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ABSTRACT

ANALYSIS OF PMSM MANUFACTURED USING SEGMENTED STATOR
MADE FROM ORIENTED STEEL

By
Anmol Aggarwal

Segmented stators ease the winding process, increase slot fill factor, and improve handling
and assembly. Segmented stator construction also allows oriented steel with superior mag-
netic properties, higher permeability, and lower losses in orientation, also known as rolling
direction. Therefore, using oriented steel for the segmented stator construction of PMSM
may improve machine performance compared to a machine designed with non-oriented steel,
such as an increase in average torque and efficiency.

Apart from the clear advantages of segmentation, the increased number of segments
increases the unavoidable parasitic gaps between the segments, adversely affecting machine
performance. Moreover, oriented steel modeling in modern FEA software is inaccurate, as
shown in the literature. An improved model was proposed in the literature to resolve this
issue, which requires magnetic properties of the oriented steel in between the rolling and
transverse directions. This research aims to analyze the performance of the oriented steel
segmented stator PMSM and compare it with conventional non-oriented steel stator PMSM.

In this research, the magnetic properties of the oriented steel are determined using a
devised experimental setup method. In the proposed method, the flux density of controlled
amplitude and frequency is imposed in the oriented steel segmented stator using specially
designed devices to estimate the BH and loss curves of the oriented steel. The advantage
of the proposed method is that it is comparatively less expensive than the specially modi-

fied Epstein frame test. Further, a general theory is proposed to determine the impact of



segmentation parameters on the selected performance measures: core losses, average torque,
cogging torque, and Back electromotive force. Finally, the estimated magnetic properties
of the oriented steel are used to model the oriented steel segmented stator PMSM, and its
performance is compared with that of the conventional machine.

The experimentally-estimated magnetic characteristics of the oriented steel are different
from those estimated using the FEA method. Further, the theory to show the impact of seg-
mentation parameters on the machine performance is validated using numerical experiments
on two different machine designs with 72 slots/12 poles and 72 slots/8 poles. The estimated
properties are used to model the oriented steel segmented stator PMSM with 72 slots/12
poles. Its performance, with different combinations of segment size and parasitic gap, is
compared with conventional stator PMSM of the same design at the same drive cycle. For
some segment sizes, the segmented stator machine has lower losses. Moreover, the segmented
stator machine has higher cogging torque for all segment sizes and unbalanced BEMF' for

specific segment sizes.



Copyright by
ANMOL AGGARWAL
2021



To my parents
Sushma and Rajeev
and sister
Pallavi

for their love and support through this life journey



ACKNOWLEDGMENTS

First, I would like to express my sincere gratitude and appreciation to Dr. Elias Strangas
for his patience, constant guidance, encouragement, and support in helping me to complete
my Ph.D. program and to become a researcher. I'd like to also thank Dr. Shanelle Foster, Dr.
Ranjan Mukherjee, and Dr. Woongkul Lee for their time, support, teaching, and guidance
as part of my committee and helped me complete my program.

I’d also like to thank members of the Electric Machines and Power Electronics Research
(EMPowER) Laboratory at Michigan State University. Thank you, Dr. Reemon Haddad,
Cristian Lopez-Martinez, Abdullah Alfehaid, Dr. Thang Pham, Dr. William Jensen, Bhu-
van Khosoo, Orwell Madovi, Prathima Nuli, Dr. Heinrich Eickhoff, Dr. Rodney Singleton,
Dr. Matt Woongkul Lee, Dr. Shaopo Hwang, Dr. José Vitor B. Junior, Tiraruek Ruekam-
nuaychok, Tia Smith, Lauren Kalizewski, Josh Ward, and Shubham Shedge.

I’d like to specifically thank Dr. John Agapiou from General Motors Global Technical
Center, Warren, MI, who helped and assisted me in all my projects. His assistance aided me
tremendously towards the completion of my work. Moreover, I'd like to extend my gratitude
towards Steve Hayslett and Matt Meier for helping me throughout difficult times, attending
my late-night calls, and being patient with my research questions that were beyond my
understanding.

I would also like to thank members of the Department of Electrical and Computer En-
gineering for helping me complete my degree. Thank you, Brian Wright, Gregg Mulder,
Meagan Kroll, Roxanne Peacock, Michelle Stewart, and Laurie Rashid.

I want to dedicate my work to my mother Sushma, father Rajeev, and sister Pallavi.

Additionally, I would like to thank my cousins Sandeep Aggarwal and Naveen Aggarwal

vi



for motivating me to pursue my post-graduation studies. Finally, I would like to thank my
friends back home, Gaurav and Prince, they were always there when my parents needed

them.

vil



TABLE OF CONTENTS

LIST OF TABLES . . . . . . . . . e e xi
LIST OF FIGURES . . . . . . . . e xii
Chapter 1 Introduction . . . . . . .. ... ... ... ... ... 1
1.1 Motivation . . . . . . . . .. 1
1.2 Problem Statement and Objective . . . . . . . . . . ... ... ... ..., . 2
1.3 Literature Review . . . . . . . . ... o 3
1.3.1 Types of Stator and Rotor Segmentation . . . . . . .. ... ... .. 3
1.3.1.1 Segmentation of Stator for Different Winding Configuration 3

1.3.1.2 Axial Stator Segmentation and Segmentation in Axial Flux
Machines . . . . . . . . ... ... 4
1.3.1.3 Removing Some Sections from the Stator for Segmentation . )
1.3.1.4 Rotor Segmentation . . . .. ... ... ... ... .. ... 6

1.3.2 Core Loss Reduction in the Machine Using Oriented Steel in Seg-
mented Stator Construction . . . . . . . ... ... L. 7
1.3.3  Effect of Segmented Stator Design on Cogging Torque . . . . . . . . . 8

1.3.4  Effect of Segmented Stator Design on Acoustic Noise of the Machine 11
1.3.5 Design Modifications to Improve the Performance in Segmented Stators 12

1.3.6  Modelling of Segmented Stators in FEA . . . . ... ... ... ... 14

1.3.6.1 Modelling for Extra Cut Edges in the Segmented Stators . . 14

1.3.6.2 Modelling for Anisotropic Steel in the Segmented Stators . . 16

1.4  Contribution of the Present Work to the State of Art . . . . . . ... .. .. 18

1.5 Proposed Research Methodology . . . . . . . . . ... ... ... ... .... 19

1.6 Organization . . . . . . . . . ... 21

Chapter 2 Method for the Characterization of the Oriented Steel . . . . . 22
2.1 Proposed Method for the Extraction of Magnetic Properties of the Oriented

Steel . . . L 22

2.1.1 Basic Idea of the Proposed Method . . . . . . ... .. .. ... ... 23

2.1.2  Application of the Proposed Method . . . . . . ... ... ... ... 29

2.2 Sensor Design Considerations and Characterization . . . .. ... ... ... 37

2.2.1 Sensor Design Considerations . . . . . . .. .. ... ... ...... 37

2.2.1.1  Selecting the Total Number and Span of Each Sensor . . . . 37

2.2.1.2  Selecting Same Limb for All Sensors . . . . ... ... ... 37

2.2.1.3  Selecting the Air Gap Between the Limb of the Sensor and
the Stator Tooth, and Number of Turns in Drive, Pickup and

Limb Pickup Coil . . . . . . . ... ... 38

2.2.1.4  Minimizing the Losses in the Sensor Laminations . . . . . . 39

2.2.1.5  Sensor Arrangement for Testing . . . . . . .. ... .. ... 39

2.2.2  Characterization of Sensors . . . . . . . ... ... L. 41



2.3
24
2.5
2.6

2.2.2.1 Design of Characterization Setup . . . . . . .. .. ... ..

2.2.2.2  Error in the Estimation of Core Losses and MMF Drop of

the Sensors from Characterization Results . . . . . . . . ..

