd3r - r |d3r' 3((0 @, );tq3r +p;td3r (490)
V '= r q5r +5(a) 2 )ﬂ’dsr +pﬂ’q5r
VdSr - r IdSr' 5(&) @ )ﬂ‘qu +p/1d5r
V r' q7r "+ (0= @) Ay, +pﬂ“q7r
Vd7r - r |d7r' 7(60 2 )ﬂ’q7r +pﬂ’d7r

The torque equation is given as
9P .

Te :T[( ql — dl)lql d1 +3(Lq3 - Ld3)lq3|d3
+ S(qu - Lds)iqsids + 7(Lq7 - Ld7)iq7id7 (4-91)

+2L13(|q1 a3 ~la q3)+6L15(|q1 ds — dliqs)
+6L17(|q1|d7 _Idl q7)+2L35(|q3 ds _Id3iq5)

+ 2L57 (iqsid7 - iq7ids) + 1OI—37 (iq3id7 - iq7id3)]

+ T[iqlﬂ“dml + 3iq32’dm3 + 5iqsﬂ“dms + 7iq72’dm7]

Applying the transformations to refer the variables in Equation (4.82) to stator

fundamental component,
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2 2
9P HE Nq3 ' Nd ' qu HE Nd H
T, :T[(qu - Ldl)lqlldl +3({ N } Lq3 _[ Ndj L") N Iy Nd: a3

ql a3
N | INGT. [N N
+5( 95 quv_|: d5:| Ldsv) _at iq5'|: di :|id5'
_qu_ Ndl Nqs Nd5
N, T [N, T [N N
0N, L‘”{N%} L‘”'){qu }iq7'{Ndl}id7'
L al | dl q7 d7

N, | N N N N
+2| =2 L, ﬁ}id i, {—Q‘}u "+ 6L, {ﬁ}id i, i{—q‘}i "
. 13 ql_Nd3 3 1 Nq3 a3 15\Uq1 Nds 5 1 NqS a5
N N
q7 : dl i : al |+
L.'(l }I —ly, | — 1"+
qu_ 17 ql_Nd7 d7 d1|:Nq7j|q7
N_,N Ne || Ny, | Ny || Ngi |
2|: a3 2q5 jll—35'(|: qu :|Iq3v|:Nd1 :||d5v_|:Nd1 :|Id3'|:qu :|Iq5')
qu a3 ds d3 as
N¢ysN Ngo | I Ng | [ Na | NG|
+2|: [q\|5 2q7}L57.({Nq1 :Ilqs |:N_dl:|ld7 _|:Nq1 }I[ﬂ i Ndl Ids)
ql qs d7 q7 L Yd5 |

N_.N N N i i
+10 93 2q7 L37'(|: ql :|iq3'|: Ndl :|id7'_|: ql :liq7' Ndl id3')] (492)
qu Nq3 Nd7 Nq7 _Nd3_
oP . Ng | Ny | N, |
+T[Iqlﬂ“dml +3|:N_ql:||q3'ﬂdm3 + S{N_ql:llqsvﬂ“dms + 7|:N_ql:||q7'ﬂ“dm7]
q3 a5 q7

Equation 4.92 gives the torque equation in terms of the transformed variables
referred to the fundamental component of the stator harmonics. The corresponding turns
transformations appear in this equation since the equation is taken as derived in Chapter
3. Using the set of Equations (4.89)-(4.90), the equivalent circuit is drawn to
accommodate the referred quantities. Figure 4.61 depicts the g-axis equivalent with the
inclusion of damper windings. Similarly, Figure 4.62 shows the d-axis equivalent of the

system.
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4.12 Simulation and Experimental Results

By using MATLAB/Simulink, the developed coupled model was simulated and
the results are presented in this section. To validate the coupled circuit model, the
computer simulation for the no-load generator mode of operation was undertaken in
Figure 4.63.

Shown are the waveforms of the magnet flux density, induced voltage and the
phase ‘a’ induced flux linkage. To validate the simulation results the IPM is run as a
generator at no-load with a 115 V, Shp dc motor acting as a prime mover.

The four induced voltages for stator phases ‘A’, ‘B’, ‘C’ and ‘D’ are shown in
Figure 4.64 (a) and those of phases ‘E’, ‘F’, ‘G’ and ‘H’ are shown in Figure 4.64 (b)
All the induced voltages are due to the presence of the permanent magnets buried in the
rotor. The experimental waveforms of Figure 4.64 are in good agreement to the magnet

induced voltage of phase ‘A’ shown in Figure 4.63.

In the computer simulation results, the IPM is run as motor at no-load for 0.5
seconds at which a load torque of 8 Nm is applied. The results for no-load characteristics
are shown in Figures 4.65-4.74. Figure 4.65 shows the responses of the rotor speed and
Figure 4.66 is the response for the electromagnetic torque. The phase ‘a’ and phase ‘e’
currents are shown in Figures 4.67 and 4.68, respectively. Out of the forty eight rotor bars
for the damper winding only two (bars 1 and 14) are selected. The rotor bars 1 and 14
currents are shown in Figure 4.69 and 4.70, respectively. The changes of speed, torque,
phase ‘a’ current and phase ‘e’ currents after applying load at 0.5 secs. are shown in

Figures 4.71-4.74.
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Figure 4.61 g-axis equivalent of the system
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Figure 4.62 d-axis equivalent of the system
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Figure 4.63 Model of the magnet flux density (a) trapezoidal magnet flux density (b)

phase 'A' induced flux linkage and (c) phase 'A' induced voltage
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Figure 4.64 Induced voltages for phases a. Phases A, B, C, D b. Phases E, F, G, H

129



400

[0as/pei] paads o104

0.

0.2 0.3 0.35

Time [Sec]

0.1

Figure 4.65 Plot of rotor speed vs time
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Figure 4.66 Plot of electromagnetic torque vs time
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Figure 4.67 Plot of phase ‘a’ current vs. time
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Figure 4.68 Plot of phase ‘e’ current vs. time
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Figure 4.70 Plot of bar 14 current vs. time
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Figure 4.73 Change in phase ‘a’ current after load is applied
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Figure 4.74 Change in phase ‘e’ current after load is applied

4.13 Conclusion

A new modeling technique for multiphase machine is introduced in this chapter
where full order model of a 9-phase interior permanent magnet machine is performed
graphically using the turn and winding functions of stator. Similarly, the expressions of
the machine parameters with the inclusion of higher order harmonics as well as the stator
induced voltages from the magnet flux density has been presented in this chapter. The
full order coupled model includes the rotor damper windings in which each rotor circuit
is considered individually. Simplified models yielding equivalent circuits are presented
using the d and q axes winding functions of stator and rotor circuits. Similarly, with the
trapezoidal approximation of the magnetic flux density of the permanent magnet, induced
voltages are traced with reference frame transformations. The experimental waveforms of
the induced voltage are found comparable to the magnet induced voltage of phase ‘A’
shown in Section 4.12. In the simulation results, it can be observed that the model

behaves as expected whereby after the load of 8 Nm was applied the rotor speed dropped
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momentarily and then returned back to the synchronous speed of 377 rad/s. The currents

in the damper winding are also zero at steady-state condition.
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CHAPTER 5
THREE MACHINE MODEL OF 9-PHASE IPM MACHINE USING FOURIER

SERIES AND FULL ORDER MODEL

5.1 Introduction

The analysis and modeling of the 9-phase machine in previous chapter was
performed under the assumption that all the phase of the machine were connected to 9-
phase source. However, there is a possibility in case of 9-phase machine that, it can be
visualized as a three machines out of which each are connected to 3-phase supply. This
connection aids greatly for the fault tolerant and reliable operation of 9-phase machine.
This section covers an analysis of such type of configuration of 9-phase machine, where
3-phases are taken to be separately connected to separate 3-phase sources. Firstly, the
model equations are derived using the three machine configuration starting from the
equations derived in Chapter 3 with the inclusion of magnet flux but excluding the
damper bars. Secondly, the contribution of each machine towards the total torque is
analyzed using the equivalent circuits. Lastly, full order coupled model is developed
graphically with the help of turns and winding functions of the machine for three machine

configurations including the damper bars.

5.2  Three Machine Configuration

Figure 5.1 shows the configuration used for the three machine analysis, where N

denotes the neutral point of the three machines and a, b, c...i denotes the corresponding

135



phases of the machine. As observed in Figure 5.1, phases ‘a’, ‘d’ and ‘g’ are connected to
a 3-phase source with neutral N;. Similarly, phases ‘b’, ‘¢’ and ‘h’ are connected to
another 3-phase source with neutral N». Lastly, remaining phases ‘c’, ‘f” and ‘i’ are also
connected to 3rd 3-phase source with neutral point N3. This configuration is given in

tabular form in Table 5.1.

5.2.1 Derivation of Stator g and d Axis Inductances

The stator q and d axis inductances are derived in the three machine configuration
in the similar way as described in Chapter 3. However, in this case, only 3-phase
transformations are performed, hence no higher order harmonics exists. In order to adjust

the transformation matrix, the corresponding phases of Machine I and Machine II are

shifted by angle of g = 277[, hence this effect needs to be included in transformation

matrix. The same case is true in the derivation of transformation matrix for Machine III.
Keeping these considerations in to account, the transformation matrices are given in

Equations (5.1), (5.2) and (5.3), respectively for individual machines.

Machine 1
c@+6,) cl@+6, —a,) clO@+6, +a) 5
T6,)=|5(0+6,) s@+6, -a,) S(6’+001+a1),a1=T7[ (5.1)
1/2 1/2 1/2
Machine 11
c@+6,-p) c@+6,-p-a,) c@+06,-pF+a,)
_ 2z , 2x (5 2)
T(‘gz)— 3(0+‘902_IB) S(¢9+902—,B—(Z2) 5(49"‘902_,8"'0‘2) aaz—Taﬂ—? .
1/2 1/2 1/2
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Table 5.1 Three machine configuration of the machine for analysis

Phase number Machine I Machine 11 Machine 111
b a,
¢ a,
d b,
e

b,
f b3
g C,
h C,
i c,

Machine 111
c(@+6,-2p) c@+6,-2-a;) c(@+6,-20+a;)
27 2 (5.3)
T(6,)=|s(0+6;,-2B) s(0+6,-28-c;) s(0+6,;-20+a;) ’az=T,ﬂ=7 :

1/2 1/2 1/2

where, 6,,, 6,, and 6,, represent the initial rotor angle for corresponding machine
configurations.

In derivations of the q-d inductances, the real variable inductance matrix derived
in Table 3.1 is used with the exclusion of higher order harmonics. The reason not to
include the higher order harmonics is due to the fact that they will be cancelled as
transformation matrix is only of 3-phase. Proceeding the same way of derivation, the q
and d inductance matrix elements for each of the machine configurations are derived.

The inductance matrix for Machine I can be given as
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Figure 5.1 Three sets of 3-phase configuration for 9-phase machine

qul Ldll LOll

qu = Lq12 Ld12 I—012 (5.4)
Lq13 Ld13 L013

where, L, defines the g-axis self-inductance of the Machine I and L, defines the d-axis

self-inductance of Machine I. Similarly L ,and L, defines the q and d axis mutual
inductances between Machine I and Machine II, respectively. After the evaluation of the
inductances, each element of the matrix of Equation (5.4) are derived as follows:

3 3 7N’a

Loy = k[E;sza0 +E#COS(2901)]+ L. (5.5)
L, = k[%;lezaO —% .3, c0s(26,)]+ L, (5.6)
L, =L, (5.7)
Lo = k[%;szaO cos(8, — O,,) + % N2, cos(8,, +6,,)] (5.8)
L, = k[%;zl\lfao cos(6, —6,,) —% NA O +0.)] (5.9)
L,, =0 (5.10)
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2

3 3 7N,"a
Lq13 = k[zﬂleao cos(8y; — 6y3) +E é 1 cos(6y, +6;)] (5.11)

aN,’a,

3 3
Lais = k[aﬂleao cos(6,, — 6y;) — 5 cos(6y, +6,5)] (5.12)

Ly =0 (5.13)

rl
where, k = i LAl

Similar equations also exist for Machine II. Proceeding the same way as Machine

I, the self and mutual inductance of Machine II and Machine III are derived as

2
Loss = KN Pa, + 2N 3 0626,)]+ L, (5.14)
2 2 2
2
L, =K AN e, =2 N3 0626,)1+ L, (5.15)
2 2 2
L022 = LIs (5-16)
2
Lyss = k[%;szaO cos(8,, — 6,,) + % N, 8, cos(6,, + 6,,)] (5.17)
2
L =K N2, c0S(6, = ) =5 2 c0s(0 +6,)] (5.18)
Lors =0 (5.19)
2
Lyss = k[%ﬂleaO +%”N‘ a cos(260,,)]+ L, (5.20)
2
Ly = K[oaN 28, — >N o500, )]+ L, (5.21)
2 2 2
L033 = LIs (5-22)

Equations (5.5)-(5.22) give an idea about the inductance matrix that comes into
play when the three machine arrangement is considered in the 9-phase IPM machine.
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Similarly, these equations also demonstrate that the self and mutual inductances are the

functions of initial rotor angles. For the simplicity of analysis, assuming that the initial

rotor angle is zero and proceed with the derivation

If 6,, =6,, =6,, =0, Equations (5.5) to (5.22) turns into

Loy = k[%;szao +%”N§al 1+ L,
L., _k[%;sz O—E”N;al] L,
Lon = L

Ld12_k[EﬂN1 0_5 9 ]
L012 =0

3 3 7N,’a
qu3 = k[EﬂleaO += é 1]

Ld13 _k[EﬂNl 0_5 5 ]
L013:0

3 3 7N’a
Loz =k[E”N12ao+_ é L1+ L

3 3 7N,’a
Ld22 :k[Eﬂleao__ é 1] Lls
I—ozz _Lls

3 2N’
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(5.23)

(5.24)

(5.25)

(5.26)

(5.27)

(5.28)

(5.29)

(5.30)

(5.31)

(5.32)

(5.33)

(5.34)

(5.35)



Lo = k[ﬂN12ao 5T, ] (5.36)
Lyp; =0 (5.37)
2
Lq33 = k[%ﬂleao i ﬂNé 2 1+ L (5.38)
3 3 N,’a
Ly =k N "8, - — =1+ L, (5.39)
Loss = Lis (5.40)

Equations (5.23)-(5.40) also signify an interesting observation that if the zero
initial case is assumed, the self and mutual inductances gives the same equations except

the leakage terms that comes in effect in case of the self-inductances.

5.2.2 Flux Due to Permanent Magnets

Using the same concept of transformations as derived in Section 5.2.1, the flux
due to permanent magnet on each machine can be evaluated. The flux due to permanent

magnets is derived as follows with the inclusion of the initial angles:

Ay = %;zsl N, cos(0),) (5.41)
Agim =0 (5.42)
Ay =0 (5.43)
Ay = %ﬂBlNl cos(6,) (5.44)
Ay =0 (5.45)
Ay = %malm1 cos(6,) (5.46)
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Agsm =0 (5.47)
Ay =0 (5.48)
Agim =%ﬂBlN1 (5.49)
Agim =0 (5.50)
Aoy =0 (5.51)
Agam =§ﬂBlNl (5.52)
Agom =0 (5.53)
Ay =0 (5.54)
Agsm =%ﬂBlN1 (5.55)
Agsm =0 (5.56)
Agsm =0 (5.57)

5.2.3 Voltage and Flux Equations for Each Machine

After the derivation of corresponding inductance and permanent magnet flux, the
analysis is performed for voltage and flux equations of each machine. Keeping the same
stator resistance in each case and ® as the frequency of fundamental component, the
voltage and flux equations for each machine configurations are given as

Machine I

V. . = rsiqll + p/lq1 + oy,

ql
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Vir = Klgyy + Ay, — 04

ql

V01 =Lloy, + plm

A 1= I-q11'q11 + Lq12|q22 + Lq13|q33

q

/Idl = Ldllldll + Ld12|d22 + Ldl3|d13

’101 = L011i011
Machine 11
Vi = rsiq22 + PAg, + @044,

de =Ll + p/ldz _a)ﬂ*qz

Voz =Tl + p/loz

=L i, +L i, +L..i

ql27qll gq22°q22 0237933

A

q2

;tdz = Ldlzldll + Ld22|d22 + Ld13|d33

ioz = L022i022
Machine 111

Vs = Klgss + PAgs + 0445

Vs = Flgss + PAgs _C‘Mq3

Vs = Kl + PAgs

Ags = Lq13iq13 + Lq23iq22 + Lq33iq33

Az = Lyuslan + Lasslan + Lysslgas

103 = L033|033
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5.2.4 Torque Equations for Each Machine

After the derivation of flux and voltage equations for each machine

configurations, the next step is the derivation of torque. Similar to the case derived

before, the electromagnetic torque is derived from the concept of co-energy. In the

resulting magnetic circuit, the co-energy stored is given in terms of stator current and

magnet flux as

W, = ! 'L+

0 A~ m

The electromagnetic torque,

° 00,

rm

Taking the partial derivative of equation of co-energy,

T, =l|;—a"ss I+ Oy
2 °° 06, a0,
P
Since, 6, =—86,,
2

P1,.0L P 9
T =1 Ty 4 L
22° 00 2 ° 6,

r r

Applying transformation to the above equation,

Pl oL
To=——[T(O) s | =T ()
e 22[() qdos]‘ae ()

r

qdos + g [T (9)71 I qdos ] %

r

(5.64)

(5.65)

(5.66)

(5.67)

(5.68)

As observed from Equations (5.23)-(5.40), there is the existence of self-machine

inductance as well as mutual machine inductances. This also gives rise to the self-

machine torque and mutual machine torque since each of the inductance contributes to
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the torque positively. For the analysis, self and mutual torque of each machine
configuration is derived separately with the help of the inductance matrix derived in
Table 3.1, permanent magnet flux and transformation matrix. The electromagnetic-torque

of each machine utilizing this concept can be given as

Machine I
g =¥%[|qmm]tT(Q) ZL;: )" [l (5.69)
_ %[(an Ly i ] (5.70)
Machine II
T, =¥%[Iq2d202]‘T(6’2)%T(92)l[lqzdm] (5.71)
- %[(quz — Lz ignaign ] (5.72)
Machine 111
T, = %%[Iwmw]‘T(@) ZLHT T(0)  [1is450s) (5.73)
= %[(Lq% Ly )igasigs ] (5.74)

Similarly, due to the existence of the mutual inductance terms, the mutual torques

of the machines is also derived as

Machine I and Machine 1I:
3P 1 oL _
o= e TO) 52T 0 [l ] (5.75)
3P . .
= T[(quz - Ldlz)(lqn'dzz + 'dn'qzz)] (5.76)
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Machine I and Machine III:

3P 1 oL, _
el3 :TE[Iqldlol]tT(el) 8l9r T(6’3) ][Iq3d303] (5‘77)
3P .. .
= T[(qus - Ld13)(|q11|d33 + |d11|q33)] (5~78)

Machine II and Machine III:

3P 1 oL, .
T =4 3 U TOI G2 TO) [l (5.79)
3P .. ..
= T[(qu - Ld23)(|q22|d33 + |d22|q33)] (5.80)

Finally, the torque is obtained considering the induced magnetic flux due to
magnet in each machine configurations.
Machine I and magnet:

3P oA,

e UG, (5.81)
3P .
= Tﬂ'dlmlqll (5.82)
Machine II and magnet:
3P oA,
Tan =33 B ] TE) 52 (5.83)
3P .
:Tﬁ“dzm'qzz (5.84)
Machine III and magnet:
3P oA,
Te3m = 53[|q3d303:r-r(93) aer (585)
3P .
:Tﬂ’mmlq}} (5.86)
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Now, the total torque is obtained by summation of the individual machine torques
and torque due to magnet in each configuration. The final expression for torque is given
as

3P A P [N
T, = T[(an - Ldll)lqllldll +(Lq22 - Ld22)|q22|d22 + (Lq33 - Ld33)|q33|d33

+(Lq12 - Ldlz)(iqllidzz + idlliq22)+(|—q13 - Ld13)(iq11id33 + idlliq33) (5.87)

++(Lgos = Lyas)ignlgss +ianlgs) + Agimlgin + Agamlgor + Adsmlgs ]

Equation (5.87) gives an interesting observation while dealing with the three
machine configuration of 9-phase IPM machine. The total torque is summation of
individual contribution of each machine, magnets and also due to the mutual interaction
between each machine sets. The contribution of particular machine sets to resultant
torque can be calculated using the Equations (5.69)-(5.86). It gives the individual

contribution towards the total torque when any one of the machine is out of operation.