Experimental Set up . . . . .. ...
Procedure for the Estimation of BH and Loss Curves of the Oriented Steel

Experimental Results . . . . . . . . ... ...

Conclusion . . . . . . . . .

Chapter 3 Impact of Segmentation Parameters on Core Loss and Average

3.1

3.2

3.3

3.4

3.5

3.6

Torque of Oriented Steel Segmented Stator PMSM . . . . . ..
Impact of Segmentation on the Core Loss and Average Torque . . . . . . ..
3.1.1 Proposed Theory to Show the Impact of Even Poles per Segment on

Core Loss and Average Torque . . . . . . . . . .. . ... ... ....
Impact of Segmentation and Change in Steel on Agand A\g . . . . . ... ..
3.2.1 Proposed Theory to Determine Impact of Segmentation and Change

inSteelon A\gand A\g . . . .. ..o
Example Machines Used for the Validation of the Proposed Theories Using
FEA Simulations . . . . . . . . . . ..
Validation of the Proposed Theory in Section 3.1 Under No Load Conditions
in FEA Simulations . . . . . . . . .. ...
3.4.1 Core Loss . . . . . .
3.4.2 Flux Linkage from the Magnets(Apm) . . . . . . . . .. ... ... ..
Validation of the Proposed Theories Under Loaded Conditions . . . . . . . .
3.5.1 d-axis flux linkage (A\g) and g-axis flux linkage (A\g) . . . . .. .. ..
3.5.2 CoreLoss . . . . . . e
3.5.3 Average Torque . . . . . . . ...
Conclusions . . . . . . . . .

Chapter 4 Impact of Segmentation Parameters on Cogging Torque and

4.1

4.2

4.3

Back Electromotive Force of Oriented Steel Segmented Stator
PMSM . . . . e
Cogging Torque in Segmented Stators . . . . . . . . . . .. .. .. ... ...
4.1.1 Cogging Torque due to Pole-Slot Interactions . . . . . ... ... ..
Proposed Theory . . . . . . . . .
4.2.1 Equilibrium Positions due to Pole-Parasitic Gap Interactions . . . . .
4.2.2  Proposed Theory to Determine the Impact of Segmentation Parame-
ters on Cogging Torque . . . . . . . . . . . .. ... ... ...
4.2.2.1  Order of Cogging Torque Due to Pole-Slot Interaction and
Pole-Parasitic Gap Interaction is Same . . . . . . . .. . ..
4.2.2.2 Poles per Segment is an Integer . . . . . . ... ...
4.2.2.3 Poles per Segment is (2n+1/2) where n is an integer such
that n>0. . . . . . . . .

Validation of the Proposed Theory of Cogging
Torque Using FEA Simulations . . . . . ... ... ... ... ... .....

X



4.3.1 Order of Cogging Torque Due to Pole-Slot Interaction and Pole-Parasitic

Gap Interaction is Same . . . . . . .. ... ... L. 76

4.3.2 Poles per Segment is/are an Integer . . . . . . ... ... 78

4.3.3 Poles per Segment is (2n+1/2) . . . . .. ..o 79

4.4 Back Electromotive Force in Segmented Stators . . . . .. ... ... .. .. 79

4.4.1 Proposed Conditions for Balanced Back Electromotive Force . . . . . 81
4.4.2 Validating the Proposed Conditions for Balanced Back Electromotive

Force Using FEA Simulations . . . . ... ... ... ... ...... 82

4.5 Conclusions . . . . . . . . e 82

Chapter 5 Performance Comparison of the Oriented Steel Segmented Sta-

tor PMSM to the Conventional Machine . . ... ... .. ... 84

5.1 Application of the Proposed Theory to Oriented Steel Segmented Stator PMSM 85

5.1.1 No Load Condition . . . . . .. .. .. ... ... ... ... ..... 86

51.1.1 Core Loss . . . . . . . . . 86

5.1.1.2  Flux Linkage from the Magnets(A\pm) . . . . . . . . . .. .. 87

5.1.2 Loaded Condition . . . . . . .. .. ... ... 89

5.1.2.1 d-axis flux linkage (\y) and g-axis flux linkage (A\q) . . . . . 89

51.22 Core Loss . . . . . . . . . 91

5.1.2.3 Average Torque . . . . . . . . ... 92
5.1.3  Variation of Cogging Torque and BEMF in Oriented Steel Segmented

Stator PMSM . . . . . . . 93

5.2 Performance Comparison of the A,.; and A.onventional - - - - - - - - « « « - 95

5.2.1 Comparison Under Loaded Conditions at Point O . . . . . . . .. .. 95

5.2.1.1 d-axis flux linkage (\y) and g-axis flux linkage (A\q) . . . . . 95

52.1.2 CoreLoss . . . . . . ... 97

5.2.1.3 Average Torque . . . . . . . . ... 97

5.2.2  Comparison Over a Drive Cycle . . . . . . . ... ... .. ... ... 98

5.2.3 Comparison of Cogging Torque and BEMF . . . . . .. ... ... .. 100

5.2.4 Summary of Comparison between A,,; and A.onventional - - - - - - - 102

5.3 Conclusions . . . . . . . .. 103

Chapter 6 Conclusions and Future Work . . . . .. .. ... .. ... .. .. 104

APPENDICES . . . . . . . e 106
Appendix A Accuracy of the Model Proposed in [40] for Oriented Steel Stator

Modeling . . . . . . . . L 107

Appendix B Data Filtering to Solve the Equations Proposed in Section 2.1 . . . . 112
Appendix C Steps to Calculate the MMF drop and Core Loss of Small Sections

X;, T; and TZ Using the Developed Method . . . . . . . . . ... ... .. .. 121

Appendix D Details of the Experimental Results . . . . . ... ... ... ... .. 125

BIBLIOGRAPHY . . . . . . 130



Table 2.1:

Table 2.2:

Table 2.3:

Table 2.4:

Table 3.1:

Table 5.1:

Table 5.2:

LIST OF TABLES

Parameters selected for experiments . . . . . . .. .. ... ... ..., .

Numerical Simulation Results for the Core losses of sensor and steel piece
at 1.5 T flux density in the sensor limb and supply frequency of 50 Hz . .

Values of By, and frequency used to perform the experiments . . . . . .
Calculation of core loss (in W/m?3 or H(in A/m) for the back iron compo-
nents X; using the core losses or MMF drop obtained from the experiments
for X; at a given value of flux density and frequency, where Yi,qnsverse iS
the value of core loss density (in TW/m3) from the manufacturer data sheet
at the same value of flux density and frequency . . . . . . . ... ... ..
Machine Specifications. . . . . . . . . ..o

Machine and vehicle parameters . . . . . . . ... ... L.

Summary of the comparison between A,.; and A.,nventional calculated
using JMAG simulation software. . . . . . . . ... ... L.

x1



Figure 1.1:
Figure 1.2:
Figure 1.3:
Figure 1.4:

Figure 1.5:

Figure 1.6:
Figure 1.7:
Figure 1.8:

Figure 1.9:

Figure 1.10:

Figure 1.11:

Figure 1.12:

Figure 1.13:

Figure 1.14:

Figure 1.15:

Figure 2.1:

LIST OF FIGURES

Segmented stator designs used for concentrated winding machine. . . . . 3
Segmented stator for distributed winding configuration. . . . . . . . . .. 4
Stator build with axial segments [16]. . . . . . . . .. ... ... L. 4
AFSRM built with axially segmented stator [17]. . . . . ... ... ... 5
Stator design as shown in (b) after removing some sections of the yoke in

Types of orientation used in rotors of switched reluctance of the machine [19]. 6

Types of designs in switched reluctance machine [12]. . . . . . . . . . .. 7
Machine used for the analysis of cogging torque [21]. . . . . . ... . .. 9
Flux lines distribution in the tooth of the stator to show the leakage due

to segmentation. . . . . . ... oo 9
Variation of cogging torque for uniform and non uniform air gaps between
the segments [21]. . . . . . . . Lo 10
Zones Divided from the cut-edge for non-segmented and segmented stators. 16
Direction of orientation, and flux direction in the whole machine and one
segment under no load condition [40]. . . . . .. ... oL 17
Piece-wise isotropic model used for analysis. Each color corresponds to
the angle away from the rolling direction that uses the magnetic properties
of the oriented steel for that angle [40]. . . . . . . ... ... ... .... 18
Circumferential segmentation in the direction of slot with each segment
consisting of two teeth. . . . . . . . ... oo 20
The process flow for the analysis of oriented steel modular PMSM using

the proposed method. . . . . . . . . .. ... 21

An example to show which teeth and back iron sections have similar mag-
netic properties for a 72-tooth machine with 4 and 6 segments [41]. . . . 24

xil



Figure 2.2:

Figure 2.3:

Figure 2.4:

Figure 2.5:

Figure 2.6:

Figure 2.7:

Figure 2.8:

Figure 2.9:

Figure 2.10:
Figure 2.11:
Figure 2.12:
Figure 2.13:

Figure 2.14:

Figure 2.15:

Figure 2.16:

Figure 2.17:

Experimental set up consisting of oriented steel segments, sensor, drive

coil and pickup coil [41]. . . . . . ... oo 25
Conceptual drawing of the flux lines in the portion of the segment injected
by the sensor spanning over one tooth [41]. . . . . . . ... ... ... .. 26
Flux, computed by JMAG FEA software, in the stator back iron to show
the tendency of the flux to flow through the teeth. . . . . .. ... ... 26
An example to show the line of symmetry which divides the segment into
two identical halves [41]. . . . . . . . ..o 28
The designed sensors with three different spans. . . . . . . .. .. .. .. 30
Symmetry for the backiron sections of one segment for a 72-tooth machine
consisting of four segments [41]. . . . . . ... Lo Lo 31
The division one segment to show the relative placement of teeth for the
machine consisting of 72 teeth and four segments based on symmetry [41]. 32
Positioning of Sensor A in positions A; and Ay [41].. . . . . . . ... .. 33
Sensor B consisting of Drive, Pickup and Limb pickup coils. . . . . . .. 38
Flux distribution in one sensor arrangement. . . . . . . . . .. ... ... 39
Flux distribution in two sensor arrangement. . . . . . . . . .. .. . ... 40
Sensor characterization arrangement with small steel pieces for all sensors. 42
Flux Distribution, computed by JMAG FEA simulations, in the sensor
limb at three different arrangements for Sensor C that shows flux density
distribution in all three red circles is similar. . . . . . . . ... ... ... 44
Sensor characterization experimental set up with small steel pieces for all
sensors [41]. . . ..o 46
Experimental set up consisting of sensor and stator with the drive, pickup
and limb pickup coils [41]. . . . . ..o 47
Schematics showing the overall experimental setup and its main compo-
nents [41]. . . .. 47

xiil



Figure 2.18:

Figure 2.19:

Figure 3.1:

Figure 3.2:

Figure 3.3:

Figure 3.4:

Figure 3.5:

Figure 3.6:

Figure 3.7:

Figure 3.8:

Figure 3.9:

Figure 3.10:

Comparison of the core losses obtained from the analysis of experimental
results and FEA interpolated core loss curves using the inbuilt function
in the JMAG software . . . . . .. . ... L 50

The variation of core losses with orientation angle obtained from the anal-
ysis of experimental results and simulations using JMAG FEA software
at 1.5 T and supply frequency of 50 Hz . . . . . . . . ... .. ... ... 51

Symmetrical flux distribution with 2 poles per segment leading to local
saturation in the back iron due to flux splitting. . . . . . . ... ... .. 54

IPM flux paths: first reluctance path (solid blue), second reluctance path
(dashed blue), and magnet path (solid red) [47]. . . . . . . . .. .. ... 56

Cross section of the PMSMs used an example in JMAG simulation software. 57

Conceptual Drawing of Flux splitting due to the presence of parasitic gaps
when 4 poles per segment are present in Machine A. . . . . .. ... .. 59

Flux density distribution under no-load condition for the machine A con-
sisting of 3 segments when both halves of the V-shaped magnets are
aligned with the segments, and the no load core loss density distribution
at 100 Hz of electrical frequency presenting the impact of local saturation
due to the presence of parasitic gap calculated using JMAG simulation
software. . . . . . .. L 59

Flux density distribution under no load condition, of one segment, for
the machine B consisting of 4 segments (2 poles per segment) when both
halves of the V-shaped magnets are aligned with the segments with 0.2
mm parasitic gap calculated using JMAG simulation software. . . . . . . 60

No load core loss variation with the number of segments(Ng) and parasitic
gaps (gp) for machines A and B of the complete stator at 100 Hz of
electrical frequency calculated using JMAG simulation software. . . . . . 61

Variation of Ay, for machines A and B with the number of segments(/Ny)
and parasitic gaps (gp) calculated using JMAG simulation software. . . . 62

Variation of Ay and A4 for machine A with the number of segments(/Ns)
and parasitic gaps (gp) at point O calculated using JMAG simulation
software. . . . . . .. 63

Variation of A\; and A, for machine B with the number of segments(N)
and parasitic gaps (gp) at point O calculated using JMAG simulation

software. . . . . . . 63

Xiv



Figure 3.11:

Figure 3.12:

Figure 4.1:

Figure 4.2:

Figure 4.3:

Figure 4.4:

Figure 4.5:

Figure 4.6:

Figure 4.7:

Figure 4.8:

Figure 4.9:

Figure 4.10:

Figure 4.11:

Core loss variation with the number of segments(/Ng) and parasitic gaps
(gp) for machines A and B of the complete stator at point O calculated
using JMAG simulation software. . . . . . .. .. .. ... ... ... .. 64

Variation of Average Torque for machines A and B with the number of
segments(/Ng) and parasitic gaps (gp) at point O calculated using JMAG
simulation software. . . . . .. .. ..o Lo 65

Stable and unstable equilibrium positions due to pole-slot interaction . . 69

Stable and unstable equilibrium positions due to pole-parasitic gap inter-

action . . . . ... e 70
Stable and unstable equilibrium positions due to pole-slot and pole-parasitic
gap interactions respectively at same position when the order is same. . . 72

Stable equilibrium positions due to pole-slot and pole-parasitic gap inter-
actions at same position when the order is same. . . . . . ... .. ... 72

Flux distribution of stable and unstable equilibrium positions when poles
per segment is an odd number. . . .. ..o 0000 73

Flux distribution when number of poles per segment is 1.5. . . . . . . . . 74

Energy levels for position 1, 2 and 3, and the corresponding cogging torque
waveform. . . ... 75

Variation of cogging torque with parasitic gap (gp) for Machine B when
2 ° NS . 2 ° ZS
GCF(2p, Ns) - GCF(2p, Zs)

software. . . . . . . 77

= 18 calculated using JMAG simulation

Variation of cogging torque with parasitic gap (gp) for Machine A when
2 * NS o 2 * ZS
GCF(2p, Ns)  GCF(2p, Zs)

software. . . . . . . 77

= 12 calculated using JMAG simulation

Variation of the peak-to-peak value of the cogging torque with the par-
asitic gap (gp) for machines A and B when the poles per segment is an
integer calculated using JMAG simulation software. . . . . . . . . .. .. 78

Cogging torque for machine A with poles per segment is (2n+1/2) with

0.2 mm parasitic gap for one fundamental cycle calculated using JMAG
simulation software. . . . . . . .. ... Lo 79

XV



Figure 4.12:

Figure 4.13:

Figure 4.14:

Figure 4.15:

Figure 5.1:

Figure 5.2:

Figure 5.3:

Figure 5.4:

Figure 5.5:

Figure 5.6:

Figure 5.7:

Figure 5.8:

Pink and green conductors in the vicinity of the parasitic gap of Machine
A consisting of 3 segments. . . . ... ..

Variation of fundamental component of BEMF with parasitic gap for ma-
chine A with Ng = 3 calculated using JMAG simulation software.

Relative position of the conductors along with the segmentation to main-
tain balanced BEMF' in a machine with three slots per pole per phase
with single layer winding. . . . . . .. .. .o 0oL

Variation of the fundamental of the BEMF with the parasitic gap for
selected number of segments for machines A and B calculated using JMAG
simulation software. . . . . . ... ..o

Comparison of the BH and core loss curves for the rolling, transverse
direction and quasi-isotropic steel. . . . . . . . . ...

The variation of core losses with the orientation angle obtained from the
analysis of experimental results at 1.5 T and supply frequency of 50 Hz
that shows the core loss variation for the teeth and the back iron from the
line of symmetry obtained from experiments as shown in Fig.2.19.

No load core loss variation with the number of segments(/Vg) and parasitic
gaps (gp) for Agyy; of the complete stator at 100 Hz of electrical frequency
calculated using JMAG simulation software. . . . . . . .. .. ... ...

Apm variation with the number of segments(/Ns) and parasitic gaps (gp)
for A,.; calculated using JMAG simulation software. . . . . . . ... ..

Variation of Ay, for Ay; with the number of segments(/Ns) with parasitic
gap of 0 and 0.2 mm calculated using JMAG simulation software.

Variation of A\; and A; with the number of segments(Ns) and parasitic
gaps (gp) for Ayy; calculated using JMAG simulation software. . . . . . .

Variation of A\; and )4 for machine A with the number of segments(Vs) at
point O for the parasitic gap of 0 mm calculated using JMAG simulation
software. . . . . ..

Variation of Ay and )4 for machine A with the number of segments(Vs) at

point O for the parasitic gap of 0.2 mm calculated using JMAG simulation
software. . . . .. L

XVl

80

86

87

89



Figure 5.9:

Figure 5.10:

Figure 5.11:

Figure 5.12:

Figure 5.13:

Figure 5.14:

Figure 5.15:

Figure 5.16:

Figure 5.17:

Figure 5.18:

Figure 5.19:

Figure 5.20:

Core loss variation with the number of segments(/Ng) and parasitic gaps
(gp) for Ay of the complete stator at point O calculated using JMAG
simulation software. . . . . . ... ..o
Core loss variation with the parasitic gaps (gp) for Ag; of the complete
stator at point O for 3 and 6 segments calculated using JMAG simulation
software. . . . . ..

Average Torque variation with the number of segments(/Ng) and parasitic
gaps (gp) for A,p; of the complete stator at point O calculated using
JMAG simulation software. . . . . . . .. ... L
Apm variation with the number of segments(Ns) for oriented and non-
oriented steel segmented stator PMSM at 0 mm parasitic gap calculated
using JMAG simulation software. . . . . . . ... ... ... ...

Air gap flux density variation for, stable and unstable equilibrium po-
sitions, at Ng = 12 for oriented and non-oriented steel segmented stator

PMSM at 0.2 mm parasitic gap calculated using JMAG simulation software.

Cogging torque and fundamental of BEMF variation with the parasitic
gap for oriented and non-oriented steel segmented stator PMSM calculated
using JMAG simulation software. . . . . . . ... ... ... ...

Variation of Ay and Ag for Ag,.; with A.,pentionar at point O for the
parasitic gap of 0 mm calculated using JMAG simulation software.

Variation of Ay and g for A,.; with A.,uentiona; at point O for the
parasitic gap of 0.2 mm calculated using JMAG simulation software.

Core loss variation with the number of segments(/Ns) and parasitic gaps
(gp) for Agri with Aconyentional b point O

Variation of Average Torque for A,,; with A, nventionar @t point O for the

parasitic gaps of 0 and 0.2 mm calculated using JMAG simulation software.