5.2.5 Equivalent Circuit of the Three Machine Configuration

The equations derived from (5.43) to (5.45) are now utilized in order to derive the
equivalent circuit of the machine when operated as three machine configuration. The
difference of the equivalent circuit going to be derived from that of the previous chapter
is that the source is now reduced to 3-phase compared to 9-phase. Hence, q-d voltage will
also be reduced to three to represent each machine configurations. Figure 5.2 shows the
equivalent circuit of three machines for the g-axis. Similarly, Figure 5.3 shows the circuit
for the d-axis and Figure 5.4 shows the circuit for zero sequence.

In this way, the derivation of the equivalent circuit is performed by taking three

machine configuration of the 9-phase machine. This configuration is useful in the case of
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operation and control of the machine when there is the availability of three phase
inverters only. Comparing to the calculation steps with Chapter 3, it is seen they are
highly reduced using three phase analysis. However, there is the demerit of operation in
this configuration as the higher order harmonics are not considered in the analysis which

implies that the torque improvement is not achievable.

5.3  Full Model of Three Machine Configuration of 9-Phase IPM Machine with

Damper Windings

In this section, the full order modeling of the three machine configuration is set
forth using the basic equations for winding functions, inductances and flux linkages. This
section is similar to the method introduced in Chapter 3, however, g-d stator winding
functions are evaluated in stationary reference frame for all machines using respective 3-
phase transformation matrix. Secondly, the stationary reference frame transformation is
extended to the rotor bars to evaluate the q and d winding functions.

Thirdly, self and mutual inductances of stator and rotor circuits are evaluated
graphically with the assumption of coupled circuit model of the machine. Finally, with
the help of permanent magnet flux density waveforms, the induced voltage of the

machine is evaluated graphically.
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The major advantage of this method is that the complexity of long and rigorous
mathematical manipulations are reduced significantly as graphical approach is performed

and there is no need of calculation of all phase inductances as done in Chapter 3.

5.3.1 Stator Clock Diagram, Turn and Winding Functions

The stator clock diagram, turn and winding functions are similar as derived in
Chapter 3. However, in this case, the Machine I comprise phases a,d and g. Similarly,
Machine II is made of phases b, e and h and Machine III consists of phases ¢, f and 1.

Hence, these are to be taken into account while dealing with the transformations.

5.3.2 Stationary Reference Frame Transformation of Turn and Winding

Functions

In this section, the stationary reference frame transformation of the winding
functions is discussed. The transformation matrix is same as discussed in previous

sections for all machines.

Machine I:
c@+6,) cl@+6,-a) clO@+6, +a,) 5
T@)=s(6+6,) s(@+6,-a) s(@+6,+a,)) | :?ﬁ (5.88)
1/2 1/2 1/2
Machine II:
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c(@+6,—-p) c@+6,-p-a,) c(0+6,-L+a,)

T(6)=|50+0n—f) S(O+0y-f-ar) SO+0y-f+ar) ,az%’,ﬁ:%’[ (5.89)
1/2 1/2 1/2
Machine III:
c@+6,-2p) c(@+6,-2-a;,) c(O+6,-20+a,)
T(O,)=|5(0+0,-28) S(O+0,—28-c;) S(O+0y,-2B+a;) ,a3=27”,ﬂ=%” (5.90)
1/2 1/2 1/2

However, in this analysis, the initial angle is taken to be zero. For the stationary
reference frame transformation, the stator winding functions are given in corresponding
figures. Figure 5.5 and 5.6 show the q and d-axis stator winding function for Machine I.
Similarly, Figure 5.7 and 5.8 show the q and d-axis stator winding function for Machine
II. For Machine III, the q and d-axis winding function are given in Figures 5.9 and 5.10.
Finally, Figures 5.11, 5.12 and 5.13 show the zero sequence winding functions for

corresponding three machines.

5.3.3 Derivation of Rotor Turn and Winding Functions

The rotor winding function is derived in previous chapter and the plot of the

winding function for 48 number of bars with rotor angle is given in Figure 5.14.

5.3.4 Stationary Reference Transformation of Rotor Winding Function

In this section, the stationary reference frame transformation of the rotor winding

functions is derived using the 3-phase transformation matrix. Figures 5.15, 5.16 and 5.17,
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respectively show the g-axis, d-axis and zero-axis winding function with the change of

spatial angle of rotor.

400

o, [degrees]

Figure 5.5 g-axis stator winding function for Machine I
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Figure 5.6 d-axis stator winding function for Machine I
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Figure 5.7 g-axis stator winding function for Machine II
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Figure 5.12 Zero-axis stator winding function for Machine II
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Figure 5.13 Zero-axis stator winding function for Machine III
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Figure 5.14 Rotor winding function for coupled bars

5.3.5 Derivation of Stator Self-Inductances

After the derivation of the stationary reference frame winding functions, this
section describes the use of the derived equations for the derivation of q-d model
equations.

The equation of stator flux in real variables is given as
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Figure 5.15 g-axis rotor winding function
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Figure 5.16 d-axis rotor winding function
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Figure 5.17 zero axis rotor winding function

ﬂ’adgs = Ladgsiadgs + Ladgsbehs Ibehs + Ladgscfls cfis + Ladgsabc nr-abc .nr + ﬂ“adgm (591)
Using reference frame transformation with angle 6 in Equation (5.91),
T (01 )ﬂ“adgs = T (9 )Ladgs adgs + T (0 )Ladgsbehs ibehs
(5.92)

+T(6,)L +T(6,)L [

adgscfls CfIS adgsabc...nr "abc...nr
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In this section, only the evaluation related to first term of Equation (5.74) is
performed for the derivation of self-machine inductances. The second term is the mutual

inductance term which is going to be deal later for the derivation of mutual inductances.

Suppose, T(6,)=T(6, —6,,)T(6,,) (5.93)

Hence first term in RHS of Equation (5.75) becomes,

T (0 )Ladgs adgs =T (9 exl )T( x1 ) adgsladgs

“T(0, -0, (0L T(0) 70,0, i 0
Assume the operation in rotor reference mode, i.e., , =6, and 0,, =
Hence,
T(0)Lasiaggs =T(0) TO)LaggeT(0)" T(6,) i
Stationary Reference Frame (5.95)

= quoxs quoxs

As observed in Equation (5.95), the middle terms imply the stationary reference

transformation of the stator inductance matrix. In terms of the winding functions,

Ly = ol NN, (#)a ™ (4.6, )dg (5.96)
Hence,

L = 101N (BN, ()0~ (¢.0,)d9 (5.97)

L = 271 [N, (6N, (#)a ™' (.0, )d9 (5.98)

In the similar way, all inductances can be derived.

Hence, the middle term of Equation (5.95) is given as
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9'(4.6,) 0 0
x| 0 g'g6) o0
0 0 97(¢.6,)

The given matrix can be resolved as

me=TwJ%ﬂﬁ“N®ABN®*CT@J”
where,
N N ]
A= Na Na 2
d d
Ng Ng Mg
_N 0 0_
a
B=|0 Nd 0
_0 0 Ng_
9'(g.0,) 0 0
C= g'(¢.60) 0
I 0 g'(g6)
qu ql ql
T(0)A= Nat Nar Nay
No No Np

(5.99)

(5.100)

(5.101)

(5.102)

(5.103)

(5.104)

Multiplying Equation (5.104) with BT (0)™', the resulting equations is given as
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N ’ N Ndsl N NOsl

gsl gsl gsl

T(0)ABT(0)" =[ NNy Ngo® NNy, (5.105)

gsl

N NOsl Ndsl NOsl NOsl2

gsl

Statlonary Reference Frame

The expression of L, . consists of the term ‘C’, the air gap matrix, which is

qdoxs
dependent of rotor angle. Similarly, the transformation matrix is also dependent on rotor
angle as seen from Equation (5.100). In the integration of Equation (5.105), the mutual
terms containing g-axis and d-axis gives rise to zero similar to the case of 9-phase
machine. Recalling the plot of air gap function with the variation of rotor angle, Figure

5.18 shows the variation of air gap function with the rotor angle.

In order to derive the inductances the air gap function is stepped with the variation
of rotor angle and inductances are calculated with the help of Equation (5.100). The
similar expression can be obtained for other machine configurations. Figures 5.19, 5.20
and 5.21, respectively depict the q and d axis stator inductances for Machine I, Machine
IT and Machine III. The inductances are plotted with the variation of rotor angle and rotor

saliency is observed since d-axis and g-axis inductances are different.

5.3.6 Derivation of Stator Mutual Leakage Inductances

The flux linkage equation for the Machine I is given as

ﬂ’adgs = Ladgs adgs + Ladgsbehs behs + Ladgscfls cfis + Ladgsabc ...nr iabc.“nr + ﬂ“adgm (5 106)
Multiplying both sides by transformation angle T (191 )
T(el )ﬂ’adgs :T(0 )Ladgs adgs +T(0 )Ladgsbehs behs +T(0 )Ladgscfisicfis (5 107)
+T(01 )Ladgsabc .nr abc .nr +T(0 )ﬂ’adgm .
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Figure 5.18 Air gap function vs. rotor angle
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Figure 5.19 q and d-axis stator inductances for Machine I

For the mutual inductance between the machines, the second term is taken into

account.

T (61 )Ladgsbeh ibehs = T (Hl )LadgsbehsT (HZ )71 iqdon

i (5.108)
From the properties of transformation, it can be shown that,

T(6,)=T(6,-6,)T(6,) (5.109)

T(6,)=T(8,-6,)T(8,) (5.110)
But,

0,=6,-p (5.111)

T6,)=T(6-8-6,)T(6,,) (5.112)

Substituting this value in Equation (5.92)
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Figure 5.20 q and d-axis stator inductances for Machine 11
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Figure 5.21 q and d-axis stator inductances for Machine III

qdol2s — T (Hl - Hxl )T (Hxl )LadgsbehsT (exz )_IT (91 - é/ - ‘9x2 )

Assuming rotor reference frame,

91 :9r7 0x1:0x2:0

L

L

qdo12s — T (er )T (O)Ladgsbehs T (0)_1 T (gr - ﬁ)_l

Stationary reference frame

NaNb NaNe NaNh

qdolzs:T(a,)ﬂorljoz”T(o N,N, NN, NyN, [T(0)'T(6, -28)"
N,N, NN, NN,
97(#.0,) 0 0
0 g'es) 0
0 0 g'(se)
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Let Equation (5.116) is represented as

27 _ _
Lasonzs = M1T(8,)[ " T(0)ABT(0)'7(6, - p)'C (5.117)
Na Na Na
A=|N, N, N, (5.118)
Ng Ng Ng
b 00 (5.119)
B=|0 N 0
e
0 0 Nh
ql ql gl
= (5.120)
T(O)A Ny, Ny Ny,
N0 NO NO

quNqZ quNdz Nq1N02

T(O)ABT(O)_lz NoNgs NaiNga NaiNoo (5.121)
NotNgz NotNa2 NotNoo
g'(4.6) 0 0
C=| 0 97'(4.6,) 0 (5.122)
0 0 g'(6)
quNq2 quNdz quNOZ
Lagorzs = T (6, NaNg2 NaiNga NgiNoo [0 =5)"
NotNgz  NotNaz NoiNoz (:123)
g'(e.0) 0 0
x| 0 97(¢.6,) 0 |d¢
0 0 g'(46)

Applying the similar methods derived previously by stepping the rotor angle and
evaluating the inductances, the mutual inductance between Machine I and II is derived.

Figure 5.22 gives the mutual d and q axis stator inductance between Machine I and
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Machine II. Similarly, the mutual inductance between Machine I and Machine III is given
in Figure 5.23. The mutual inductance between Machine II and Machine III is depicted in

Figure 5.24.

5.3.7 Derivation of Rotor Self-Inductances

The rotor flux linkage in real variable form is given as

/1abc...nr = I—abc..nrlabc...nr + Labc,.isabc...nrladgs (5‘124)
Multiplying both sides of Equation (5.118) by transformation matrix, T(l91 -0 ),
T (01 - 0r )ﬂ'abc...nr = T (01 - 0 )Labc nr-abc .nr +T(9 H )Labc..isabc...nriadgs (5-125)

For the derivation of rotor self-inductances, only the first term of equation is taken

into account. Hence,

—1-
T(e 9 )Labc nr abc .nr =T(91 _er)Labc..an (01 _Hr) quor (5126)
For rotor reference frame,
6 =06 (5.127)
x 10
2 T T T T T T T
T | | | | | | |
~ W‘FWW‘F‘
g LS o IR o S T o S
= | | | | | —
& 1l IR U b I G T s
N | | | | |
_g i | l i i —— Lds]‘.2
0.5 —
0 50 100 150 200 250 300 350 400

0, [degrees]

Figure 5.22 Mutual stator leakage inductance between Machine I and Machine 11
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Figure 5.23 Mutual stator leakage inductance between Machine II and Machine III
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Figure 5.24 Mutual stator leakage inductance between Machine I and Machine III

Hence, above equation becomes

T(HI _Hr )L i :T(O)Labc..an (0)_1 iqdor (5128)

abc..nrlabc...nr
This equation is similar to the equation derived in case of the stator circuits except
that the inductance now should accommodate the rotor circuits. Hence, the winding
functions in stationary reference frame derived are used to evaluate the inductances.
Proceeding the same way as derived for the 9-phase case by stepping the rotor angle, the

inductances derived for d-q inductance of the rotor circuit are given in Figure 5.25.
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5.3.8 Mutual Inductance of Rotor with Other Machines

In the same way, the mutual inductance between the stator of each machine and
rotor bars can be determined. The similar method of calculation follows with the
adjustment in transformation matrices.

The stator flux linkage after the transformation is given as;

T (01 )j’adgs = T (9 )Ladgs adgs + T (0 )Labc..isabc...nr iabc..“nr + T (01 )j’adgm (5 129)
Taking the second term in Equation (5.129),
T (91 )Ladgsabc...nr iabc....nr =T (Q)Ladgsabc.“an (9 - er )_1 iqdor (5130)
Suppose, T(6,)=T(6, -6, )T(6,,) (5.131)
Assuming, 0,, =0, and 6, = 6, i.e., rotor reference frame,
T(e )Labc isabc...nr abc .nr _T(e 0 )T( ) adgsabc.“an (01 - er )_1 iqdor
—T(@ )T( ) adgsabc..nr ( )71iqdor (5132)
quors qdor

If Equation (5.126) is solved in terms of real variables and stationary reference

frame transformation is applied, the equation reduces to,

quors :T /uOrIJ. qdors 71 (¢s9 r) ¢ (5133)
where,
ququlr qusNdlr qusNOr
quors = Ndlqulr NdlsNdlr NdlsNOr (5134)
qusNOr NdlsNOr NOSNOr
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Similar to the derivations derived before, the q and d axis mutual inductances
between rotor bars and each machine is evaluated with the variation of the rotor angle.
Figure 5.26 gives the plot between rotor and Machine I and Figures 5.27 and 5.28 depicts

the plot of mutual inductances between rotor and Machine II and III, respectively.
5.3.9 Induced EMF Due to Magnets on Stator Phase Windings

Using the derivation steps as discussed in previous chapter, the transformed flux
linkage on stator is given as

T(0) Ay, « =T(O)sp e i +T(O)L [ +T(0)4

abc...is "abc...is abc..isabc...nr “abc....nr

abe.im (5.135)

The flux linkage due to magnet on phase ‘a’ is given as [2]

=[N B,(£.6,)rd cdg, (5.136)

0 s

In matrix form, for first machine,

las r| N as N as N as ¢ Br (¢’ HI’ )
ﬂ’bs ZE Nds Nds Nds L Br (¢= ar) d§d¢s (5137)
ﬂ’cs N gs N gs N gs Br >Yr )
x 10°
1.5 T T T T T T T
z o e T T
E I
2 | | | | |t
Tt s S S S I S
_JU ; | | | T | | T L\_A
0 l ! l ! l l !
0 50 100 150 200 250 300 350 400

6, [Degrees]

Figure 5.25 Rotor q and d axis inductances
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Figure 5.28 Mutual inductances between rotor and Machine I11
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Multiplying both sides by transformation matrix,T(@l)
Let, T(6,)=T(6,-6,)T(6,) (5.138)

Hence, RHS of above equation becomes

| Noo No N B,(.6,)
2z b +7T
:%T(el —HX)T(HX)_L Nds Nds Nds I: Br(é',er) d§d¢s (5.139)
Ny No Ne | [B(¢.6)

Again, using rotor reference frame, 8 =6.,6, =0, above equation turns into

rl 27| as N as N as g+ Br (g’ er )
:?T(er )T(O)I Nds Nds Nds J. Br(gagr) dé/d¢5 (5140)
’ N N N % Br (ga er )