Variation of total loss over a drive cycle with the number of segments (Ny)
and parasitic gap (gp) for Ayy; with Acppventional calculated using JMAG
simulation software. . . . .. ..o
Peak-peak cogging torque variation with the number of segments(Ny) and
parasitic gaps (gp) for Agp; with Agpnpentional calculated using JMAG
simulation software.

xXvii

91

92

93

94

94

95

96

96

97

98



Figure 5.21:

Figure A.1:

Figure A.2:
Figure A.3:

Figure A .4:

Figure A.5:

Figure B.1:

Figure B.2:

Figure B.3:

Figure B.4:

Figure B.5:

Figure C.1:

Figure C.2:

Figure D.1:

Figure D.2:

Imbalance in BEMF variation with the number of segments(/Ny) and par-
asitic gaps (gp) for Ay wWith Aconpentional calculated using JMAG simu-
lation software. . . . . .. ..o 101

Ambiguity in the direction of flux in the region where teeth meets the
back iron . . . ... 108

Machine A model with four segments with orientation in direction of teeth 108
One section of the anisotropic steel of the machine with orientation direction109
One section of piecewise isotropic model selected from [40] with each num-
ber corresponds to the angle away from the rolling direction that uses the
magnetic properties of the oriented steel for that angle . . . . . . . . .. 109
Percentage error for Torque, q axis flux, d axis flux and core losses between
the anisotropic model already in FEA and piecewise isotropic model using
the magnetic characteristics of oriented steel used by FEA for all operating

points used for characterization . . . . . . .. .. ... ... ... ... 111

One segment is shown with the line of symmetry which divides the segment
into two identical halves . . . . . . . . .. ... oL 112

The division of back iron of one segment based on symmetry . . . . . . . 113

Symmetrical component that consists of teeth and portion of back iron

that is finally shown by FEs excluding the black portion of the iron . . . . 113
The process of the data collection, data filtering and data processing . . 119
Collected data and filtered data at different positions at B, = 1.57

and supply frequency of 50 Hz for sensor A . . . . .. . ... ... ... 119

Calculation of MMF drop and core losses for X; and T; at the selected
operating points . . . . . . ..o 122

Division of teeth in small areas to calculate the average flux in the teeth 123

Characterization Results for sensor A, B and C at the selected operating
POINtS. . . . . 126
Identical position within and between the segments. . . . . . . . . . . .. 127

Xviil



Figure D.3:

Figure D.4:

Figure D.5:

Comparison of the core losses at Blimb = 1.5T and supply frequency of
50 Hz obtained at different positions within the segment and the adjacent

segment using Sensor A. . . . . .. 128
Comparison of the core losses of X; at the supply frequency of 50 Hz. . . 129
Comparison of the core losses of Tj at the supply frequency of 50 Hz. . . 129

Xix



Chapter 1

Introduction

1.1 Motivation

Segmenting the stator core allows the possibility to simplify the winding process, to
increase slot fill factor and ease of handling and assembling [1]. Segmented stator design
enables the use of different materials for stator and rotor with lower waste. Hence, it assists
the construction of stator using lower loss magnetic steel and construction of rotor using
higher tensile strength material, as required by the high-speed operation. Due to separate
production of the rotor and the stator laminations, the air gap width is no longer determined
by limitations of the punching tool, and hence air gap can be further reduced; this can further
aid in the increase of the torque density of the machine. Faults may lead to vibrations [2] or
adverse effects on the operation of the machine. They may lead to catastrophic effects on the
safety of the human [3-9]. High fault tolerance is achieved in segmented stator construction
due to physical separation between the segments [10]. Segmented stator construction also
allows oriented steel to show superior magnetic properties, higher permeability, and lower
core losses in the rolling direction [11-13]. Therefore, the proper design of oriented steel
segments for the stator construction may enhance machine performance and provide other

advantages of modular stator construction.



1.2 Problem Statement and Objective

Oriented steel has higher permeability and lower losses in orientation (the rolling direc-
tion) than non-oriented steel. However, in the transverse direction, oriented steel typically
has lower permeability and higher losses. Strategic use of oriented steel in a modular PMSM
stator can improve machine performance by increasing torque and efficiency compared to a
machine designed with non-oriented steel. Typically, steel manufacturers provide magnetic
properties in the rolling and transverse directions only. Furthermore, in modern FEA soft-
ware, the magnetic properties between the rolling and transverse directions are interpolated
using an intrinsic mathematical model. However, this interpolation method has been shown
to be inaccurate. To resolve this issue, an improved model was proposed in the literature.
This model requires magnetic properties of the oriented steel in between the rolling and
transverse directions; therefore, a method to extract the magnetic properties of oriented
steel in different directions is required. Moreover, due to manufacturing limits, parasitic air
gaps are introduced between the segments; this changes the magnetic circuit of the machine,
adversely affecting its performance.

The objective of the work is to develop and validate a method to determine the magnetic
properties of oriented steel beyond just the oriented and transverse directions. Further,
propose a theory to determine the impact of segmentation parameters on the performance
of the machine. Finally, using the estimated properties to model oriented steel segmented
stator PMSM, analyze the machine’s performance, and compare it with the conventional,

non-oriented steel stator machine.



1.3 Literature Review

1.3.1 Types of Stator and Rotor Segmentation

Depending on the operation, manufacturing requirement, and on-site assembly of the
machine, stator and rotor segmentation are performed differently. This section discusses

some of the modular designs and their advantages for both stators and rotors.

1.3.1.1 Segmentation of Stator for Different Winding Configuration

p3 > A

1 [—

(a) Circumferential segmenta- (b) Radial segmentation
tion

Figure 1.1: Segmented stator designs used for concentrated winding machine.

Depending on the winding, the segmented stator design is selected to ease the winding
process and also increase the slotting fill factor. Fig.1.1 shows the topologies for the concen-
trated winding. Fig.1.1(a) shows a segment in which one single tooth is constructed, and the
adjacent segments are interconnected in the back-iron while the topology of Fig.1.1(b) shows
how single teeth are inserted in the yoke [14]. In both segmentation, during assembly of the
segments, mechanical stresses are introduced. For the topology shown in Fig.1.1(a) the stator

segments are pressed in the stator housing, while Fig.1.1(b) relies on tight-fitting dovetailed



connections to provide stiffness. One more disadvantage is the presence of unavoidable air

gaps due to these connections that change the permeability of the stator.

Figure 1.2: Segmented stator for distributed winding configuration.

Fig.1.2 shows the segmented stator used for distributed winding machine. This structure
is essentially the distributed version of the machine shown in Fig.1.1(a). The number of
phases decides the number of teeth in the stator segment in each segment that can decide

the balanced operation of the machine [15].

1.3.1.2 Axial Stator Segmentation and Segmentation in Axial Flux Machines

mmi
Airflow Outlet

—
-
-
e ]
]

Figure 1.3: Stator build with axial segments [16].

In high speed and high power applications, the PM machines can be segmented to enhance

cooling. In axial segmentation, air is forced in the stator and passes through the stator and
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the windings to cool down the machine, as shown in Fig. 1.3. It was shown in [16] that axial
segmentation leads to better cooling of the stator. However, due to magnet overhang at the
point of segmentation, the steel saturation is increased, leading to an increase in the core
losses in the stator and eddy current losses in the magnets.

In [17] segmented stator construction was utilized for axial-flux switched reluctance mo-
tor (AFSRM). In this machine, the stator teeth are made from grain-oriented electrical
steel(GOES) to utilize the excellent property of the steel in the rolling direction that helps
improve the machine’s performance. The stator teeth are fully inserted in the stator yoke as

shown in Fig.1.4.

Rolling dlrcctmn JStalur tooth (GOES)

rﬁ“ .
%g Stator yoke (NOES)
J

J

Laminated direction

Rotor tooth (GOES)

Figure 1.4: AFSRM built with axially segmented stator [17].

1.3.1.3 Removing Some Sections from the Stator for Segmentation

Some yoke sections are removed, and the segment containing the remaining section with
the teeth is used to build the machine. Advantages of using this design include lightweight,
reduction in punching waste, and fault tolerance capability. Since these segments do not
share any common flux path, which is usually the case when the segments are connected,

the problem associated with uneven air gaps between the segments is eliminated [18]. Fig.
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(a) (b)

Figure 1.5: Stator design as shown in (b) after removing some sections of the yoke in (a).
1.5(a) shows the stator in which shaded areas are removed to obtain segmented stator as

shown in Fig. 1.5(b). A nonmagnetic frame structure mechanically retains these segments.

1.3.1.4 Rotor Segmentation

Grairroriented electric steel

Non-oriented electric steel Non-oriented electric steel

Rolling direction Rolling direction

Grain-oriented electric steel

Single orientation in rotor Double orientation in rotor

Figure 1.6: Types of orientation used in rotors of switched reluctance of the machine [19].

In switched reluctance machines (SRMs) the performance can be improved by increasing
the reluctance difference between the direct and quadrature axes, leading to an increase in
average torque, which is achieved by using oriented steel in the direct axis direction. In
that work, two rotors were built using oriented steel, and the orientation direction was used
to reduce the reluctance in the direct axis. In [19] the segmented rotor core was made of

oriented electric steel that was embedded in the aluminum rotor block as shown in Fig.1.6.



The performance of the machines built with oriented steel was compared with the non-
oriented steel machine, and it was shown that the efficiency of machines built with oriented
steel was improved.

Rolling Direction

(a) Non Oriented Steel (b) Oriented Steel

Figure 1.7: Types of designs in switched reluctance machine [12].

In [12] the machine was constructed using oriented steel in the teeth of both stator and
rotor as shown in Fig.1.7. The orientation direction was selected in the radial direction
to reduce the reluctance of the main flux path. The two machines shown in Fig.1.7 were
compared, and it was shown that the efficiency of the machine using oriented steel was

improved.

1.3.2 Core Loss Reduction in the Machine Using Oriented Steel

in Segmented Stator Construction

Segmented stator construction allows the use of oriented steel that offers lower losses and
higher reluctance in the rolling direction in the stator as segments can be designed to use the
good magnetic properties of the steel in the rolling direction. Therefore, if the stators are
designed using oriented steel such that the flux path is in the direction of rolling, the losses

can be minimized. In [11,14] the use of oriented steel in the construction of segmented stators
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was investigated for permanent magnet synchronous machine. In [11] it was shown that the
iron loss of the motor is reduced by using oriented steel in segmented stator compared to
the non-oriented nonsegmented stator of the machine of the same geometry. In [14] two
types of segmentation were investigated. First, yokes were segmented, and in the second
case, segmentation is performed between the tooth and yoke, as shown in Fig.1.1. In both
cases, the orientation is in the direction of the tooth. The losses were reduced for the same
operating conditions compared to the whole stator machine design built from non-oriented
steel.

Sugawara et al. proposed an SRM (switch reluctance machine) that was built using grain-
oriented steel in the teeth of both stator and rotor, while the yoke is made of non-oriented
steel that is connected to the teeth by the slight press fitting [12]. Fig.1.7 shows two models
using non-oriented steel and oriented steel. Initially, the losses for two machines at high
speeds are almost similar at rated torque. However, by adjusting the lamination thickness,
the losses in the oriented steel were reduced compared to the non-oriented machine, and the
target efficiency was achieved. From the discussion on using oriented steel in the machine for
the construction of stator, it is shown that the machine’s efficiency is improved. However,

the research is still open for more exhaustive analysis for machines using oriented steel.

1.3.3 Effect of Segmented Stator Design on Cogging Torque

Substituting segmented stators for a single one can alter its performance, as additional
air gaps due to segmentation change the permeability of the flux path in the tooth. Among
other effects, this substitution changes cogging torque. Torque variation is inherent but
undesirable property of Permanent Magnet Synchronous Machines (PMSMs). It has two

components, cogging torque and torque ripple, that can cause vibrations, noise, or failure of



operation [20].

additional stator gaps

Figure 1.8: Machine used for the analysis of cogging torque [21].

Effects of segmentation on cogging torque were discussed in [21]. The tests were con-
ducted on a 10-pole/12-slot interior PM (IPM) machine, and segmentation is shown in
Fig.1.8. Due to additional stator gaps, more flux avoids tooth, and passes through slot as

shown in Fig.1.9. Therefore, the cogging torque increases.

;Leakage

Leakage J
Tooth / Flux

Flux

Rotor

/ Surface

Direction of
Flux flow

Figure 1.9: Flux lines distribution in the tooth of the stator to show the leakage due to
segmentation.

Two cases, uniform and non-uniform thickness of air gap between the segments, were
analyzed. In the case of uniform air gaps, the cogging torque increases with the increase

in air gap length, while there is no change in the periodicity, as the interaction between



slots and poles is retained due to the symmetry of the cogging torque compared to the non-
segmented machine as shown in Fig.1.10(a). The increase in the cogging torque could be
compensated by skewing the rotor in steps. However, in the latter case that consists of all
uniform air gaps but one, it was shown that the periodicity of the cogging torque changes;
due to the interaction of higher gap with the poles as shown in Fig.1.10(b). The increase
in the magnitude of the cogging torque is much larger as compared to the uniform air gap
case. It was shown that simple cogging torque minimization techniques like rotor skewing
could not compensate for the increased cogging torque.

In a practical scenario, the air gaps between the segments are non-uniform, which leaves
an open question for the cogging torque minimization in segmented stators. As traditional
cogging torque minimization design techniques in segmented stators fail, a new design tech-

nique is required.
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(a) Cogging torque for uniform air gaps between (b) Cogging torque for all uniform air gaps but one
the segments between the segments

Figure 1.10: Variation of cogging torque for uniform and non uniform air gaps between the
segments [21].
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1.3.4 Effect of Segmented Stator Design on Acoustic Noise of the

Machine

Stator segmentation leads to an increase in the acoustic noise of the machine compared
to its non-segmented counterpart [22,23]. It was shown in [22] that the radial forces that are
developed in the machine used for analysis lead to more deformation in segmented design as
compared to a non-segmented machine. In [23] a mathematical function of the radial forces
acting on the segmented stator was derived. A general expression of the wavenumber of the

derived force wave was obtained, and the minimum value of wavenumber is given by:

Tmin = GCD(Z&QPa Ns) (1.1)

where Zs is the number of stator slots, p is the number of pole pairs, Ng is the number of
segments, and GCD is the greatest common divisor. The minimum value of wavenumber of

the force wave acting on non-segmented stator is given by:

T'min = GCD<ZS7 2]?) (1’2)

It is shown in [24] that higher values of r,,;, leads to the reduction in the vibration level
as the stiffness of the yoke is higher for higher values of 7,,;,. Therefore, it is clear from
equations 1.1 and 1.2 that number of segments Ny affect the value of r,;, and hence the
acoustic noise. Therefore, based on the stator slots and pole pair combinations, the number
of segments can be selected to increase the value of r,,;,, and hence minimize the acoustic
noise of the system.