Since the integration does not involve the transformation angle, the
transformation can be brought inside the integration and apply the transformation. The

equation turns into

rI 2 Nq15 N qls N als |p+rz BI’ (é/’ HI' )
=§T(9r)f Nais  Ngis N j B,(¢,6,)dcdd, (5.141)
° N 0s NOS NOS ¢S Br (é” el’ )

The term inside the second integration is the waveform of the tapered flux
density. Since the flux density gives the same value for any range of integration, the

integration here is performed for the limits with ¢, =0 . Using this integration, the flux

density is as given in Figure 5.29. Hence, the equation reduces into,

rl 2 3qusBr(Hr)

:?T(er).[ 3qusBr(gr) d¢s (5142)
°|3N,,.B,(6,)

qls =r

Hence, the fundamental g-axis flux linkage due to magnet is derived as
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_ Jz,, c(6, )x Ny (B, (6,))+¢(6, —a)x Ny, (B, (6,))

+cl6, ~20)x N,y (B,(8,) i (514

The g-axis flux linkage is depicted in Figure 5.30. Since the g-axis flux linkage is
almost zero, the induced d-axis EMF will also be almost zero. Similarly, fundamental d-

axis flux linkage is derived as
ﬂ’dlms = Jjﬂ [S(Hr )X qus (Br (Hr )) + S<Hr - CZ) x Ndls (Br (Hr )) + S<Hr - 20{))( NqSS (Br (er ))] (5 144)

The plot of d-axis flux linkage with the variation in rotor angle is shown in Figure
5.31 and induced EMF to the stator g-axis is shown in Figure 5.32. Similarly, the flux
induced due to magnet in d-axis of Machine II is derived in Figure 5.33 and the induced
voltage is derived in Figure 5.34. Similarly, the flux linkage in d-axis of Machine III is

shown in Figure 5.35 and induced voltage is shown in Figure 5.36.
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N
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Figure 5.29 Flux density integrated with ¢,=0
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Figure 5.32 g-axis induced voltage between magnet and Machine I
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Figure 5.33 d-axis flux linkage between magnet and Machine II
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Figure 5.35 d-axis flux linkage between magnet and Machine III
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Figure 5.36 g-axis induced voltage between magnet and Machine III

5.4 Conclusion

In this chapter, the model of the three machine configuration of 9-phase IPM
machine was performed using the Fourier series of the winding functions as well as the
graphical analysis of the coupled d-q circuit model. The equivalent circuit of the machine
was analyzed by taking all of the machine performance individually. It was also observed
that the resultant torque due to machine is the resultant due to each machine torque and
also the mutual torque which arises from the mutual inductance parameters from the
machine. The stationary reference frame transformation was used to determine the d-q
winding functions and they were also used to derive the performance parameters of the
machine with the inclusion of the rotor damper bars. Similarly, the induced flux linkage
due to magnet was observed on every machine counterparts when the 9-phase machine is
operated as three sets of 3-phase machines. This gives a clear picture of the machine
operation when 9-phase machine is operated as 3 sets of 3-phase machines for increased
reliability. However, there is no existence of higher order harmonics in the system to get

the resultant contribution due to harmonics.
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CHAPTER 6
DESIGN AND ANALYSIS OF 9-PHASE INDUCTION MACHINE FOR POLE

PHASE MODULATION SCHEME

6.1 Introduction

For the operation of the multiphase induction motor in varying speed/torque
operation, pole phase modulation of the motor has been developed in which the change of
the number of poles and phases of the stator windings can be done seamlessly. For
operation in low speed and high torque, the motor can be operated as 3-phase, 12-pole. In
addition for high speed and low torque operation, motor can be operated as 9-phase, 4-
pole operation. This chapter presents the pole phase modulated design of the stator
windings of a multiphase squirrel cage induction machine using the concepts of turns and
winding functions and clock diagrams. The parameter determination of the motor is
performed in both configurations using different experimental and estimation techniques.
Similarly, the finite element analysis and the full order circuit model simulations are
deployed to validate the design. With the development of the finite element field plots,
performance comparison of the 4 and the 12-pole stator winding configurations are
explored. Coupled circuit model of the configurations are set forth and used to simulate
the operation of the motor and demonstrate the possible different operating synchronous

speeds.
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6.2  Design Strategy for PPM

6.2.1 Design Rule

A general design rule for the PPM is presented in this section. The coil pitch is
equal and constant for the two stator winding configurations. Denoting P, as the number
of poles and m, as number of phases and p, and m,for another set of poles and number
of phases for the same machine, the required number of stator slots S, must satisfy the
following relationship [54]:

S=p,qm (6.1)
pi is the number of poles, m; is the number of phases and q; is the phase (spread)

belt. If the two winding configurations are denoted as i = 1,2, the ratio of the two pole

numbers is
k=P _ &M (6.2)
p, qg,m,

The constant k is usually chosen such that k <1.
The design procedure is summarized as follows:
a. Select the number of stator slots (S)

b. Select the ratio k

c. Select phase ratio, m, /m,

d. Calculate ratio of phase belt q,/d,

e. Select the coil pitch and connect windings
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6.2.2 Design of PPM Using Turn and Winding Functions

In electromagnetic design of electrical machines, turn and winding functions play
the major significant role [67, 68]. The parameter estimation, study of air gap flux density
and resultant MMF harmonics are made easier by the use of turn and winding functions.
However, for this achievement, clock diagram is the initial starting point, where the
windings are arranged in the stator slots with the variation of phase sequence and pole
numbers [67].

The distribution of phase windings in 36 circumferential slots can be observed in
Figure 6.1 in the form of clock diagram. The inner part of the figure shows the
distribution for 9-phase, 4-pole whereas the outer part shows the corresponding
distribution for 3-phase, 12-pole configuration. After the assignment of this distribution,
turn and winding functions of each phase can be drawn by varying the circumferential
angle. Figure 6.2 shows the turn and winding function for phases ‘a’, ‘b’, ‘c’ and Figure
6.3 shows the corresponding functions for ‘d” ‘e’, and ‘f” phases. Figure 6.4 depicts the
turn and winding functions for phases ‘g’, ‘h’ and ‘i’. Similarly, Figure 6.5 shows the
turn and winding functions for phases ‘A’, ‘B’ and ‘C’ of 3-phase configuration,
respectively.

If any point along the circumference of the graphs in Figures 6.2, 6.3, 6.4 and 6.5
are analyzed, it can be observed that the resultant winding functions of three of the phases
in 9-phase configuration gives the winding function of one of phase in 3-phase
configuration which is described by Equation (6.3), where WF denotes the winding

function of corresponding phases.
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Figure 6.1 Clock diagram for 3-phase, 12-pole (outer) and 9-phase, 4-pole (inner)

induction machine
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Figure 6.2 Turn and winding functions for phases ‘a’, ‘b’, and ‘¢’ of 9-phase

induction machine
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machine

WF[a+d + g]=WF[A]
WF[b + e + h]=WF[B] (6.3)
WF[c+ f +i]=WF[C]

6.2.3 Winding Design for PPM

The concept of clock diagram described in Section 6.2 gives the idea to layout the
windings in both the configurations. Taking the distribution of phase windings in 9-phase
configuration, the winding layout of Figure 6.6 (upper) is designed. Similarly with the
distribution of the phases in 3-phase case, the corresponding winding layout of Figure 6.6
(lower) is designed. If the layout in Figure 6.6 is observed as moving through the stator
slots, the phase configurations given in Table 6.1 can be derived for the comparison of

both operations.
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The configuration derived using the winding layouts gives us the flexibility to
connect three of the windings in 9-phase 12-pole mode to the same source in order to
operate as 3-phase, 12-pole mode. However, the source (current/voltage) should be
adjusted such that there is existence of continuously rotating MMF for both systems to be

in operation.

6.3 Finite Element Realization

Using the stator winding designed for the two configurations in Section 6.2, the
two operating modes are analyzed with the finite elements analysis tools, FEMM [41].
For each configuration, the rated current corresponding to the data sheet of motor is
injected through the stator windings and the resultant air gap MMF is analyzed in order to
observe the corresponding characteristics.

a. 9-phase, 4-pole: The rated current of 2.4 Amperes, corresponding to the stator
winding ampere-turns of 9-phase configuration is injected through the
windings with the help of the clock diagram given in Figure. (6.1). It should
be noted that, the currents are injected with the proper phase shift of 27/9 as
moving through the phase sequences in each of the slots. Figure 6.7 shows the
magnetic field pattern of the model when the machine is operating as a 4-pole
stator winding. Similarly, Figure 6.8 shows the corresponding air gap flux
density with the variation in stator angle.

b. 3-phase, 12-pole: Similar to the case of 9-phase, in 3-phase system, rated

current of 7.2 Amperes is injected through each of the stator windings in this
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case. However, the phase shift of 27/3 is adjusted as phase sequence is moved
from each of the slots. Figure 6.9 depicts the magnetic field plots after the post
processing and in Figure 6.10, the air gap flux density is illustrated. Figures
6.7-6.10 clearly reveal the number of poles for the two stator winding
configurations and the nature of the air-gap flux distributions. Hence, it is
observed that for the same fundamental MMF injection, the fundamental air-
gap flux density of the 3-phase machine is higher with a potential for a higher

torque generation as expected.

6.4  Parameter Estimation of 9-phase Induction Machine for Pole Phase

Modulation Scheme

In order to determine the induction motor performances (torque, current,
efficiency, etc.), the equivalent circuit parameters have to be computed after
electromagnetic design of the induction motor. In this section, the two configurations of
pole phase modulation are analyzed in terms of determining the equivalent circuit
parameter estimation. For the accurate prediction of the parameters, different methods are
employed. The conventional experimental test is performed and magnetic analysis is
applied with finite elements in order to validate the experimental tests. Comparisons are

also made between the machine parameter values obtained using these methods.
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Figure 6.10 Air gap flux plot of 3-phase, 12-pole configuration

6.4.1 Experimental Method

The experimental method incorporates different conventional tests to determine
the inductance and resistance parameters of the machine. Figure 6.11 shows the

equivalent circuit of the induction machine in terms of those parameters.
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Figure 6.11 Equivalent circuit of induction machine

Conventionally, to determine the parameters of the machine, three tests are
performed: DC test, no load test, blocked rotor test.

The DC test is performed to evaluate the stator resistance of the motor. The
resistance is defined by applying DC voltage across the stator winding and measuring the
current flowing in the circuit.

If V, is the dc voltage applied across the circuit and |, is the current flowing

through it, the stator resistance is given by Equation (6.4).

R, = Ve (6.4)

The no load test is conducted when the induction motor runs at no load the rotor
speed approaches the synchronous speed. The slip is very small in this case. Accordingly,
the secondary impedance becomes high compared to magnetizing branch. As a result, the

equivalent circuit becomes as in Figure 6.12.

Three observations are taken from the circuit, 3-phase power, P3_ ph-NL » No load
voltage, Vy, and no load current, |, . With these measurements, the no load resistance

R, and no load reactance X n1 are computed for varying input voltages.
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Figure 6.12 No load equivalent circuit

To find the magnetizing inductance and core loss resistance, Equation (6.5) needs
to be solved Solving for the no load inductance and resistances in terms of equivalent
circuit parameters of Figure 6.12 the following equation needs to be solved:

Rw(xl—i_xm)2 x RWZ(X1+Xm)

R, =R + =
" 1 RW2+(X1+Xm)2, " RW2+(X1+Xm)2

(6.5)

The Blocked Rotor Test is performed when the rotor is prevented from running
resulting in the slip being equal to 1. The secondary impedance becomes less than the

magnetizing impedance.

Hence the equivalent circuit is given as in Figure 6.13. Three measurements are
taken from the circuit, line voltage, Vg, , 3-phase power, P3_ph_BL , line current, | .
From the measurements, the short circuit resistance R, and short circuit reactance X . is
obtained by solving circuit of Figure 6.13.

R, =R +R,’ (6.6)

X=X, +X,' 6.7)
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Figure 6.13 Blocked rotor equivalent circuit

Solving Equations (6.4) — (6.7), the no load and locked rotor equivalent

parameters are estimated.

6.4.2 Observations and Results from Experimental Methods

For each determined configurations thus considered, no load test and blocked
rotor tests are performed to determine the equivalent circuit parameters of the machine.

The DC test is performed to determine the stator resistance that gave DC resistances
of 0.99 Ohms in 9-phase, 4-pole and 0.33 Ohms in 3-phase, 12-pole configurations. The
conventional two wattmeter method is used for the no load and blocked rotor tests.

Table 6.2 shows the no load observations for 9-phase, 4-pole configuration and Table
6.3 shows locked rotor observations. Figure 6.14 shows the plot of magnetizing inductance
vs. mutual flux linkage. Similarly, Figures 6.15 and 6.16 present the plots of sum of leakage
inductance and rotor resistance, respectively with change of mutual flux linkage. Table 6.4
shows the no load observations for 3-phase, 12-pole configuration and Table 6.5 presents
the locked rotor observations. In Figure 6.17, Magnetizing inductance is plotted in
variation with mutual flux linkage.
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Table 6.2 No load observation for 9-phase, 4-pole configuration

Van Vin Lo Lo P P,
252 249 1.44 1.5 245 120
237.4 235.1 1.41 1.35 220 115
221 224 1.27 1.33 190 105
209.5 211.9 1.25 1.2 175 90
195.8 198.14 1.17 1.12 150 80
183.1 181 1.03 1.08 135 70
175.4 173 0.99 1.04 125 65
167.7 165.8 0.95 0.99 115 60
153.7 151.9 0.87 0.91 100 45
139.6 137.7 0.79 0.84 85 40
122.5 120.3 0.72 0.77 70 30
105.3 103.2 0.66 0.71 65 20
90.2 88.4 0.59 0.64 55 15
75.1 73.2 0.53 0.57 45 10
60.2 58.1 0.48 0.52 30 5
45.1 43.6 0.40 0.44 10 5
30.7 28.7 0.34 0.39 5 5
15.3 13.5 0.26 0.32 5 5

Similarly, Figures 6.18 and 6.19 depicts the plot of sum of leakage inductance and
rotor resistance, respectively with variation in mutual flux linkage. The magnetizing
inductance increases with the increase of mutual flux linkage until the point where

magnetic path saturates and it begins to decrease.
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Table 6.3 Locked rotor observation for 9-phase, 4-pole configuration

Vi Vs L, I P, P,
149.5 150 8.7 8.69 500 5
142 144 8.3 8.4 465 5
138.2 139 8.03 8.15 435 5
133.6 134 7.8 7.88 405 5
127.5 128 7.5 7.6 395 5
122 123 7.1 7.2 380 5
118 118.5 6.9 6.8 350 5
113.1 114.2 6.6 6.4 325 5
108.7 109.4 6.29 6.14 295 5
103.2 103.8 5.92 5.77 265 5
Vi V, I I P; P,
98.6 98.3 5.55 5.41 235 5
91.7 92.2 5.14 5.02 205 5
84.9 85.5 4.69 4.58 170 5
77.9 78.4 4.24 4.14 145 5
72.2 72.6 3.86 3.78 120 5
66.8 67.1 3.52 3.44 100 5
Table 6.4 No load observation for 3-phase, 12-pole configuration

Vi Vi L I P P,

80.3 80.04 2.75 2.73 130 85

75.4 75.24 2.56 2.55 115 80

69.5 68.97 2.35 2.36 95 75

64.3 64.12 2.23 2.15 80 70

60.6 60.16 2.09 2.07 65 65

55.8 55.38 1.96 1.95 55 60

50.78 50.62 1.83 1.82 45 55

45.95 45.85 1.7 1.7 40 50

39.52 39.43 1.55 1.5 30 45

33.08 32.9 1.45 1.41 20 40
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Table 6.5 Locked rotor observation for 3-phase, 12-pole configuration

VSC[ VSCZ Il 12 Pl Pz
43.6 43.5 8.9 8.7 322 15
40.4 40.5 8.1 7.9 275 15
37.3 27.2 7.39 7.21 230 10
34.2 34.1 6.5 6.3 190 5
29.8 29.7 5.6 5.5 140 5
26 259 4.82 4.69 105 0
21.1 21.07 3.75 3.69 65 0
14.5 14.5 2.29 2.26 25 0
9.5 9.5 1.26 1.25 15 0
0.145 ‘ ‘ ‘ ‘
0.14 L - * Experimental data |- ---_____ o]
T Best fit | ﬁzﬁ##
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Figure 6.17 Plot of Magnetizing inductance vs. mutual flux linkage for 3-phase, 12-pole

L4 M
1 2

induction machine

0.14

Figure 6.18 Plot of sum of leakage inductance vs. mutual flux linkage for 3-phase, 12-

pole induction machine
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6.4.3 Finite Element Method

Finite Elements is the method of utilizing the magnetic circuit concept in the form
of field analysis. The determination of the parameters using finite elements involves the
following steps: [42]

a. For the accurate prediction of iron saturation, the FE simulations are carried

out at no-load. (No load test). The frequency is assumed to be zero (rotor
reference frame) and magneto static simulations are carried out. In the

simulation, the stator currents are assigned within the stator slots. The
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magnetizing inductance can be computed from Equation (6.8) with the help of

magnetic energy.

L =i[2W2mJ (6.8)

mg\ 1,

S

where W, is the magnetic energy extracted from finite elements and | is the

injected current.
b. Moreover, the simulation is carried out at locked rotor condition to account the

rotor current distribution. The rotor parameters are determined using rotor

Joule losses P, and magnetic energme. The simulations are implemented

with varying the frequency such that their effects can be analysed. Equation
(6.9) gives the equivalent resistance and inductance parameters in accordance

with the locked rotor equivalent circuit of Figure 6.20.

W

m
I 2

2
mst™ my (6.9)

The short circuit parameters are evaluated.