A general rule for selecting the number of circumferential segments to minimize acoustic
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noise in SPMSM is proposed. However, for IPMSM, the mathematical function of the radial
forces needs to be reevaluated, and the applicability of the newly derived expression must
be tested. Moreover, the impact of design modifications in the stators on the acoustic noise
of the segmented stator IPMSM needs to be studied.

Another effect is magnetostriction, which leads to vibrations, which was shown to be
prominent in the rolling direction for the grain-oriented electrical steel as shown in [25].
Since oriented steel is commonly used in the construction of segmented stator design, machine
designers need to consider noise and vibrations due to magnetostriction while using oriented

steel.

1.3.5 Design Modifications to Improve the Performance in Seg-
mented Stators

The literature shows that redesigning a non-modular machine is required if the same
machine is used for modular machine construction. A study was conducted by Dajaku et al.
for 12-slot/10-pole and 12-slot/14-pole permanent magnet machines [26] for two designs in
which all or no teeth have tooth tips to determine the impact of flux gaps. It was found that
for 12-slot/10-pole machine, the fundamental winding factor and on-load torque decreases
due to flux gaps, whereas for 12-slot/14-pole, opposite results were obtained. ILi et al.
carried out further investigations on the modular machines and came up with a generic rule
for the influence of flux gaps on machine performance [27,28]. The developed rule states
that for the machine in which the number of slots, Ng, is more than the number of poles,
2p, (Ns > 2p) the presence of flux gaps decreases the average torque. However, the reverse

is true for modular machines with Ng < 2p. In that work, no design strategy was proposed
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to compensate for the decrease in average torque in modular machines for (Ng > 2p) due to
the presence of flux gaps.

Li et al. continued this work for the improvement of average torque for the modular
machine by changing the design of the machine [29]. To maintain a constant saturation
level, the thickness of the stator width was unchanged, and the introduction of flux gaps
was compensated by decreasing the slot area; this ensures that the over-saturation of the
modular stator end teeth is avoided. Also, only wounded teeth were connected with tooth
tips instead of using all or no teeth with tooth tips. This design variation was proposed
because it was shown that the presence of tooth tips on the wounded teeth increases the slot
pitch that increases the pitch factor and the winding factor. This increase in the winding
factor increases average torque. The average torque increases first at a given flux gap and
then decreases with an increase in tooth tip width; this occurs because the increase in tooth
tip width first increases the pitch factor up to unity, which reduces after further increasing
the width. Since the flux gaps can be used as water cooling ducts [30], this work is helpful
as a reference to select the tooth width to achieve maximum torque for a given flux gap in
cases where the thickness of the flux gaps is dependent on the water cooling ducts.

Tomida et al. proposed the use of oriented steel in the construction of segmented stators in
interior permanent magnet synchronous machine [11]. It was shown that the use of oriented
steel in the stator construction for the machine designed for non oriented steel results in an
increase in flux density, for the same rotor, in the rotor under no-load conditions. The yoke
width was reduced to increase the reluctance, and hence leading to less concentration of flux.
The efficiency was further improved by choosing thin laminations.

Ma et al. proposed the use of oriented steel in the stator and rotor teeth of AFSRM [17].

In this work first three different candidates, with the difference in the placement of the stator

13



teeth on the stator yoke in the segmented stator, were analyzed. Out of these three designs,
the design with the lowest processing complexity and lowest iron loss was selected. Then
Rolling-direction optimization strategy (RDOS) was used to match the rolling direction and
magnetic flux direction to enhance the machine’s performance. It was shown that by using
RDOS, the torque of the oriented steel segmented stator and rotor AFSRM improves by

20.5% compared to its non oriented steel counterpart.

1.3.6 Modelling of Segmented Stators in FEA

Segmented stator construction allows the freedom of using oriented steel in the segments
to increase the permeability in one direction, either tooth or back iron, and reduce the core
losses. Also, segmentation requires more punchings of the stator as compared to the whole
conventional stator. Therefore, a finite element modeling method is required to consider the
effects of extra cut edges in the segmented stators compared to whole conventional stators.
Also, an accurate method to model anisotropic steel in the segmented stator is required.
This section discusses the modeling techniques to consider extra cut edges and anisotropic

steel developed in the literature so far.

1.3.6.1 Modelling for Extra Cut Edges in the Segmented Stators

Processing of steel laminations in the industry (cutting, punching, etc.) results in sig-
nificant degradation of the material magnetic properties [31,32]. It is shown in [33-38] that
punching affects the micro-structure, internal stresses, and grain morphology of the steel
near the edges that leading to a decrease in magnetic permeability and an increase in losses
near the cut edge. Segmented stator construction adds more cut edges as compared to the

conventional round stator construction. Therefore, correct modeling in FEA is essential in
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order to achieve correct results.

Li et al. [14] modelled the segmented stator using the technique presented in [32,39]. The
steel’s BH curve and loss curves were carried out using an Epstein frame according to inter-
national standards IEC 60404-2 and TEC 60404-10. In these tests, magnetic measurements
were carried out on strips of the same width with increasing sub-strips. These sub-strips
were placed parallel to each other, and the number of cut-edges gradually increased with
increasing sub strips. For a total width of the strip of 80 mm and N, the number of cut
edges or twice the number of vertical cuts in the strip, N = 6, consists of 4 sub-strips of 20
mm in width, N = 14 consists of 8 sub-strips of 10 mm in width, and similarly, for other
values of N. It should be noted that magnetic field density is distributed as a function of
the distance from the cut edge. The value of magnetic field density (B) recorded at a time
instant is the mean value of B averaged over the space. Tests were conducted for different
numbers of sub-strips at different values of the peak value of average field density (Bavg) and
corresponding values of peak magnetic field intensity (I:I ). This provides different BH curves
for different numbers of cut edges. Also, different frequencies and different peak values of
average field density (Bavg) were used to obtain the losses P (in W/kg). Further analysis was
performed to define the magnetization and loss curves as a function of the distance from the
cut-edge by using the fitting parameters of pre-described degradation curves [32]. Finally,
zones away from the cut edge were defined, and average magnetization and loss curves were
used for analysis. Fig. 1.11 shows these zones for non-segmented and segmented stators [14].
The FEA uses the BH curves and core loss information of the defined zones, and hence

calculations are more accurate to the models in which no such zones are defined.
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Figure 1.11: Zones Divided from the cut-edge for non-segmented and segmented stators.

1.3.6.2 Modelling for Anisotropic Steel in the Segmented Stators

The crystal structure in grain-oriented electrical steel (GOES or anisotropic steel) has
crystal grains oriented in one direction, the rolling direction. Due to this internal morphol-
ogy, the magnetic characteristics of GOES depend on the flux direction. Such behavior is
different in non-GOES or isotropic steel, with almost the same characteristics regardless of
the direction.