Ly (Ly = Leg )~ Ry /0, )

I‘I,2D = I‘m 2 2
(L - Leq) + (Req o) (6.10)
_ I—m + I—I,2D
R “Re T T
m ~ Leg (6.11)

6.4.4 Finite Element Results

The finite element simulation is performed using FEMM and Lua Scripting

language. The model is designed using AutoCAD and imported into FEMM for the
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analysis. The materials, circuit, blocks and the operating boundaries are specified. The
finite element problem is solved using Newton method for both no-load test and blocked
rotor. The simulation is carried out as described in previous section for both
configurations. Figures 6.21-6.29 illustrate the parameters where the magnetizing
inductance is computed over the change of input slot current and mutual flux linkage
whereas leakage inductance and rotor resistance is plotted with the change of rotor slip
frequency at different currents. As shown in Figure 6.21 and Figure 6.23, the magnetizing
inductance decreases with the increase in slot currents due to the armature reaction
effects. As shown in Figures 6.25 and 6.26, the leakage inductance increase with the
increase of slip frequency until the point where it begins to saturate. Similarly, leakage
inductance increases with the increase of current as viewed in Figures 6.25 and 6.26. This
is similar for rotor resistance which also increase with the increase of current and slip

frequency as shown in Figures 6.28 and 6.29.
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Figure 6.21 Magnetizing inductance vs. current for 9-phase, 4-pole machine
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Figure 6.24 Magnetizing inductance vs. air gap flux linkage for 3-phase, 12-pole machine
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phase, 4-pole machine
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Figure 6.26 Sum of leakage inductance vs. frequency for different peak currents for 3-

phase, 12-pole machine

Frequency [Hz]

Figure 6.27 Rotor resistance vs. frequency for different peak currents for 9-phase, 4-pole

machine
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Figure 6.28 Rotor resistance vs. frequency for different peak currents for 3-phase, 12-

pole machine

The fundamental component of the winding function for phase ‘a’ in 9-phase

configuration is given as

Ns(a)t)zmsina)tstsina)t (6.12)
7T

where, N, is the amplitude of winding function for phase ‘a’ in 9-phase configuration.

For 3-phase configuration, as depicted in Section (6.1), the resultant MMF of the
phases ‘a’, ‘d’ and ‘g’ of 9-phase results in the equivalent MMF of phase ‘A’ for 3-phase
case. Using the resultant of the winding functions of ‘a’, ‘d’ and ‘g’, the winding function

for phase ‘A’ of 3-phase is given as

2B
N, (wt)=N —— [sin(at+=] (6.13)

= N, '[sin(at + 2]
6
where, N, ' is the amplitude of winding function for phase ‘A’ in 3-phase configuration.

This amplitude of winding function is utilized in the parameter estimation when dealing
with the number of turns per coil side. Now, in order to derive the parameters, some

preliminary derivations are performed from the data sheet of the machine.
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6.4.5 Preliminary Derivation

In this section, the derivations are performed to get the equivalent dimensions
using the parameters from the machine. These parameters are also listed on Appendix C.

Air gap length

|, =4.754-4.75 6.14)
=0.004"

The effective length of stator and rotor:
Iy =1, +2I,
=16.1+2%0.004 (6.15)
=16.108"

The carter coefficient:
k, = % 2 (6.16)

2
T, —& atanb—o—glog 1+ b—o
Vs 29 b, 29

From the given slot details:
7, =0.13
b, =0.105 (6.17)
g =0.004

With these dimensions, the carter coefficient
k, = 0.13 :

013 0105) 0105 0004 1+( 0.105 j (6.18)
V4 2*%0.004 0.105 2*0.004

=1.5011

Since rotor slots are closed type, the Carter’s coefficient for rotor, K, =1

The effective air gap:
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g, =k k|

cs'ver'g

=1.5011*1*0.004 (6.19)
= 0.0066"

Calculation of winding factors
Pitch factor: The pitch of the machine is assumed to be 1.

Hence pitch factor

k, =1 (6.20)

Distribution factor:
Assuming the phase belt to be 60 degrees, the slots per phase belt will be 6 for
this machine. The phase belt in per unit of a pole pitch can be expressed by taking the

appropriate ratio of slots.

£Z_6_1 (6.21)
r, 36 6
Hence,
ks, =0.96
Slot opening factor K,
The slot opening factor is determined using
sin(X/ 2)
Ky =
X/2
where (6.22)
X =%7z =w*7z =0.045
Tp
Hence
= 5in(0:0225) _ 99 (6.23)
0.0225
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Skew factor, K

In the calculation, the skew of the stator winding is not supplied, hence

k, =1

The overall winding factor for the stator winding of the design is given as

K, = K, kg Ky kg =1%0.96%0.9991%1 = 0.959 (6.24)

Effective radius, r =4.7533'

6.4.6 Magnetizing Inductance of Stator

With the inclusion of harmonics, the magnetizing inductance of the stator is given

as
2 2
m, (N rl, &(k .27
Ly=—|— EN L1 cos(i—1)—— 6.25
(%) s3] oo (023
where,
Nse = _kle
(6.26)
1 For 9-phase, 4-pole,
N, =24
m =9 , N_ =20050%24 2930 (6.27)
P=4 "
Hence, for fundamental component
L _9(2930Y"  0.12%0.408
o =5\ T4 ) 0 70.0001676 (6.28)

=0.1888H
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il. For 3-phase, 12-pole,

N, = 65.568
m, =3
P=12 N, = 40,959 % 65.568 = 80.06 (6.29)
T
L g(so.%jz 0.12*0.408
o =212 ) #70.0001676 (6.30)
=0.122H

6.4.7 Leakage Inductance of Stator

The leakage inductance of stator is computed using the stator slot configuration.
Particularly, it consists of following parts:
Slot leakage inductance

The dimensions of the stator is taken from the machine manual and given in

Figure 6.29. Comparing the dimension of the stator and the machine manual,

b, = 0.105" d, = 0.040" d, =0.027
d, =0.027 d, =0.308 d, =0.054 (6.31)
d, =0.308 d, =0.310" b, = 0.310"

The specific permeances pP;, Pgand Pqg are given as

p; = d_3+d_2+ilo b_s +d_0
T30 T, b, —b, o¢lb, ) b,
0.308  0.027 0.027 (0.310 0.040
=l + + log, +
3%0.310 0310 0.310-0.105 0.105) 0.105

=1.003*10"°H

(6.32)

199



Z ‘0

Figure 6.29 Stator slot dimensions for determination of leakage inductance

S CEERERSER AN
b)) by

3b, b, b, —b,
0.308  0.027+0.308 +0.054 0.027 0.310) 0.040
= u, + + log, + (6.33)
3%0.310 0.310 0.310-0.105 0.105) 0.105
=2.65*10"°H

d, d,+d,+d, d, b d,
= + + 1 = |+—
Prs ,Uo|:2bS b b, b, 08 b, ) b,

S

0.308 0.027+0.308+0.054 0.027 0.310) 0.040
= 4, + + loge + (634)
2*0.310 0.310 0.310-0.105 0.105) 0.105
=1.39*10°H

Now the inductance per phase is given as

Lphase = 4msN52 e % (635)
1
where,
b, =~ (pr + Py +2Pr5)
*T g (6.36)

=1.608*10°H/m
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For 9-phase, 4-pole case:

Lo —amN2L P
SSeS

1

phase9

= 4(9)(24)’ (16. 1”)% (6.37)

=0.37mH

For 3-phase, 12-pole case:

:4msN52 e&

hase3
p Sl

-6
= 4(3)(65.568)’ (16. 1")% (6.38)

=0.942mH

Zigzag Leakage inductance

For the machine the parameters used to calculate the zigzag leakage inductance:

Stator slot pitch, 7, = ﬂ[S)is =0.414"=0.0105m (6.39)

Stator slot width, t, = %5 =0.207"=0.00525m (6.40)

Since closed type of rotor slot is chosen, the rotor teeth width is equal to the rotor
slot width

Hence,
TS
t, = 5 0.00525m (6.41)
The specific permeance corresponding to the zigzag leakage flux is given as

tt (t®+t,°
_ o 2(1 b ):1,64*10“’H/m (6.42)
69.t.°

77

For 9-phase, 4-pole case:
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4m N, ’
L, = ) :—4(93)24 16.1* p,, = 0.138mH (6.43)

729 es Mzz
S

For 3-phase, 12-pole case:

2
Ly = 20 Iespzz:“e')i%m.l*puzo.%lmH (6.44)

Skew leakage inductance

Since the number of rotor bars is 44 and rotor slots are skewed, the inductance

due to skew is found as

L =L {1—[M} } (6.45)
al?

For 9-phase, 4-pole case:

. 2
L, =0.088 1_[%/44)} — 0.149mH (6.46)
/44

For 3-phase, 12-pole case:

. 2
Lo = 0.024]1— [ SML3D L _ 6 6407mi (6:47)
/44

The total stator leakage inductance is hence calculated as
L, =Ly +L, +L (6.48)

For 9-phase, 4-pole case,

Lisgpn = 0.38 +0.37 +0.149 = 0.667mH (6.49)
For 3-phase, 12-pole case,
Li;on =0.942+0.961+0.0407 =1.96mH (6.50)

Is3p

Rotor parameters

Rotor slot leakage inductance per bar:
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The leakage associated with one rotor bar is computed using the slot dimension
again. In rotor bar, particularly the single layered bar is used, hence the specific
permeance is given by [40]

Py = dSr+ Oa lo bi+
sl luo 3b5r b _bor ge b

sr or

dor
b—} (6.51)

or

The slot leakage per bar is

Lb = nszler psl (652)
where,
Ies
l, =—=— (6.53)
2z
cos| —
v

psl = IUO

[ 0.604 0.03 0.03) 0.057
+ log, +
13%0.03 0.06-0.03

0.06) 0.03 (6.54)
=9.95*%10°H /m
l, = s .0041m (6.55)
2r
COS| —
( Sl J
L, =nl
b s ‘er psl (656)

=1%0.0041¥9.95*10° =4.11*10"H
For both case of 9-phase, 4-pole machine and 3-phase, 12-pole machine, it is the
same.
Rotor end winding inductance per bar
The formula for the end winding inductance per bar of a squirrel cage motor is

given by Liwschitz-Garik. The empirical equation is
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Lew = ﬂo(gj[lbe + K7p2]

where,

|, : length of the bar from end of core to start of the short circuiting ring
7, :Totor pole pitch measured at the middle of the ring

x:0.18 for P=2 and 0.09 for P > 2.
Since P > 2,

7, = %(Dor ~2d, —d,,)= %(4.75 ~2%0.801—0.06) = 3.55"= 0.09m

p

Le = IUO [gj(lbe + kTpr(ave))

Here,l,, = 0.03"

Therefore,
L, = ttg 2 V1, + Ky )= 5.06 %107 H
e = My 5 be T Tor(ave) ) = 2+

Rotor bar resistance
The length of one rotor bar not including the end ring is

I +2l
|, == T _0.414m

cCos o

Hence the resistance of one rotor bar is given as

1y 1.6%107° *0.414

A 176505 =1.39*10"*Ohms

r,=p

End ring resistance

The tooth pitch at the middle of the end ring can be obtained as

Pr
T, = % =0.00818m

r
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(6.58)

(6.59)

(6.60)

(6.61)

(6.62)
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The resistance of the end winding portion over one rotor slot pitch is,

Trz

r. = py =2.74*10°Ohms (6.64)

er

Transformed parameters

For the transformation of parameters from rotor to stator, the following equation

is used:
4mk, >N
T — s “wsh S (665)
S
In case of 9-phase,
*Q % 2942
T _479%0959%24> ., (6.66)
44
In case of 3-phase,
* 3 % 2 2
- :4 3*0.959°65.568 10783 (6.67)

44

6.4.8 Rotor Leakage Inductance

L.'=T|L, + 7Le
2sin2( Zﬂ]
r (6.68)

In case of 9-phase,

% -7
L, '=433.4/4.11*10°° +% =0.139mH

2sin’ [ﬂj
a4 (6.69)

In case of 3-phase,
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sk =7
L,'=1078.3 4.11#10% +—>00" 10" 1 6somH

%
2sin’ (12”}
44
6.4.9 Rotor Resistance

R,'=T| R, +— e

r b T T N
ZSinz[hP”j
S,

In case of 9-phase,

* -6
R,'=433.4[1.39%107* + 274710 " =0.670hms

2sin? (4”)
44

In case of 3-phase,

% -6
R,'=1078.3/1.39*10°* +M =0.180hms

2sin’ 127
44

6.5  Comparison of Parameters using All Methods

(6.70)

(6.71)

(6.72)

(6.73)

Table 6.6 summarizes the parameters obtained under rated current in each

methods and Table 6.7 presents the ratio obtained between the 9-phase and 3-phase

configurations where kj, k, and ks give the ratio for magnetizing inductance, sum of

leakage inductances and rotor resistance, respectively. There are more discrepancies in
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the ratios especially in the experimental results as expected. The computational and FEM
results obtained are comparable since they utilize the same concept of magnetic circuits.
The analytical and finite element methods for the determination of the machine
parameters have been shown to be adequate and accurate enough for the determination of
the parameters of multi-phase machines and other possible connections.

The calculated or measured parameters can now be used for the modelling,
analysis and control of the two configurations of the 9-phase induction machine for

varying speed-torque requirement.

Table 6.6 Parameters on the rated condition using different methods

Connection | Parameter Experimental | Computational | FEM

9 ph4-pole | L, (H) 0.182 0.188 0.1884
L,+L, (H) 0.0055 0.0067 0.0065
R; (Q) 0.63 0.67 0.65

3 ph 12-pole | L, (H) 0.137 0.127 0.123
L,+L, (H) 0.0021 0.00196 0.0018
R; (Q) 0.15 0.18 0.195

Table 6.7 Comparison of parameters using different methods

Parameter Experimental | Computational | FEM
k, 1.32 1.48 1.53
k, 2.75 3.45 3.61
ks 4.2 3.72 3.33
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6.6  Full Order Modeling and Simulation of 9-phase Induction Machine in Pole

Phase Modulation Scheme

6.6.1 Modeling of Stator Winding Circuits

In this section, the coupled full order model of the machine is derived reflecting
the distribution of the windings in the stator slots. The turn and winding function
concepts are used to calculate the machine parameters with the help of data derived in
Section 6.5. Using the clock diagram for 9-phase induction machine as depicted in Figure
6.2, and winding functions of Figures 6.3 and 6.4, the winding functions for each phase

of 9-phase induction machine are given as

ns osesf
2
-ns zgesﬂ
N, (0) = 2 . (6.74)
ns ngeg—”
2
-ns 3—ﬁ£0£27r
2
-ns OSQSZ
9
ns fsesﬁ
9 18
11z 10
N, (6)=<—ns — << — 6.75
(0) - 5 (6.75)
ns 07 _ 27
9 18
—ns 29—”£0£27r
18
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N.(0) =

Nd(0)=

N.(0)=

-nS

ns

-ns

ns

-ns

-nS

ns

-ns

ns

-ns

-ns

ns

-1ns

ns

-ns
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(6.77)
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ns 0<f<—
18
-ns 13935—”
18 9
5 197
N, (0)=<ns <<= 6.79
1 (0) 5 T (6.79)
-ns 19_7[£9S14_ﬂ.
18 9
ns 14—”30327z
9
ns OS&SE
6
-ns ZSQS—”
6 3
Ng(é?): ns 2—”30S7—ﬂ (6.80)
3 6
-ns 7—”£9S5—”
6 3
ns 5—7[36’S27r
3
ns 036’35—”
18
-ns 5—”$¢9£7—7Z
18 9
T 237
N, () =<ns — << — 6.81
(0) N (6:81)
s 237Z'S9£167Z'
18 9
ns MTES@S%Z
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ns O£¢9£7—ﬂ
18
—ns 7—”39S8—7z
18 9
N,;(6)=4ns 8?”<0<215—8ﬂ (6.82)
s 257[3,93””
18 9
ns 17T7r<6’<27z

The winding functions thus derived are used to determine the equivalent model of
the induction machine. After the winding functions are determined, the self and mutual

inductances are calculated using the equations [2]:

L. ”0” jn 0)-N,(0)-d(0) (6.83)
I 27
L =225 [0,(0)-N,(0)-d(0) (6.54)

0

6.6.2 Model of the Rotor Squirrel Cage Circuit

The cage formed by the damper bars of the induction machine with n bars and
two end rings to short circuit all the bars together is considered as n identical
magnetically coupled circuits. Each circuit is composed of two adjunct rotor bars and
segments of the end rings connect two adjacent bars together at both ends. Each bar and
end ring segment of the rotor loop is equivalently represented by a serial connection of a

resistor and an inductor as shown in Figure (6.30) [45].
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The resistance and the inductance of the rotor bar are represented by I, and Ip,
respectively; the resistance and inductance of the partial end winding in the rotor loop
are, represented by re and le, respectively. Three rotor loops are shown in Figure 6.30 and
the current flowing through the rotor loops are represented by ix -1, Ik and ik 41,
respectively.

Since every rotor loop is treated as an independent phase, a healthy rotor cage
having n rotor bars becomes an n phase balanced circuit. The turn function and winding
function of a rotor bar considering the skewing is shown in the Figure 6.31 where, « is
the i™ rotor loop pitch and g is the skew factor. Substituting the turn and winding
functions of the i™ rotor loop into the general expression for the self-inductance given in
Equations (6.83) and (6.84), the self- inductance for the i"™ rotor loop can be determined.

All the rotor loops have the same self-inductances under the uniform air gap

condition, which is given as

2
L :ﬂo_rl[ar _B_a }

9 32 (6.85)

The mutual inductance between the i™ and (i+1)™ rotor loop is given as [10]
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Figure 6.30 Equivalent circuit model of Rotor bars for squirrel cage induction machine

Vi

b — =

| L -
’ f:‘, :\(If,- + a, 27 (a)
G, +a, =
o f”
- 2:7 - T __.=|
_a, A Ty ) - (b)
2% 6, RO, + «, 2r
O +a, - p

Figure 6.31 Turn and winding functions for equivalent rotor bars

213



L :yo_rl{ﬁ_a_,z}

rml
6 2
9o d (6.86)

All the mutual inductances between the i-th and the (i+k)th rotor loops have the

same values and are given by

2
er2 = Iuorl |:_ 2 }
9 2z

(6.87)
The rotor inductance matrix is given by
L+20,+1)  Ly-k - La-b
L= erl:_lb L +2g|b +1,) b
L e 6.89)

The rotor resistance matrix can also be formulated using the same model given in

Figure 6.30 This matrix is given in Equation (6.89)

2(r, +1,) —Iy -
S
—'rb () . 2(r, '+ r,)

(6.89)
Similarly, the mutual inductance between the stator phase winding and rotor bar
can also be formulated.
Using the turn function of rotor bar as derived in Figure 6.31 and winding

functions of stator phase windings as derived in Figures 6.2-6.4, the mutual inductance is

L, = Mot j n(0)N,(0)do
g (6.90)

where, ‘i’ denotes the rotor bar number and ‘j” denotes the stator phase winding number.

All the parameters used for this section are derived from Section 6.4.
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6.6.3 Voltage and Flux Equations

In this section, the voltage and flux equations used in the modeling of the machine
in both configurations are outlined. The voltage equations in real variables for 9-phase

machines are

\ = i

abc..is abc..is

+ pﬂ’abc...is (6.91)

abc..is

where, Iy is is a m-dimensional square matrix with the stator resistance values as

diagonal element where m is the number of phases The flux linkages, ﬂ’abc..is is

composed of two parts:

A

abc..is

= /155 +ﬂ’sr = Lsslabc..is + Lsr|r123..n (6~92)

where, the first term represents the flux linkages due to the stator currents and the second

term gives the flux linkages due to the rotor currents.

In Equation (6.92), the self-inductance matrix, |—SS and |—Sr are given by

Equation (6.93), where the matrix elements are determined using the turns and winding

functions.
Lo Ly oo Ly L]
Lo Ly oo Ly Ly

L, =| . L (6.93)
Lo Lo Ly L
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Ldl Laz I-@.1(n—1) Lan_
Ly Ly o Lb(n—l) Lon

L = (6.94)
_Lil Li2 Li(n—l) Lin_
In the similar way, the rotor voltage equations are given as
Visn = Rilrasn + PAs g (6.95)

In this case also, R,is the n by n matrix derived in Equation (6.89). The flux

linkage matrix is also composed of two parts.

ﬂ“r123..n = ﬂ“rr + ;”rs = L Ir123..n + I—rslabc..i (6-96)

r
The first term gives the flux linkages due to the rotor currents and second term
gives the flux linkages due to the stator currents. The synchronous reference frame
transformation is used to transform the above voltage and flux equations into the g-d
reference frame to simplify the model and aid in computer simulations.

For the stator and rotor circuits, the transformation matrices are given respectfully

as
cos(0) cos(@ - %Tj cos[@ _ WJ
o (6.97)
™| sin(9) sin(e - %”] sin(@ - WJ
pfeos-) cofo-0 2] cof o 200 (6.98)
T =12 |
n sin(@) si,{g_gr _2:j sin(é?—é)r _2(n;1)7zj

where m and n are the numbers of stator phases and rotor bars, respectively. In the

coupled circuit model, the analysis is performed in rotor reference frame. i.e., ¥ = @, .
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Hence the transformed voltage and flux equations are

Vi =Tl T @4gs + PAg

qs as qs (6 99)
Vds = rdslds + _a)ﬁ’qs + pﬂ’ds .
Vqr qr dr + (w w )/ri’dr + p/1

(6.100)

Vdr rdr dr (a) @ )/1 + p;tdr

where, g, Fg5 Mg 5 Ny » @, @, give the q and d axis stator resistances, q and d axis rotor

resistances, fundamental speed of stator circuit and fundamental speed of rotor circuit,

respectively.

ﬂ/ qu ags + qur qr

ﬁ’ds = Ldslds + Ldsrldr

1 Lqr . Lqrs s (6.101)

/’i’dr = I—drldr + I-drslds

where, L, Ly, L, L, are the q and d axis stator self-inductances and q and d axis rotor

self-inductances. Similarly, the mutual inductances between the stator-rotor inductances

and rotor-stator inductances are assigned as L, Ly, L, Ly, > respectively. These q and

d axis inductances are derived after the reference frame transformation of Equations
(6.91) - (6.96).

The speed and torque dynamics are given as
— Agelge]

T L P [/1 gsds

pr I (6.102)

ds gs
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6.7 Full Order Model of 9-phase Induction Machine

The stator flux equation in real variable form is given as

Aape.is = Lasc.ishabe..is T Labe.isabe..nrlabe.or (6.103)
Using reference frame transformation with any arbitrary angle & in Equation

(6.103),

(O e ss = T(O)lapeishaveis + T (0)Lase ssave. orbave. o (6.104)

The flux linkage due to stator currents is given by first term of RHS of Equation
(6.104). Hence, derivation of the stator self-inductances only involves the first part of

RHS of Equation (6.104).
Suppose, T(6)=T(6-6,)T(6,) (6.105)
Hence first term in RHS of Equation (4.3) becomes,

T (H)Labc..‘is iabc..is =T (0 - Hx )T (Hx )Labo.is iabc‘.is

ST(0-0,)T(0, e T(0,) ' T(O-0,) i (6109
Assume the operation in rotor reference mode, i.c., @ =6, and 6, =0.
Hence,
TO)an i =T(0) TO)Lae TOF T(6,) e
Stationary Reference Frame (6.107)

=L 1

— ™qdoxs " qdoxs
As observed in Equation (6.107), the middle terms imply the stationary reference
transformation of the stator inductance matrix. According to the basic relation between

inductance and winding functions, inductance between ‘i’ and °j’ is given as

Ly = 207N N, (g (6.108)
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Hence, for stator phases,

N 2
NaNb
NaNc
| NaNd
= HT [T (0) NN,
g 0
NaNf
N,N,
NaNh
NN,
Hence,
~1
T (O)Labc....isT (0) =
where,
[N N N
a a a
Nb Nb Nb
N N N
C C C
Nd Nd Nd
A= Ne Ne Ne
Nf Nf Nf
N N N
g g g
Nh Nh Nh
N. N. N.
L1 | I
N0 0
a
0 N, 0
0 0 N
C
0O o0 O
B={0 0 O
0O 0 O
O o0 O
0O o0 O
0O 0 O

N.N, NN NoNg NN, NN, NoNg NGN, NN,
N,©  N,No NpNg o NGN, NgN, NN, NGN, o NN,
N,N, N NoNg NN, NNp o NN, NGNp o NN,
NoNg  NoNg o NGB NgNg NN NgNG NGN NG N,
N,N,  NoN, NgN, N NN, NN, NN, NN, [T(0)°
N,N¢ NoNy NgNg NoNg o N2 NGNg NGNp NGN,
N,Ng, NoNg o NgNg o NoNg NGNg N2 NGN, NN,
N,N, NNy NgNg o NN NGNg NN NG NN,
NN, NN NgNp o NN NGN NGNG NGN, N
27 _
4,11 L T(0)ABT(0)" (6.109)
N N N N N N
a a a a a a
Np Ny Ny Ny Np Ny
N N N N N N
C C C C C C
Ng Ng Ng Ng Ng Ny (6.110)
N N N N N N
e e e e e e
Ne N Ng N N Ny
N N N N N N
9 9 9 9 g g
Np Ny Npo N Npo Ny
N. N. N. N N. N,
| | | | I I |
O 0 0 0 0 O]
O 0 0 0 0 O
O 0 0 0O 0 O
N, 0O 0 0 0 O (6.111)
0 N, 0O 0 0 O0
0 0 N 0O 0 O
O 0 O Ng 0 O
o 0 0 o0 Nh 0
0O 0 0 0 O N,
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Now, applying stationary reference transformation to matrix A,

1

o]
—

al ql
dl di
g3 g3
d3 d3
a5 95
ds ds
Q7 q7
d7 d7

o]
—

ql
d1
g3
d3
qs
ds
q7
d7

o]
—

al ql
dl di
g3 g3
d3 d3
a5 95
ds ds
Q7 q7
d7 d7

o]
—
z 2
=z =2
z 2
o
—
z 2
=z =2
o
—

o
fumry
o
—_

=z
=z
=z
=z
=z

o)
[S)
o)
w
o)
[S)
o)
w

(6.112)

o
(98]
o
W
o
(O8]
o
W

o)
()}
o)
D
o)
W
o)
W

=
=z
=
=
=z

o
(9]
o
()]
o
()]
o
()]

=z
=
=

=z
=z
zZz 2 Z2 Z2 2 Z zZz =z
=z
=z
=

o o

=N
=

Zz 2 Z2 Z2 2 Z zZ =z
zZz 2
z =2

Zz 2 Z2 Z2 2 Z zZz2 Z

_|
S
S —
>
I
zZ zzzz zz =
=z
=z
o o
N

o o
N
o o
N

=z
=z
=z
=z
=z

=
(e)
=2
S
Pz
(e)
=2
(e}
=2
S
=
(o)
=2
S
=
()
=2
(e}

Multiplying Equation (4.13) with BT (0)71 , the resulting equations is written as

qu2 qudl Nq1q3 Nq1d3 Nq1q5 qudS Nq1q7 Nq1d7 quO
Nq1d1 Nd12 Nd1q3 Nd1d3 Ndqu NdldS Nd1q7 Nd1d7 Nle
Nq3ql Nq3d1 Nq32 Nq3d3 Nq3q5 Nq3d5 Nq3q7 Nq3d7 Nq30
Nd3ql Nyia3 Nq3d3 Nd32 Nd3q5 Nys45 Nd3q7 Nasg7  Naso (6'1 13)
T(O)ABT(O)i1 = quqS Ndqu Nq3q5 Nd3q5 Nqs2 NquS Nq5q7 Nq5d7 NqSO
quds NdldS Nq3d5 Nd3d5 Nq5d5 Nds2 Nd5q7 Nd5d7 Ndso
Nq1q7 Nd1q7 Nq3q7 Nd3q7 Nq5q7 Nd5q7 Nq72 Nq7d7 Nq7o
Nq1d7 Nd1d7 Nq3d7 Nd3d7 Nq5d7 Nd5d7 Nq7d7 Nd72 Nd7o
L Nq10 Nle Nq30 Nd30 NqSO Ndso Nq70 Nd70 No2 |
Again, from Equation (6.107),
quoxs = T (Hr )T (O)Labc.“.isT (O)_IT (er )_l (61 14)

6.7.1 Derivation of Stator Inductances

The inductances are derived with the help of Equation (6.114). The inductances
are calculated and plotted with the change of rotor angle. Since it is an induction
machine, it will give constant value of inductances for both q and d-axis. Figures 6.32-

6.39 show the self-harmonic inductances of corresponding harmonics.
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Proceeding in the same way for the inter-harmonic inductances, Figure 6.40
depict the mutual harmonic inductances between fundamental and 3rd harmonics.

It gives the value of inter-harmonic inductance to be zero. Hence, the inter-
harmonic inductance in 9-phase machines is zero. Also, proceeding for the rotor circuits
considering each harmonics as in Chapter 4, the q and d axis inductances can be obtained.
Figures 6.41-6.48 shows the self-harmonic rotor inductances of corresponding harmonics.
Proceeding the same way as Chapter 4, Figures 6.49-6.56 shows the stator-rotor mutual

inductances for corresponding harmonics.

6.7.2 Model of the System

Voltage and flux equations for stator

Vqls s qls + a)ﬁ'dls + pﬂ'

les - r.sldls a)ﬂ’qls + pﬁ'dls

qls

Vs = I’Slq3s + 3wy + PA

q3s

Vd3s s d3s 3602’ + pﬂ'd3s
v T 50A,., + PA (6.115)

qu s qSS q5s
VdSs - r-sldSS 5602’ + pﬂ'dSS

+TwAy; + PA,

s q7s q7s

Vq7s
Vd7s =T Id7s _7w/1q7s + pﬂ“d7s
Vo =y + PA

=L

qls qls

+L

qlsr qlr
= Ldls dls + I—dlsrldlr
=L +L

q3s q35 q3sr q3r

6.116
=L +L ( )

q5s qu q5sr q5r

= LdSs d5s + LdSerdSr

Aats

ﬂ’dls

Agss

/ld3S = Ld35 d3s + Ld3sr|d3r
/IQSS

/ldSS

Agrs =L

+L

q7s q7s q7sr q7r

ﬂ“d7s = Ld7s|d7s + Ld7sr d7r
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<
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Voltage and flux equations for rotor

+(w—w, ) A4, + PA,

qlr
(@ =@ ) Ay, + PAgy,

r qlr
f Idlr

+3(w—w, ) A5 + P4,

q3r
= Id3r —3(60—60 )ﬂ’q3r + pﬂdSr
+5(o—w,) A5, + PA,

r qu qsr

- rsIdSr

5((0—(0 )ﬂ“qu + pﬂ“dSr
+T(w—w,)Ay;, + PA

q7r
_7(a)_a)r)ﬂ“q7r + pﬂ“d7r
+p4,

r q7r
=1 Id7r

r

=L +L

qlr qlr qlsr qls

Ldlr dir + Ldlsr dls

L +L

q3r q3r q3sr q3s

3rid3r + Ld3sr|d3s

Ld
L +L

qsr q5r q5sr q55

I-d5r dsr + LdSsr'dSs

=L +L

q7r q7r q7sr q7s

Ld7r|d7r + I—d7sr|d7s

(6.117)

(6.118)

Using the voltage and flux equations in 6.114-6.116, Figure 6.58 shows the

Equivalent circuit of the full order model.
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I | | | | | | |
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& 1 l l l l l l
&7 019p--—-- e - - e - - AR
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Figure 6.32 g-axis stator fundamental self-inductance of 9-phase induction machine
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Figure 6.35 d-axis stator 3rd harmonic self-inductance of 9-phase induction machine
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Figure 6.36 g-axis stator Sth harmonic self-inductance of 9-phase induction machine
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Figure 6.37 d-axis stator 5th harmonic self-inductance of 9-phase induction machine
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Figure 6.38 g-axis stator 7th harmonic self-inductance of 9-phase induction machine
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Figure 6.39 d-axis stator 7th harmonic self-inductance of 9-phase induction machine
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Figure 6.40 g-axis stator fundamental and 3rd harmonic inter-harmonic inductance of 9-

phase induction machine
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Figure 6.41 g-axis rotor fundamental self-inductance of 9-phase induction machine
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Figure 6.42 d-axis rotor fundamental self-inductance of 9-phase induction machine
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Figure 6.43 g-axis rotor 3rd harmonics self-inductance of 9-phase induction machine
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Figure 6.44 d-axis 3rd harmonics rotor self-inductance of 9-phase induction machine
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Figure 6.45 g-axis S5th harmonic rotor self-inductance of 9-phase induction machine
Figure 6.46 d-axis 5th harmonic rotor self-inductance of 9-phase induction machine
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Figure 6.47 g-axis 7th harmonic rotor self-inductance of 9-phase induction machine
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Figure 6.49 g-axis stator-rotor fundamental mutual inductance of 9-phase induction
machine
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Figure 6.50 d-axis stator-rotor fundamental -inductance of 9-phase induction machine
228



x 10

2.34

400

6, [degrees]

Figure 6.51 g-axis stator-rotor 3rd harmonic -inductance of 9-phase induction machine
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Figure 6.52 d-axis stator-rotor 3rd harmonic inductance of 9-phase induction machine
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Figure 6.53 g-axis stator-rotor 5th harmonic -inductance of 9-phase induction machine
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Figure 6.54 d-axis 5th harmonic stator-rotor inductance of 9-phase induction machine
x 10°

400

r

0, [degrees]

Figure 6.55 g-axis 7th harmonic stator-rotor mutual-inductance of 9-phase induction

machine
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Figure 6.56 d-axis 7th harmonic stator-rotor mutual-inductance of 9-phase induction

machine
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Figure 6.57 (a).q-axis equivalent circuit (b). d-axis equivalent circuit

6.8 Simulation Results

The model equations outlined in Equations (6.91)-(6.102) are derived on the basis
of the 9-phase machine. The similar method can be applied to 3-phase machine where,
everything is similar except the change in matrix dimensions in inductances and
resistances. In both cases, the leakage inductances are inserted using the parameters
derived in previous section. The coupled full order simulation is performed using the
model described in Section 6.6. The peak phase voltage for each connection is selected
such as to have the same stator per turn machine voltage. The machines are supplied by 9

leg and 3 leg inverters with the data and parameters given in Appendix C.
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6.8.1 Simulation Results for 9-phase, 4-pole Configuration

The response of the motor with and without a load torque when operated as a 9-
phase, 4-pole induction machine configuration is shown in Figures 6.58-6.66. No load
characteristics such as the mechanical speed, torque, phase ‘a’ current and Bar 1 current
are shown in Figures. 6.58-6.61, respectively. The change of the operation after a load is
applied at 0.5 seconds is shown in Figures 6.62-6.65. The plot of torque with change in

speed is shown in Figure 6.66.

6.8.2 Simulation Results for 3-phase, 12-pole Induction Machine Configuration

The dynamics of the motor operating in a 3-phase, 12-pole mode is shown in
Figures 6.67-6.75. Figures 6.67-6.70 show the no load mechanical speed, torque, phase
‘a’ current and Bar 1 current plot, respectively. Similarly, the changes in characteristics
after applying a load at 1 sec. are shown in Figures 6.71-6.74, respectively. From Figures
6.59 and 6.68, it is observed that the synchronous speed of the 9-phase, 4-pole induction
machine configuration is three times the synchronous speed of the 3-phase, 12-pole
configuration. The starting torque for 3-phase mode is higher than 9-phase mode as
expected. Additionally, to overcome the high magnitude of MMF to produce 3-phase
torque, machine will carry higher current which is also shown in Figure 6.73. The plot of

torque with change of speed is shown in Figure 6.75.
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Figure 6.60 Plot of phase a stator current
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Figure 6.63 Plot of change of electromagnetic torque with load
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Figure 6.66 Plot of electromagnetic torque vs. mechanical speed
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Figure 6.75 Plot of electromagnetic torque vs mechanical speed
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6.9 Conclusion

The design, modeling and analysis of multiphase machines for variable speed
torque operation using the concept of pole phase modulation is undertaken in this chapter.
With the concept of clock diagram, turns and winding functions and winding layouts, the
pole phase modulation scheme is effectively analyzed. The observation of the pole
changing scheme is demonstrated by air gap plots obtained from the finite element
analysis. The parameter estimation of the machine is performed using available
techniques and the results are compared. The simulation graphs show the different speeds
of operation when the machine is operated as a 9-phase or a 3-phase stator winding
configurations. Although the operation of 9-phase, 4-pole seems to be smooth, the 3-
phase, 12-pole mode can be utilized for the applications requiring higher starting torques

at the expense of higher starting current and larger torque ripple.
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CHAPTER 7

THREE MACHINE CONFIGURATION OF 9-PHASE INDUCTION MACHINE

INTERFACED WITH 3-PHASE CONVERTERS

7.1 Introduction

Reliability and fault tolerant ability are the major advantages of the multiphase
machines. If the number of phases of the machine is multiple of 3, the operation of
multiphase machine by breaking it into equivalent 3-phase counterparts is found in
literatures from mid-80s with 6-phase machines. The literatures specify such connections
with the stator windings grouped into N 3-phase windings, each displaced by 60/N
electrical degrees apart, suitable for being separately supplied by a 3-phase inverter [22].
When voltage source inverters are used for the stator windings, all inverters should
ideally output 3-phase voltages with identical amplitude shifted by 60/N electrical
degrees. Each time this ideal condition is violated, there is the circulation of harmonic
currents in stator phases, and it results in torque pulsations.

In this chapter, similar configuration of 9-phase induction machine is analyzed by
dividing the stator windings in three groups each with 20 electrical degrees apart. To
avoid the harmonic current flow and torque pulsations in the system, the supply voltage
from the 3-phase inverters are also managed to have the phase shift of 20 degrees. Figure
7.1 shows the typical configuration of such type of connection with 3-phase windings

grouped together to form the individual 3-phase groups. Firstly, the model equations are
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derived starting from the real variables for each machine configuration. Secondly,
reference frame transformation is performed to transform the real variables equations to
synchronous reference frame. Similarly, the g-d axis inductances are derived using full
order model by the use of winding functions of stator and rotor. The system is interfaced
with the rectifiers in inverters using carrier based PWM and simulation results are also
shown to verify the fault tolerant operation of drive in order to accurately determine the
torque contribution from each set to the total torque. Additionally, a steady state analysis
is performed connecting the 9-phase machine as induction generator in three sets of 3-

phase configuration across different loads.

7.2 Dynamic Model for Three Machine Configuration

To realize the three machine scheme, the dynamic model of the machine is
presented in this section. The real variable model equations are presented taking into

account all the possible self and mutual parameters.

7.2.1 Voltage Equations in Real Variables

From Figure 7.1, it is observed that phases ‘a’, ‘d’ and ‘g’ gives the first machine
configuration. Similarly, phases ‘b’, ‘¢’ and ‘h’ combine to comprise the second machine
and ‘c’, ‘f" and ‘1’ give the third machine, respectively. Now applying the voltage
equations in real variables to each of the sets,

Machine -1
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3- phase Supply voltages

No.=3
Shifted by phase shift of Shifted by phase shift of
‘ 40 degrees - B 40 degrees R
A D |G B E H C F |
Machine-I Machine-II Machine-llI

Figure 7.1 Three machine configuration of 9-phase induction machine

Vasg = Filagg T PAagg (7.1)
Machine II:

Voen = Tslben + PAoen (7.2)
Machine I1I:

Vi = Ll + PAg; (7.3)

Rotor voltage equations:

Vlr = r1r|1r + pﬂ'lr

V2r = r2ri2r + plzr (7.4)
V3r = r3ri3r + p/13r
an’ = rnrinr + pﬁ’nr (7‘5)

In the equation sets from (7.1)-(7.5), the symbol ‘V’ correspond to Voltage, ‘A’

(3 2

corresponds to flux linkage, ‘r;’ defines the stator resistance and ‘r,’defines the rotor
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resistance. Similarly, a, b, c...i defines the corresponding phase of the 9-phase induction

machine.

7.2.2 Flux Linkage Equations in Real Variables

The three machine sets with three sets of winding each comprise different self and
mutual inductance which gives rise to self and mutual flux linkages. The machine with
phase numbers ‘a’, ‘d’ and ‘g’ comprise the first machine. Hence, these three windings
give rise to self and mutual inductances. This is also true for second and third machine
set. However, there is also a mutual inductance that comes into effect between the
windings of different machine sets. This inductance gives rise to the mutual flux linkage
between the machines which needs to be taken care when deriving the model equations.
The flux equations are given in Equation (7.6)-(7.9) reflecting each machine inductances

and mutual machine inductances.

}i’adg = Ladgadg adg + Ladgbeh beh + Ladgcfl cfi + I-adgr ri.n (7 6)
Aven = Lbenadg ladg + Lbenven Toen T Loenctilei + Loenr Ir1.n (7.7)
}i’cfi = chladg adg + chlbeh beh + LCfICfI cfi + chlr ri.n

(7.8)
Each machine shares the same magnetizing path between stator and rotor. Hence,
there exists a rotor flux equation with the mutual inductance between each sets and the

rotor. The rotor flux equation in real variables is given as

}i’crl,z,3..n - Lradg adg + I-rbeh beh + LI’CfI cfi + I-rlrl n (79)
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The stator inductance matrix in the Equations (7.6)-7.9) is defined in the

following section.

7.2.3 Stator and Rotor Inductance Matrix

The flux equations as given in Equations (7.6)-(7.9) consist of the stator and rotor

inductance matrix for each configuration. Taking into consideration of all the

corresponding phase of the three machine sets, the stator inductance matrix is given as

Laa
Ladgadg = Lda
L
_Lbb
Lbehbeh = Leb
_th
LCC
chicfi = Lfc
Lic

Lad Lag
de Ldg
Lgd 99 |
Lbe I‘bh
Lee eh
Lhe th i

ch ci

L ff fi

Lif ii

L. La L. af ai Loa  Leg bg
Lo Lan > Laggei =| Lae  Lat i | > Loehadg Lee Lo ey
Lee Lgs Lo Ly gi Lha  Lha Lig
Ly Ly L. Lu L L, L. L
ef ei | chiadg =|Ln Ly Lfg s Lefien =| Ly L L
Ly Ly L. L cg Lis e Lin
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Similarly, the mutual inductance between each machine sets and rotor bars are

calculated as

L, L,... L, L, L,.... L,
Lagr =| Lot Loz Lan s Logr =| L Lo Lo
Lgl ng.. Lgn L, L. L.,
L, Lg... L
Leie =| Lt Leo fn
L, L. in

7.2.4 Transformations

(7.15)

(7.16)

The 3-phase transformation matrix is utilized to perform the synchronous frame

transformation of the real variables derived in previous sections. Since each of the

machine windings are displaced by some phase shift, it should be reflected in the

transformation matrix in each machine set. For the system under consideration, the

transformation is performed in rotor reference frame Hence, the transformations are given

as
Machine I:

C(Hr) C(er - al) C(ar + al)
T.(6)=|56,) s(6, -a,) s(9r+a1),a1=7”
1/2 1/2 1/2

Machine II:

C(Hr_ﬁ) C(er_ﬂ_a2) C(@r—,b’+a2)
T.(0,) =86, =p) 80, - f~ar) s(e,—ﬁ+a2),a2=27”>ﬂ=27”
1/2 1/2 1/2
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Machine II1:

C(Hr _2ﬂ) C(er —2ﬂ—0{3) C(er —2ﬂ+6‘(3)
T.(0,)=|5(6, -2B) 6, -2B-a;,) (6, -2B+a;) ,a3=7ﬁ,ﬁ=7 (7.19)
1/2 1/2 1/2

Similarly, the transformation matrix for rotor circuits is given as

_c(er) c(er—%”) ..... c(e,—@)_
T,(@J:% 5(0,) s(e,—%”) ..... s, - 2n=D7, (7.20)
1/2 1/2 1/2

7.2.5 Derivation of g-d Reference Frame Equations

Applying rotor reference frame transformation matrix of Section 7.2.4 to the
voltage equations derived in Section 7.2.2, the derivations of g-d equations are

performed. For each machines the following equations define the voltage equations.

For Machine I:
Vqsl = rsiqsl + plqsl to //i’dsl (7 21)
Vdsl = rsidsl + pld a)rlqsl .
For Machine II:
Vqu s qsz + pﬁ’qsz T /1d52 (7 22)
Vds2 = rslds2 + pﬂ’ds2 a)rﬂ’qs2 .
For Machine III:
Vq53 = rsiqSB + pﬂ’qu + o, ﬂ’ds3 (7 23)

Vd53 = r-s|d53 + pﬂ’dsS a)rﬂ’qSB
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Similarly, rotor voltage equations in q-d frame are derived as

V rqdrr qdr + pﬂ“qdr + (60— @, )ﬂ“qdr (724)
where, I, is the rotor resistance matrix which is derived in Chapter 6 with the help of

coupled circuit model. In terms of bar resistance and end ring resistances,

2(rb +re) =Ty —h
e =T@) o 2B 0 gy (7.25)
-, 0 2(r,+r1,)

The derivations of the flux linkage in q-d reference for stator and rotor are

performed in the corresponding sections.

7.2.6 Derivations of g-d Stator and Rotor Flux Equations

The flux linkages using the derivations in previous sections are now transformed

into the g-d reference using the corresponding transformation matrix for each machine

sets. The flux linkage terms for each stator sets and rotor sets are given as

ﬂ“abc Labcabc abc + I-abcdef def + Labcghl ghi + Labcr ri-n

Aer = Leetderlaer T Lasavelabe + Laergnilgni + Leerrlrin (7.26)
ﬁ’ghi Lghlghl ghi + Lghlabc abc + Lghldef def + I-ghlr ri-n .
2’ = Lrabc abc + eref def + Lrghl ghi + erl—n

Multiplying Equation (7.26) by the corresponding transformation matrix of each
machine sets,

ﬂ“qul = Ts (9 ) adgadgTs (91 ) qul + Ts (91 )LadgbehTs (92 )_l iquz
+T (9 )LadgcflT (93) qu3 +Ts (9 )L T (91 - gr )_1 iqdr

adgr ' s

(7.27)
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ﬂ“quz = Ts (92 )LbehbehTs (92 )_l iquz + Ts (92 )L T (01 )_1 iqul

behadg " s

. . (7.28)
+ Ts (02 )LbehcfiTs (93 ) qus3 + Ts (92 )LbehrTs (02 - gr ) qur
;tqu3 = Ts (93 )chiadgTs (91) qul +T (9 )chibehT (01 )71 iqul (7 29)
+ Ts (9 )chlcflT (0 ) qu3 + T (9 )chers (0 9 )
ﬂ'qdr = Tr (01 - 6 )LradgTs (91) qul +T (6 9 )LrbehT (02) quZ (7 30)

+ Ts (93 - 9 )chflTs (0 ) qu3 + T (er )LrTr (er )7 qur

Equations (7.27-7.30) corresponds to the flux linkage equations due to the self
inductance of the individual machines, mutual inductances to other 3-phase counterparts
and mutual inductances to rotor circuit. These equations can be written in g-d reference

form as

ﬂ‘qul L
/1qu2 L
/1qu3 L

Agr =L

+L +L

+ quslquz quz

+L

qu3 qd53 +L

+L

qds1 qul qds1qgds3 qu3 qds1qdr qdr

quz quz qulquz qul + quslqu3 qds3 + quszqdr qdr

(7.31)

quSquZ quz + quslqu3 qdsl + qus3qdr qdr
+L +L

qdr qdr qdslqdr qul qds2qdr quz qds3qdr qd53
Using Equations (7.28) (7.18)-(7.20) the g-axis equivalent circuit of the three
machine configuration is drawn in Figure 7.2. Similarly, the d-axis equivalent circuit is

shown in Figure 7.3.

7.3 Derivation of Full Order g-d Model of Three Machine Configuration for 9-

Phase Induction Machine

The full order g-d model developed in Chapter 5 for IPM machine in three

machine configuration is extended in this section for the case of 9-phase induction
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machine. The real variable turn and winding function of stator and rotor circuit is taken

from Chapter 6 and transformed into stationary reference frame by the method similar to

Chapter 5.
oA
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Figure 7.2 g-axis equivalent diagram
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Figure 7.3 d axis equivalent diagram
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Each parameter is evaluated in rotor reference and with the variation of rotor
angle. However, in this case the air gap is constant, hence saliency factor is unity. The
results for self and mutual inductance for each machine and rotor bars are derived in the
following section.

7.3.1 Derivation of Self-Machine Inductances

In this section, the self-machine inductance is derived with the variation of rotor
angle using the gq-d winding function derived using the winding functions given in
Chapter 6. Figures 7.4, 7.5 and 7.6 depict the self q and d-axis inductances due to
Machine I, Machine II and Machine III, respectively. Similarly, Figure 7.7 shows the q
and d axis inductance of rotor bars. Similarly, Figures 7.8, 7.9 and 7.10 show the q and d
axis mutual inductances between rotor and corresponding machines, respectively. Finally,
Figures 7.11, 7.12 and 7.13 depict the mutual inductances between Machine I and
Machine II, Machine I and Machine III and Machine II and Machine III, respectively.

As observed from Figures 7.4-7.13 the q and d axis inductances have the same
value. This is true in case of induction machines since it has constant air gap and it has

the saliency factor of unity.

7.3.2 Derivation of Torque and Speed Equation

In order to make the derivation easier for each machine configuration, Torque
equation is derived from the Power Balance Equation.

For Machine I:
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(7.32)
(7.33)

%

*
2

*

5

Multiplying both sides by i

- * - - - - -
qusllqul = rslqullqul + pﬂ“qullqul - Ja)rﬁ“qullqul

qusl = slqul + pﬂ“qul - Jwrﬁqul
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Figure 7.10 q and d axis mutual inductance between rotor and Machine 111
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Figure 7.11 q and d axis mutual inductance between Machine I and Machine II
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Multiplying both sides by 3/2,

3 - * 3 - - * 3 - * 3 - - *
qudsllqul = Erslqullqul + E pj’qullqul - E Ja)rﬂ“qullqul

(7.34)

In Equation (7.34), the term on LHS gives the total power of the system.
Similarly, the first expression in the RHS implies the power loss and the last expression

of LHS implies the power due to electromagnetic torque. i.e.,
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3.
Pt :_Eja)rﬂ’

qullqul

3P

. *
= _Eza)eﬂ“qullqul

(7.35)

From the relationship between Power and Electromagnetic torque, the total

electromagnetic torque developed in the system is given by

T, =Imag (i)
@e (7.36)

Solving Equation (7.36),

3P . .
Tel = _[ﬂ’dsllqsl - ﬂ'qslldsl]
4 (7.37)

Similarly, torque developed due to Machine II and Machine III are given as

3P . .
Tez = _[ldszlqsz - ﬂqszldsz]
4 (7.38)
3P . .
Te3 = _[ﬂ’ds3|qs3 - j’qs3|ds3]
4 (7.39)

The total torque is the resultant of the torque developed due to Machine I,

Machine II and Machine III.

P
po, =5 (. -T,) (740)

where,
P = Number of Poles

J = Moment of Inertia
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Te = Resultant of Electromagnetic Torque = Tej+ Text Tes

7.4 Interfacing of 9-phase Induction Machine with 3-phase Converters

In this section, the 9-phase machine model thus presented is interfaced with 3-
phase converters. Figure 7.14 depicts the system diagram of the system in which the 3-
phase rectifiers and converters are connected to corresponding 3-phases of the 9-phase
machine.

The 3-phase supply is connected to each of the Rectifiers 1, 2 and 3 which are
connected to Inverters 1, 2 and 3. Inverter 1 provides 3-phase power to windings ‘a’, ‘d’
and ‘g’ of the 9-phase machine. Similarly, windings ‘b’, ‘e’, ‘h’ and ‘c’, ‘f” and ‘I’ are fed
by Inverters 2 and 3, respectively. Both rectifier and inverter utilize the carrier based

modulation scheme with modulation index of 0.8 each. Similarly, the 3-phase supply is of

[N,

Rectifierl Inverter 1

mREagi=——

Induction
Motor

120 Volts peak with 60 Hz.

Three phase
supply

Inverter 2

it

Inverter3

Rectifier2

s

Rectifier3

-

Figure 7.14 Connection of 9-phase motor as three sets of 3-phase machines
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The inductance and resistance of the input side of the rectifier is taken as 5 mH
and 0.5 Ohms respectively.

If Sapr , Sapr » Sgpr defines the switching functions for each phases of the Rectifier
1, and a1, lds1, Igs1, defines the current input towards the rectifier, then the rectifier model
is given as
i, = Sapriasl + Sdpridsl + Sgpigsl

1, .
de zc_(lo _Id)

0

(7.41)

where, Vyq is the dc voltage output of the rectifier, Cy is the dc link capacitor, i is the
current flowing out of the capacitor and iq is the output current of the rectifier.

Similarly, the boost rectifier voltage equations in real variables for Rectifier 1:

Vv

Van =7d(28ap _1)

V, = V?d(zsdp ~1) (7.42)
v

Ve, :Td(zsgp _1)

pids = LL[Vdo - I’-ids _Vdn _Vno] (743)

1
pigs =|_le/90 - rigs _Vgn _Vno]

The neutral voltage,

vV, = —é(v +V,, +V,,) (7.44)

The inverter equations for Inverter 1 are given as
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V.. Vdc [2S., =S4 — S,
Vi, Vdc 25, - S, — Sy, (7.45)
Vy, Vdc 25, -S4~ Ss

Similar equations exist for Rectifiers 2, 3 and Inverters 2 and 3.

75 Simulation Results

Using the parameters derived using the three machine configuration and
parameters from Appendix C, the full order simulation of the machine was performed
using MATLAB/ Simulink. The transient and steady state graphs of the system are given
in Figures 7.15 — 7.25. Figure 7.15 shows the plot of speed for no load condition of the
system. Similarly, Figures 7.16, 7.17, and 7.18 show the plot of no load torque, phase ‘a’
current and DC link voltage, respectively. To find the contribution of each machine in
total torque, the steady state torque is plotted in Figures 7.19-7.21, respectively. The total
torque is given in Figure 7.22. Similarly, Figures 7.23-7.25 depict the plot of steady state
inverter currents under no load condition for each machine systems. Finally, Figure 7.26

depicts the phase ‘a’ inverter voltage for first machine configuration.
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Figure 7.16 Plot of electromagnetic torque
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Figure 7.17 Plot of phase ‘a’ current
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Figure 7.20 Steady state plot of Machine II torque
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Figure 7.23 Steady state plot of Inverter 1 current
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Figure 7.24 Steady state plot of Inverter 2 current
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Figure 7.25 Steady state plot of Inverter 3 current
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Figure 7.26 Steady state plot of phase ‘a’ voltage
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An interesting observation can be inferred from Figures 7.19-7.21 where plot of
individual torque is shown for each machine configuration. The reliability of 9-phase
machine can be explained from these graphs. Although the system is coupled, if the
machine is driven by three sets of voltages, the torque response from each set equally
contributes to the total torque. If any one of the set is out of operation, the remaining sets
still perform good operation which also signifies the fault tolerant operation of 9-phase

induction machine.

7.6 Steady State Analysis of 9-phase Induction Generator Operated as Three

Sets of 3-phase Machines

A particular case of the three machine configuration is discussed in this section,
where the machine is connected as a generator to the 3-phase rectifier and different R-L
loads. The model equations in steady state are solved to observe the steady state
characteristics of the system. The model is illustrated in Figure 7.27.

Neglecting the mutual machine inductances as they are of very small value, the

model equations in steady state are given as

Rectifier and load:
o o My
rslqul - o, lequl -], Lm(lquz + qus3)_ J @, Lmrlqdr _Tvdc =0 (746)
3 «) Vi
ZRe(M ol )- =0 (7.47)
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Figure 7.27 3-phase generator connected to rectifier and different loads

where, M is the modulation index, rs is the stator resistance, Ls is the stator inductance, L,
is the mutual inductance, Ro; is the load resistance of the rectifier and . is the reference

frequency of transformation.

System 2 and load:

rslquz - ja)e Lsiquz - ja)e Lm(lqul + qus3)_ ja)e I‘mriqdr _qucz =0 (748)
- qusz - Iqdl2 - ja)eCpZqucz =0 (749)
qucz - r-02|qu2 + ja)eLozlqdlz =0 (750)

where, Vqde2 1s the g-d voltage across capacitor Cp of system 2, Lo is the load inductance

of System 2 and Ly, is the mutual inductance between rotor and machine sets.
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Similarly, the same equations also apply for System 3 which are given as

s qu3 J(U lequ3 J m( quz + qusl) Ja) I-mrlqdr qucz = 0 (751)
- qu53 qdl3 Ja) C quc3 0 (752)
quc3 - r-o3|qdl3 + ja)e LoSquIS 0 (753)

Rotor voltage equations:

rrlqdr - j(wso)l-r qdr Ja)so mr llqul + qusz + qus3J 0 (754)

Now, solving system 2

rrlqdr - j(a)so)Lr qdr Ja)so mr llqul + qusz + qus3J 0 (755)
quc2 - r02quI2 + JC() L02quI2 0 (756)
Vv
Ly = ——2 (7.57)
e roz - Ja)e Lo2
B qusz
Viger =~ 1 (7.58)
JoCp+—
roz - Ja)e L02

Similarly, solving System 3,

-1
qucz = e 1 (759)
joC,, + .
I, = J @, L02

Solving the Rotor Voltage equation,

_ Ja)so mr [qusl + qusz + qus3J

r_J sor

(7.60)

qdr =
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Using substitutions from Equations (7.60), (7.58) and (7.59) and eliminating the

variables such that only term with | 4, appears,

82 BZ
- qusl B- B -
A-T A-T M qds1
Al 4, +B 5 +By— 1Bl 1- 5 - Vi =0 (7.61)
B B 2
A-S - A-S -
A-T A-T
where,
. oL r’e
A=r, - jo L, +———> (7.62)
r—Jog, Lr
B= M (7.63)
P [N I-r
1
S - (7.64)
. 1
Jo C, + -
I, — Jo Ly,
1
T= (7.65)
. 1
jo C 5 + -
Fos — Joe Ly
Solving the Equation (7.61) and separating |, such that
M S V C
| oo K + % =0 (7.66)
M ds1
L g =—2:< Vi (7.67)
From the rectifier current equation,
3 5\ V
“RelM 1 J= =% (7.68)
4 ( qds " qds1 ) R()l
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3
ZRe(lvl o Lt )= . (7.69)
01
Hence
3 2 (1 1
2M Re| — |=— 7.70
gl Mo G(Kj Ry (770

Equation (7.70) gives an interesting observation relating modulating index of the
converter to the other parameters. It shows that the modulating index is not dependent of
output voltage but it depends on the load dynamics.

To study the steady state plot, modulation index is plotted for varying speed
above the synchronous speed with different load resistances of 30, 40, 50, 60 and 70
Ohms. The variation is shown in Figure 7.28.

In this way, the behavior of the system is studied at steady state. The variation of
Modulation index with speed above the synchronous speed can be regarded as the
starting point for the further analysis of the system.
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Figure 7.28 Variation of modulation index with the variation in speed
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7.7 Conclusion

In this chapter, the three machine configuration of 9-phase induction machine was
analyzed in rotor reference frame using the model equations and interfacing with power
electronics converters. The contribution of each machine torque towards the total torque
in the system is analyzed which signifies the fault tolerant operation and reliability of the
system. The parameters of the machine are evaluated using the full order q-d model. The
simulation results show that the torque due to individual machine is significant if one or
two of the machine will lose power from the system. Hence, a good reliability is obtained
from this kind of configuration. The steady state results when operated as a generator
shows the inter-coupling of each machine variables when the 9-phase machine is used as

generator.
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CHAPTER 8
TORQUE CAPABILITY OF 9-PHASE INDUCTION MACHINE OPERATED IN

DIFFERENT CONNECTION SCHEMES

8.1 Introduction

As discussed in Chapter 6, for the extended speed/torque capability, a 9-phase
induction machine can be operated as 3-phase machine by rearranging the stator windings
which is commonly referred as Pole Phase Modulation technique (PPM). Similarly, there
exist other connection schemes in case of 9-phase machines as described in Chapter 1. In
this chapter, a vector controlled 9-phase induction machine performance is computed
using finite element approach when the machine designed for 9-phase, 4-pole operation is
operated as pole phase modulation scheme. In order to realize the induction motor
performance in any configurations, the finite elements simulations are carried out on the
rotor flux reference frame. This approach is applicable for the design of the variable
speed multiphase drives for the precise prediction of the controlled performance. Firstly,
the vector control scheme using finite elements is discussed with the governing
equations. Secondly modeling of the stator and rotor circuits for studying rotor field
orientation in finite element software, FEMM is discussed. Finally, the torque capability
of the machine is observed performing the simulation of the machine in both operating
modes of pole phase modulation using the parameters derived in Chapter 5. Finally, the

torque capability of the machine is observed in different connection schemes.
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8.2 Vector Control Scheme

In this section, the equations of the motor will be written in the reference frame
fixed to rotor flux to realize the vector control scheme. Figure 8.1 describes the field
oriented vector control scheme for 9-phase induction motor using finite elements. The
reference rotor flux is aligned with the d-axis and corresponding q and d axis currents are
estimated with the help of magneto-static simulations. With the help of the Park
transformation, the g-d currents are transformed to natural variables and imposed on the
slots of the model. The simulation of the finite element model is carried out such that the
reference flux is aligned only on d-axis and g-axis rotor flux is zero, which gives the
steady state d-axis rotor current to be zero. The similar method can be employed for the
3-phase, 12-pole case with the adjustment in the Park transformation matrix.

The dynamic equations of the motor will be written in the g-d rotor reference
frame. The equations are then referred to rotor reference frame to satisfy the field
oriented conditions. As these equations only have the fundamental components, they are
similar for both nine and 3-phase configuration [41].

Stator and rotor voltage equations:

Vqs = rslqs + pﬂ“qs + a)rﬂ“ds

v, (8.1)

=l + pﬂ’ds - a)r/lqs

S

Voo =g + pAy +(@—@,) 4, =0

qr

8.2
Vdr = rridr + pﬂ’dr _(w_a)r)ﬂ“qr =0 (82

Stator and rotor flux equations:
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idr = (0 g-dtoabc
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Estimation

Figure 8.1 Finite element based field oriented scheme for 9-phase induction motor

= leqS + Lmlqr

: ; 8.3
=L iy + L (8.3)

A
Ag = Ly + L1,
A
Ay =Ly + L1y

Under field oriented conditions, the reference frame is chosen such that the d-axis
is parallel to the rotor flux, A, *. In other words, only d-axis component of rotor flux

exists and g-axis component is kept to be zero , 1.e.,

g =0 (8.4)

Ay =4, * (8.5)
Assuming the squirrel cage rotor, from Equation (8.2), at steady state,

iy, =0 (8:6)
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The slip speed, @,, which is the difference of stator frequency and rotor

frequency is given as

Wy =0—, ——Rrirq (8.7)
sl r }Ldr .
Using Equations (8.4)-(8.7) in Equation (8.3),
. Lmiqs
/1dr = I—mlds ’ Iqr - L (88)

r

Ao = Lyigs = Liigs + Lpige

slqs

L2 (8.9)
it

r

This follows that, only varying the g-axis stator current the variation of g-axis

rotor current can be performed. Finally the torque equation is given as

mP L .
T :TL—m/lr *Iqs (810)

r
where, m is the number of phases and P is the number of poles.

Hence, as seen in Equations (8.1)-(8.10), under the field oriented condition, only
the variation of g-axis current and d-axis current are sufficient to determine the variation

of other variables.

8.3  Modeling of Stator Circuit in FEM

The finite element simulation is performed using FEMM in aid of the Lua
Scripting language. The stator and rotor model is performed using Autocad and imported
into FEMM for the analysis. The materials of the model, circuits, blocks and the

operating boundary conditions are specified. Newton method is used to solve the finite
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element problem. In the modelling of the 36 slot stator for both configurations, a slot
matrix is derived from the clock diagram of the model. The outer part of Figure 8.2
shows the clock diagram for 3-phase model and inner part shows the diagram for 9-phase
model. After the winding matrix is defined, the stator current should be imposed on each
simulation. For imposing the current, the q and d axis current is first transferred into a, b,

c currents using Park transformation as described in Section (8.2).

8.4 Modeling of Rotor Circuit in FEM

The modelling of the rotor circuit is performed in q-d reference frame and the
winding matrix is determined assuming that the rotor is a 9-phase or 3-phase winding
corresponding to the 9-phase or 3 phase induction machine. It is rearranged using the d-q
transformation assuming a sine-wave conductor distribution. Such an assumption yields a
sinusoidally distributed current in the rotor slots. As the rotor winding matrix is already
in g-d frame, there is no need of transforming the g-d rotor currents into natural variables.

For the determination of this matrix, the following Equations (8.11) and (8.12) are

utilized.
kg =sin(pe;), k,, =cos(pe;) (8.11)
where,
2i—-1 27
= (L 8.12
a; 5 (Qr (8.12)

Q, is the number of rotor bars in the model and p is the number of poles.

Assuming sinusoidally distributed windings the winding matrix for 9-phase, 4-

pole motor is reported in Table (8.1).
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Table 8.1 Rotor winding matrix for 44-slot induction machine

Slot number K qu
1 0.142 0.989
2 0.415 0.909
3 0.654 0.755
4 0.841 0.54
5 0.959 0.281
6 1 0
7 0.959 -0.281
8 0.841 -0.540
9 0.654 -0.755
10 0.415 -0.909
11 0.142 -0.989
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Table 8.1 cont’d Rotor winding matrix for 44-slot induction machine

Slot number Kg K
12 -0.142 -0.989
13 -0.415 -0.909
14 -0.654 -0.755
15 -0.841 -0.54
16 -0.959 -0.281
17 -1 0
18 -0.959 0.281
19 -0.841 0.54
20 -0.654 0.755
21 -0.415 0.909
22 -0.142 0.989
23 0.142 0.989
24 0.415 0.909
25 0.654 0.755
26 0.841 0.54
27 0.959 0.281
28 1 0
29 0.959 -0.281
30 0.841 -0.54
31 0.654 -0.755
32 0.415 -0.909
33 0.142 -0.989
34 -0.142 -0.989
35 -0.415 -0.909
36 -0.654 -0.755
37 -0.841 -0.54
38 -0.959 -0.281
39 -1 0
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Table 8.1 cont’d Rotor winding matrix for 44-slot induction machine

Slot number Kg qu
40 -0.959 0.281
41 -0.841 0.54
42 -0.654 0.755
43 -0.415 0.909
44 -0.142 0.989

Similar to the 9-phase, 4-pole rotor matrix, similar type of matrix also exists for 3-
phase, 12-pole configuration as the elements of the table are dependent on the pole and
number of phases from Equation (8.12)-(8.14). The assignment of rotor currents is
carried out in the same way of the assignment of the stator currents. However, for this
assignment, there is no need of transformation to d-q reference as they are already

calculated in d-q reference in Table 8.1.

8.5  Torque Capability of Induction Motor in Pole Phase Modulation

In this section, the realization of the vector control of induction motor when
operated as pole phase modulation is observed and the different variables are analyzed
that aids for the torque capability of the machine in both configurations. An induction
motor has three region of operation as shown in Figure 8.3. According to the scheme
described in the Section 8.2, the simulation of the machine needs to be performed in the

rotor reference frame by aligning the rotor flux to d axis, then each region of operation
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needs to be investigated. The regions of operation of an induction motor under vector
control scheme are given as follows:

a. Constant Torque Region: In this region of operation, the rotor flux
producing torque is kept constant, and speed is increased from zero to base
speed. The q and d axis currents are also constant which gives the constant
slip. The rated stator current is drawn under this condition. The machine
voltage increases from zero to maximum allowable voltage. This is indicated
by the constant part of Figure 8.3.

In order to evaluate the transition frequency solution of the model equations
needs to be performed.

Vqs = r-slqs + pﬂ'qs + a)rﬂ’ds

. 8.13
Vds =Ilg + pﬂ’ds - wrﬂqs ( )
Ignoring the stator resistance,
Vqs = a)r/lds
V. = w4 (8.14)
ds — r’™gs
Also, under rotor field Orientation,
L 2
lqs = LSiqs + LmiO|r :[LS - Lm Jiqs (8.15)
r

Squaring and adding,

Vqs2 +Vdsz = (wr/Ids )2 +(a)r’1qs )2 (8.16)

2 2y 2. 2 2 2. 2
Vs =a)r Ls Ids +a)r Lo- Iqs

Hence, the transition frequency is,

— Vs
Wy = (8.17)
I T I |
s 'ds,rated o L's ds,rated |
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b. Field Weakening Region I: After the transition frequency, @, the machine

attains the Field Weakening region. Here, the rotor flux begins to decrease
with the increase of speed. The current constraint is still valid and voltage
enters into the constant region.

To evaluate the d and q axis current in this region, starting from the basic
dynamic equations of the machine in steady state and adding q and d axis
voltages in steady state,

Vqs2 +Vd52 = (a)r/?“ds)2 + (a)rﬂ’qs)2

2 2p 2: 2 2 2- 2
Vi =0, Ly +o7 L g

2

=2 - 2
s Tl =1 (8.18)
Eliminating the above two equations in terms of i, and [

2 2, 2 2
:\/a)LS 12—V,
2 2 2 2
oLy -o’L,

2 2 2y 2
:\/vs — o',
27 2 2 2
oLy -o’L,

I

Ids

(8.19)

For each value of the rotor speed, currents i, and iy are injected such that the

flux weakening is obtained. The torque decreases as speed increase.

c. Field Weakening Region Il: In this region, the current constraint no longer
holds true. Similarly, in this case, the phase voltage is not enough to supply
the rated current. As a result of which, torque and flux both will decrease and
current limit is not satisfied. The stator g-axis current and d-axis currents both

decrease with speed. This is shown as region III in Figure 8.3.
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Figure 8.3 Regions of operation of induction motor

8.6 Simulation Results for Pole Phase Modulation

With the help of the model described in Section 8.3 and the algorithm described
in Section 8.2, finite element simulation is carried out to verify the controlled
performance of pole phase modulated machine in FO condition. The simulation is first
carried out for the 9-phase, 4-pole configuration under the rated conditions. With the
equivalent rating for operating the machine in 3-phase, 12-pole configuration, the
simulations are again carried out. The variables are plotted with respect to the mechanical
speed of the motor. Figure 8.4 depicts the g-axis current as mechanical speed changes
from 0 to 3000 rad/s. The three regions of operation can be observed from the graph for
both 3-phase and 9-phase configurations. The variation of d-axis current with variation of
mechanical speed is depicted in Figure 8.5. Similarly, Figure 8.6 describes the variation
of variation of input current with the variation of speed for both configurations. The
variation of rotor flux with the change of speed is shown in Figure 8.7. Similarly, Figure
8.8 shows the torque capability graph when operated in both configurations. The output
power variation in both configurations is shown in Figure 8.9 and total loss in the system

is depicted in Figure 8.10. In order to observe the variation of parameters, the parameters
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are plotted with variation of electrical speed. Figure 8.11 shows the magnetizing
inductance with the change in speed and Figure 8.12 and 8.13 show leakage inductance

and rotor resistance of system, respectively.
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Figure 8.4 g-axis current vs. mechanical speed
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Figure 8.5 Variation of d-axis current vs mechanical speed
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Figure 8.8 Variation of total electromagnetic torque vs speed
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Figure 8.13 Variation of rotor resistance with electrical speed

From the set of Figures 8.4-8.13, the torque capability of the pole phase
modulated induction machine can be realized. According to the principle of pole phase
modulation, 9 phase machine is utilized as 3-phase, 12-pole configuration in low speeds
and for high torque applications whereas it is operated in 9-phase, 4-pole operation for
high speed and low torque applications. It corresponds to the observation given in Figure
8.8, where the torque capability graph of the pole phase modulated system is visualized.
Until the base speed of the 3-phase configuration, machine can be operated as 3-phase

and as it beings to follow the flux weakening path, the 9-phase configuration will result in
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higher torque production than 3-phase. This gives an idea of flux weakening control of

the 9-phase induction machine when it is operated in pole phase modulation.

8.7  Torque Capability of the 9-phase Induction Machine in Different

Connections

In this section, different connections of the 9-phase induction machine are
analyzed in terms of the realization of the rotor field orientation using finite elements. As
described in Chapter 1, the 9-phase machine can be connected in five different
configurations with the varying phase voltages across the windings. Figure 8.14 shows
these possible configurations with respective phase voltages. However, finite element
simulation involves the current injection in the respective slots. Hence, during the
injection of the rated current, the phase current needs to be calculated with the help of the
circuit configuration. It is observed that, if I, has is the maximum voltage amplitude for
Connection 1, the maximum current for Connection 2 is 0.684l, and so on. This
observation corresponds to the equation derived in Chapter 1 for different connections.
After the rated current is evaluated for each configuration, the current is injected inside
respective slots using the LUA scripting language. The model of stator circuit, rotor
circuit and rotor field orientation are performed as described in previous section with the

adjustment in the injected current.
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Figure 8.19 Variation of output power vs. mechanical speed

From the set of Figures 8.15-8.19, different connection scheme implies the use of
9-phase induction machine in different configuration with the variation in torque
capability and performance of the drive. From the torque graph of Figure 8.18, the

transition of the connection can be performed to operate the machine in different torque

operations in Field weakening regions.

8.8 Conclusion

In this chapter, a finite element based analysis is presented to study the torque
capability for different stator winding connection schemes of 9-phase induction machine.
Different regions of operation in Field Weakening operations are also observed with the
help of performance graphs. Interesting results verify of the operation of the pole phase
modulated drive in different operations to get the required torque capability. Similarly,

different regions of operation in different connection schemes also show the flexibility of
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operation of the 9-phase induction machine for different operations with different torque

requirements.
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CHAPTER 9
SWITCHING SIGNAL GENERATION USING C6713 DSP AND XILINX

SPARTAN 3E FPGA

9.1 Introduction

In this chapter, progress made in the 9-phase switching signal generation using
the interfacing of C6713 DSP and Xilinx Spartan 3E FPGA is presented. The actual
PWM signals generated through EMIF interfacing of DSP and FPGA are presented.
Similarly, the output voltage and current are also presented first by driving a small

resistor and later, driving a 9-phase induction motor.

9.2  Operation of C6713 DSK Starter Kit

The 6713 DSP Starter Kit (DSK) is a low-cost platform which lets customers
develop applications for Texas Instruments C67X DSP family. The primary features of
the DSK are [77]

a. 225 MHz TMS320C6713 Floating Point DSP

b. AIC23 Stereo Codec

c. Four Position User DIP Switch and Four User LEDs
d. On-board Flash and SDRAM

Figure 9.1 illustrates the C6713 DSK with all the components labelled.
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Figure 9.1 Components of C6713 DSK

The peripherals of C6713 DSK include a multi-channel buffered serial ports
(McBSPs), 32-bit external memory interface (EMIF) with integrated SDRAM controller ,
two on-board timers and an enhanced DMA controller (EDMA). The advantage of using
C6713 is that it has a significant amount of internal memory so many applications will
have all code and data on-chip. The synchronous and asynchronous memories are
connected through the EMIF. The daughter card modules can also be added since the
EMIF signals are also brought out to standard TI expansion bus connectors. The DSK
also consists of on-board codec called the AIC23. Codec stands for coder/decoder which
codes analog input samples into a digital format for the DSP to process, then it also
decode data coming out of the DSP to generate the processed analog output. Digital data

1s sent to and from the codec on McBSP1.
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9.2.1 Memory Map of C6713 DSK

The major advantage of using the C6713 family of DSPs is that it has a large byte
addressable address space. Program data and code can be placed anywhere in the unified
address space. Addresses are always 32-bits wide. The memory map shows the address
space of a generic C6713 processor on the left with specific details of how each region is
used on the right. By default, the internal memory sits at the beginning of the address
space. Portions of the internal memory can be reconfigured in software as L2 cache rather
than fixed RAM. The EMIF has 4 separate addressable regions called chip enable spaces
(CEO-CE3). The SDRAM occupies CEO while the Flash and CPLD share CE1. CE2 and
CE3 are generally reserved for daughter cards. Figure 9.2 depicts the memory map of

C6713 DSP [77].

9.3  Operation of Xilinx Spartan 3E FPGA

The Spartan-3E family of Field-Programmable Gate Arrays (FPGAs) is
specifically designed to meet the needs of high volume, cost-sensitive consumer
electronic applications.

The new features of the Spartan-3E family improve the system performance and
cost of configuration is also reduced. These Spartan-3E FPGA enhancements deliver
more functionality and bandwidth than was previously possible, setting new standards in

the programmable logic industry. [76]
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Figure 9.2 Memory map of C6713 DSP

9.3.1 Operation of Nexys 2 Board

The Nexys?2 circuit board is a development platform based on a Xilinx Spartan
3E FPGA and it is ready-to-use circuit. The Nexys2 adopts leading technologies to a
single platform that can be utilized to gain digital design experience. It can host countless
FPGA-based digital systems, and designs can be grown beyond using the different
expansion connecters available in the board. Four 12-pin Peripheral Module (Pmod)
connectors can accommodate up to eight low-cost Pmods to add features like motor
control, A/D and D/A conversion, audio circuits, and a host of sensor and actuator
interfaces. All user accessible signals on the Nexys2 board are ESD and short-circuit
protected, and it ensures a long operating life in any environment. Figure 9.3 shows the

basic building block of the Nexys 2 board with its components [77].
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Figure 9.3 Basic building block of Nexys 2 board

9.3.2 EMIF Interfacing Between DSP and FPGA

The interfacing of C6713 DSP with Xilnx Spartan 3E FPGA is performed using
the designed interfacing board. In our case, the modulation signal is generated in DSP
and interfaced through EMIF connector to FPGA with the help of FX2 hirose connector.
The Nexys2 board includes a Hirose FX-2 high density 100-pin connector that is suitable
for driving peripheral boards with signal rates in excess of 100 MHz. Many connector
signals are routed to the FPGA as differential pairs, and 47 connector pins are tied to
ground, resulting in a very low-noise connection system. Figure 9.4 shows the distinctive
interfacing circuit of DSP and FPGA using EMIF interfacing to utilize the feedback
speed control of the machine using PWM interface. Figure 9.5 shows the connection of

DSP and FPGA with the help of designed connector board.
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Figure 9.5. Designed architecture of the DSP- FPGA Interfacing

Pins assigned for EMIF connector of DSP:

Eighty pins of the EMIF are used for Voltage, Ground, Address, Data and Control

propose out of which 20 pins are address pins, 32 pins are data bus pins, 10 pins are

control bus pins, 4 pins are +5 V pins, 12 pins are Ground pins and 3 pins are 3.3V level

pins. Out of the 20 address pins, only pin numbers 17, 18, 19, 20, 23, 24, 25 and 26 are

used in our design. Similarly, out of 32 data bus pins, pin numbers 53, 54, 55, 56, 57, 58,

294



59, 60, 63, 64, 65, 66, 67, 68, 69 and 70 are used for data pins. Similarly, pins numbers
27,28, 29, 30, 73, 74, 75, 76, 77, 78 are used as control pins. The connection between the
DSP and FPGA is shown in Figure 9.6 with the connector board interfaced between
them.

Pins assigned for FX Hirose connector of FPGA:

To connect the corresponding pins of FPGA to DSP, the connector board is

connected to FX Hirose connector of FPGA with the configuration as given in Figure 9.7.

9.4  Switching Signals Generation Using DSP and FPGA

In this section, results from the the switching signals generation using the data,
address and control pins of DSP is illustrated. Firstly, the address signals and control
signals are shown for one voltage signal. Then, the outputs of PWM pins from FPGA are
illustrated.

Figure 9.8 depict the control and address signal obtained from the DSP for the

assignment of first voltage of the DSP output.

9.4.1 Output Using 9-Phase Resistor as Load

As the first part of the experiment, nine resistors each of 100 Ohms are connected
in star across an inverter driven from the PWM signals obtained from FPGA. Figure 9.9
shows the voltage signal Vab. Similarly, Figures 9.10, 9.11, and 9.12, respectively show

the voltage signals Vac, Vag and Ve, respectively compared with signal V.
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Figure 9.6 Connector board for FPGA and DSP interfacing
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Figure 9.7 Hirose FX2 connections with corresponding EMIF pins of DSP
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Figure 9.8 Control and address signals from DSP for first voltage output
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Figure 9.13 Channels 3 and 4, respectively show phase voltages for phase ‘a’ and phase

‘b’ for 9-phase resistor load

Figure 9.13 shows the phase to neutral voltage across phase ‘a’ and phase ‘b’ of
the 9-phase load. Figure 9.14 shows the PSIM simulation of the phase voltage obtained
by using the same parameters. The experimental results are in good agreement with the

simulation.

9.5  Experimental Results for 9-Phase Induction Motor Driven by PWM Inverter

Using DSP-FPGA Interface

In this section, the experimental results using the interfacing of DSP and FPGA
are performed driving the 9-phase motor as load from the 9 leg inverter. Figure 9.14
shows the phase ‘a’ voltage of the inverter connected to load when operated at rated

voltage condition.
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Figure 9.14 Phase ‘a’ voltage for 9-phase induction motor obtained using DSP-FPGA

interfacing

Similarly, Figure 9.15 shows the simulation results for 9-phase Inverter phase ‘a’
voltage. Figure 9.16 shows the transient phase ‘a’ current during starting of the 9-phase
induction motor and Figure 9.17 depicts the steady state phase ‘a’ current after the
machine attains the steady state. The experimental results are in good agreement with the

simulation results obtained from MATLAB/Simulink.
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Figure 9.16 Transient phase ‘a’ current of 9-phase IM using DSP-FPGA interfacing
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interfacing

9.6 Conclusion

In this chapter a hardware interfacing circuit is developed using C6713 DSP and
Xilinx Spartan 3E FPGA. Different experimental results are shown in order to validate
the operation of the hardware system to generate the PWM signals. The voltage and
current output waveforms are traced driving the inverter with 9-phase resistors and 9-
phase induction machine. The simulation results are compared with the Experimental

waveforms and they are found to be in good agreement.
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CHAPTER 10

CONCLUSION AND FUTURE WORKS

In this thesis, multiphase machines are modeled and analyzed in order to realize
their advantages for varying speed and torque requirements. Using the Fourier
approximation and full order models, the analysis of machine is performed such that the
utilization of higher order harmonics is realized. Similarly, high reliability of the 9-phase
machine is also realized using three machine configurations of Interior permanent magnet
and induction machines. Using the new design technique of turn and winding functions,
pole phase modulation of 9-phase induction machine is realized with analytical finite
element implementations. Similarly, torque capability of 9-phase induction machine is
also studied under different connection schemes using finite elements. This thesis is
expected to fill the gap which exists in the modeling and analysis of the 9-phase drives
due to the large number of coupled variables. However, many future enhancements can
be performed on this research of multiphase systems.

The Fourier series approximation for 9-phase IPM machine described in Chapter
3 can be extended to verify the results experimentally with the help of harmonic
injection. Similarly, harmonic control can be performed for each corresponding
harmonics order to obtain the better torque requirements. The three machine
configurations described in Chapter 5 can be implemented experimentally by connecting
the machine as generator. The precise estimation of parameters can be performed using 3-
dimesional finite elements for pole phase modulated drive. The pole phase modulation

can be implemented using a feedback control loop comprising of DSP and FPGA
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interfacing as described in Chapter 9. More enhancements can be performed in reliability
analysis of three machine configurations of 9-phase induction machine by operating as

motor or generator.
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APPENDIX A

Trigonometric Identities

The trigonometric identities used in the derivation of IPM machine are discussed

here.
For the variations of « = 27”, the sine and cosines are given as
cosa =0.766
cos2a =0.1736
cos3a =-0.5
cosda =—-0.939
cosSa =-0.939 (Al.1)
cosb6a =-0.5
cos7a=0.1736
cos8a =0.766
cos9a =1
sina =0.642
sin2a = 0.9848
sin3a = 0.866
sinda =0.342
sin S5 =—0.342 (Al1.2)
sin 6a = —0.866
sin 7a = —0.9848
sin 8a = —0.642
sin9a =0
Hence the cosine values of
a=8a
20 =T (A1.3)
3a=6a
do =5
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But for the sine values:

=-8a
20 =-Ta
3a =—6a
4o =-5a

The addition of cosine of & from ato 9« gives value of 0.

Similarly, the addition of sine of ¢ from ato 9« also gives value of 0.

(A1.4)

Using these simplifications, the equations for inductances can be derived in closed

form as many quantities cancel themselves.

Example: Utilization of identities in inductance calculations:

As an example, consider the calculation of first element of the g-d inductance

matrix. For this particular element, the fundamental transformation matrix is utilized with

the inductance matrix and inverse of the fundamental matrix, i.c.,

-1
quoxs =T (01 )LssT (01 ) (Al 5)
where
T(9)= g [c(0) c(0-a) c(@-2a) c(0-3a) c(@-4a) c(0-5a) c(@-6a) c(0-Ta) c(6-8a)
_Lls + Laa Lab Lac Lad Lae Laf Lag Lah Lai i
Lba Lls + Lbb Lbc Lbd Lbe Lbf ng Lbh Lbi
Lca ch Lls + Lcc Lcd Lce ch ch Lch Lci
Lda Ldb de Lls + de Lde Ldf Ldg th Ldi (Al 6)
Lss = Lea Leb Lec Led Is + Lee Lef Leg Leh Lei
Lfa Lfb Lfc Lfd Lfe LI + Lff Lfg th Lfi
L Ly Ly Ly Lye Ly L + Ly Ly, Ly
Lha th Lhc Lhd Lhe th th LI + th Lhi
L Lia Lib Lic Lid Lie Lif Lig Lih Lls + I-ii_
T6,)' =[c(0) c(@-a) c(@-2a) c(@-3a) c(@-4a) c(@-5a) c(@-6a) c(0-7a) c(@-8a)]
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As leakage inductance L are on the diagonals of the stator inductance matrix, it

can be skipped and add afterwards. Hence, using Table (3.1) and Equations (A1.5) and

(A1.6), the first element of matrix L, . .is calculated.

qdoxs

. . . N, a .
As an illustration, let’s take the coefficient of % , and solve for inductances.

Lo = %[C(Q)Laa +c(0-a)L,, +c(0-2a)L,, +c(0-3a)L,, +c(0-4a)L,, +c(0—5a)L, (AL7)
+c(0-6a)L,, +c(0-Ta)L,, +c(0-8a)L,]
Ly = i[c(e)Lab +¢(0 - )Ly, +¢(0—2a)Ly, +¢(0-3a)Lyy +c(0—4a)Ly, +c(0—5a)Ly (AL$)
+¢(0-6a)Ly, +¢(0—Ta)Ly, +c(0—8a)Ly;]
Lys = ;[c(e)Lac +0(0— )Ly, + (0 —2at)L, + (0 -3 )L, +(0—4ax)Ly, +c(0-5a)Ly (A19)
+c(0-6a)L,, +c(0-Ta)L,, +c(0-8a)L,]
Lo = %[C(Q)Lad +0(0-a)Ly, +c(0-2a)L, +c(0-3a)Ly +c(@—da)L, +c(0-5a)L, (A1.10)
+0(0—6a)Ly, +c(0—Tar)Ly, +C(0—8ar)Ly]
Lois =g[c o)L, +cl@-a), +cl@-2a)L, +cl@-3a)l, +cl@—-4a)L,, +clf—-5a)Ly
s =g (Al.11)
+c(0-6a)L,, +c(0-Ta)L,, +c(0-8a)L]
Lys =10y +0l6-ally +(0-20)L, +(0-3a)L, +(0-4alL, +l6-SalL, (AL12)
+c(0-6a)L, +c(0—Ta)Ly, +c(0—8a)L;]
Ly =§[C(Q)Lag +0(0-a)Ly, +c(0-2a)L,, +c(0-3a)Ly, +c(0—4a)L,, +c(0-5a)L, (A1.13)
+¢(0—6a)Ly, +c(0—Ta)Ly, +c(0-8a)L ]
Lois = %[C(H)Lah +o(0-a)L, +c(0—2a)L,, +c(0-3a)L,, +o(6—4a)L,, +c(0—5a)L, (A1.14)
+c(0-6a)L,, +c(0-Ta)L,, +c(6-8a)L,]
Lo = %[C(H)Lai +0(0-a)L, +c(0-2a)L, +c(6-3a)L, +c(0-4a)L, +c(0-5a)L, (A1.15)

+c(0-6a)Ly, +c(0-Ta)Ly, +c(0—8a)L;]
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2
3a'2

Now, the equation of including in the derivation is given as

quoxs = quA.12349T (01 )71
=Ly ¢(0)+ Lyy,C(0 — )+ Lyysc(0— 20 )+ Ly, (0 - 3ax)+ Ly 56(0 — 4ex) (AL.16)

qls

+ LysC(0 =5 )+ Lyy,(0 — 6 )+ Ly 5c(0 — T ) + Lyyoc(0 —8)

L, = g[c(e)c(6l9r)+c(o9—a)c(6¢9r 3a)+c(0-2a)c(66, —6a)

+¢(0-3a)c(66, —9a)+c(0— 4a)c(66, —12a)+c(0 - 5a)c(66, —15¢) (AL.17)
+0(0—6a)c(66, —18a)+c(0—Ta)c(66, —21a)+ (6 —8ax )c(66, — 24 )]

Similarly,

Ly = %[0(0)0(6«9, _3a)+c(0-a)(66, —6a)+c(6-2a)(66, —9¢)

+¢(0-3a)(66, —12a)+c(0-4a)c(66, —15a)+c(0—5a)c(66, —18a) (A1.18)
+0(0-6a)c(66, —21a)+c(6—Ta)c(66, —24a)+ (0 —8a)c(66, —27a)]

Similarly, other terms can be uniquely expressed.
Using rotor reference frame, i.e., #=46,, and from Equation (A1.16), it is seen

that the term L needs to be multiplied by c(&r), L,,needs to be multiplied by

qll
c(6, —a)and so on.
Utilizing this concept, all the terms will get either of c(46, ),c(66, ),c(86, )inside

them with phase shifts. If all of them are solved and added, the result will come to be zero

due to the identities described.

o : . 7N ’a
However, to perform the multiplication of the term including % , the terms

in the table have cosine of ¢(26, )inside them. Multiplying this term by T(l9r )1, them

terms will either be of the form ¢(36, Jor ¢(6, ). Again, multiplying by T(@r )1_1 , the result

is either c(46,),c(26, Jor ¢(0). The last term is the constant of 1. Hence, all the terms
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with the inclusion of rotor angle terms will be cancelled by identities. However, only one
of them will remain. Similar is the case for zN,’a, term in Table (3.1).

In this way, all the inductances in q-d frame can be calculated. The calculations
can be performed by using softwares such as MATLAB or Mathematica to get the closed

solution without any long manual calculations.
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APPENDIX B

Parameters of the 9-phase IPM Machine

Stator Data:
Outer Diameter of Stator
Inner Diameter of Stator
Number of Stator slots
Skew Width
Stator Slot Dimensions
Hyo
Hg

H52

Top Tooth Width

Bottom Tooth Width

Length of Stator Core
Stacking Factor of Stator Core
Type of Steel

Slot Insulation Thickness

End Length Adjustment

Number of Parallel Branches

319

154.432 mm

93.4212 mm

36 mm

1 Slot

0.508 mm

0.762 mm

11.43 mm

1.9304 mm

4.191 mm

6.39572 mm

4.18319 mm

3.97339 mm

95.25 mm

0.93

STATOR DEF

0.3 mm

0 mm

1



Number of Conductors per Slot 24

Rotor Data:
Air gap 0.635 mm
Inner Diameter of Rotor 31.496 mm
Length of Rotor 95.25 mm
Rotor Stacking Factor 0.93

Magnet Duct Dimensions

Dl 69.073 mm
01 23.5331 mm
Rib 3.302 mm
Magnet type Samarium Cobalt
Magnet Thickness 6.35 mm
Total Magnet Width 32.3088 mm
Residual Flux density 0.85 Wb
Coercive Force 629 kA/m
Maximum Energy Density 133.67 kJ/m"3
Relative Recoil Permeability 1.07528
Demagnetized Flux density 0.531245
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APPENDIX C

9-phase Induction Machine data and parameters
No. of stator slots = 36

No. of rotor bars = 44

b= 0.000139 Q

re=2.74x10-6 Q,

le=5.06x10-7H

Ib=4.11x10-8H

ar= 2m/44, = 0.5x ar

r =4.75 inches

1=0.0704 inches

g =0.0066 inches
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