Furthermore, the variation of GOES magnetic characteristics with respect to flux direc-
tion has been proven to be neither linear nor follow an elliptical pattern. The magnetic
permeability of any anisotropic material is the highest at the rolling direction 0°, a lower
one is found at the transverse direction, i.e., 90° relative to the rolling direction, and the
lowest one is obtained at around 50°-60° apart from the rolling direction [8]. Anisotropic
steel follows a different BH and loss curve in every direction, unique for every steel, making
it hard to model in finite element (FE) simulation. In the present-day FEA software, the
magnetic properties, BH curves, and loss curves of the rolling and transverse directions are
used to interpolate the magnetic properties in between the rolling and transverse directions.

Moreover, the method of interpolation is not controlled by the user, which may lead to
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inaccuracy in the results.

In [40] a method that can be used in FEA to analyze the performance of PMSM with
GOES stator laminations accurately was developed. In this method, the stator is divided
into sections and based on the direction of flux, the BH curves and loss curves are assigned
to individual sections. Thus the simulation is reduced to a connected structure of isotropic
materials. Because of the proposed model’s structure, it is termed the piecewise isotropic
model in the present work. The machine used for analysis in [40] is a 12 slot/ 14 pole PMSM
consisting of six segments, where each segment is oriented in the direction of teeth. The

direction of orientation of one segment is shown in Fig.1.12.

Orientation direction Direction of flux flow

For one segment with respect to the
Orientation direction

90°
CR

30°

\

i

12 slot machine with Flux flow direction
6 segments

Figure 1.12: Direction of orientation, and flux direction in the whole machine and one
segment under no load condition [40].

The flux direction in the whole machine and segments under no-load condition is shown
in Fig.1.12. For one segment, the direction of flux for the middle tooth is in the direction
of alignment, i.e., 0° away from the rolling direction, and for the adjacent two teeth, the
flux direction is 30° away from the rolling direction. For the back iron between the middle
and adjacent tooth, the flux changes the direction from 90° to 60° as it flows through the
back iron. The proposed model in [40] is obtained by connecting the segments with the BH

and loss curves of the 0° direction on the central tooth, the BH and loss curves of the 30°
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direction on the lateral teeth, and the back iron is modeled using the BH and loss curves for
the 75° direction which is the average value of the angles 60° and 90°. The model of one
of the segments is given in Fig.1.13, and six segments connected along the circumferential is

used to model the complete machine.

\ !
30°
00

Figure 1.13: Piece-wise isotropic model used for analysis. Each color corresponds to the
angle away from the rolling direction that uses the magnetic properties of the oriented steel
for that angle [40].

—75°

The piecewise isotropic model, as shown in Fig.1.13, can be used for PMSM modeling
accurately if the magnetic properties, BH, and loss curves, of the steel, are known at a certain

angle away from the rolling direction.

1.4 Contribution of the Present Work to the State of

Art

As discussed in section 1.3.6.2 the accurate modeling of the oriented steel segmented
requires BH and loss curves in all the directions of orientations; the accuracy of the model
proposed in [40], for the machine with the high number of teeth, is discussed in appendix A.
Therefore, using the Epstein frame test is very expensive, and hence makes it impractical.
The first contribution of this research is to propose and validate a method for the charac-

terization of the oriented steel that is comparatively less expensive than the Epstein frame
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test. Further, the impact of segmentation parameters, number of segments, and length of
the parasitic gaps, on the machine’s performance is not discussed for the distributed winding
integral slot machine. The second contribution of this work proposes and validates a theory
to determine the impact of the segmentation on the performance of the distributed winding
integral slot machine. Finally, this work proposes the systematic steps for the comparative

analysis of the oriented steel segmented stator PMSM with the conventional stator PMSM.

1.5 Proposed Research Methodology

In this section, the overview of the proposed research methodology is discussed. In section
1.3.6.2 the necessity of using the piecewise isotropic model for modeling of anisotropic steel
stator for better accuracy was discussed. In order to use the piecewise isotropic model, there
is a need for BH and loss curves in between the rolling and transverse axis direction for
accurate modeling. The proposed method requires a specially designed experimental setup
to estimate the magnetic characteristics of oriented steel. The oriented steel’s estimated
magnetic properties are used to model the oriented steel segmented stator based on the
topology of segmentation and the direction of orientation. Circumferential segmentation
in the direction of the slot is used for analysis, where all the segments are symmetrical,
and each consists of integral values of teeth. Fig.1.14 shows an example of circumferential
segmentation in the direction of the slot. Ng denotes the total number of segments in each
machine. All the gaps are assumed uniform where the parasitic gap length is denoted by gp.

The selected orientation direction of each segment is along the general direction of the
teeth, i.e., the center tooth is at 0°. This orientation direction is selected because the flux

density in the teeth is higher than in the back iron. Since oriented steel may improve the
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Back iron

Tooth

Figure 1.14: Circumferential segmentation in the direction of slot with each segment con-
sisting of two teeth.

stator’s overall core loss and permeability, the core loss and average torque are used for
performance analysis. Moreover, the effect of segmentation on cogging torque was discussed
in section 1.3.3. Hence, cogging torque is another performance measure. Finally, the un-
symmetrical placement of the segmentation may lead to unbalanced back electromotive force
(BEMF). Therefore, the BEMF is selected as the final design measure. A general theory
is proposed to find the impact of segmentation parameters on each selected performance
parameter. Finally, using the magnetic properties of oriented steel along with the proposed
general theory, the performance of the oriented steel segmented stator PMSM predicted and
compared with the conventional stator PMSM.

In summary the proposed method for the analysis of oriented steel segmented stator

PMSM is:

1. Use the designed experimental setup to estimate BH and loss curves between the rolling

and transverse direction.

2. Develop a general theory to determine the impact of segmentation parameters on the

performance of the machine.
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Figure 1.15: The process flow for the analysis of oriented steel modular PMSM using the
proposed method.

3. Use, BH, and loss curves in the piecewise isotropic model for modeling oriented steel

modular stator PMSM for comparison with a conventional machine.

The process flow of the proposed method is shown in Fig.1.15.

1.6 Organization

Chapter 2 discusses the method for the characterization of oriented steel. Chapter 3 and
4 discusses the impact of segmentation parameters on core loss/average torque, and cogging
torque/BEMF respectively. Chapter 5 discusses the comparison of the performance of ori-
ented steel segmented stator PMSM with the conventional stator PMSM. Finally, Chapter

6 concludes the thesis.
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Chapter 2

Method for the Characterization of

the Oriented Steel

In this chapter, a relatively less expensive method is proposed to estimate the properties
of the oriented steel relative to the rolling and transverse directions that can be used to
model oriented steel segmented stator PMSM discussed in section 1.3.6.2. The idea of the
research methodology is to develop and use an experimental setup to inject the flux of desired
magnitude and frequency in the portions of the oriented steel segmented stator. Based on
the direction of the flux with respect to the rolling direction, the magnetic properties of the
oriented steel are obtained. The proposed method can be applied to the stator of any initial

design.

2.1 Proposed Method for the Extraction of Magnetic

Properties of the Oriented Steel

The proposed method is applicable for modular stators consisting of circumferential seg-
mentation. This study focuses on the machine where the orientation of each segment is in
the direction of teeth, although the proposed method can be expanded to other orientation

directions. The core idea of the proposed method is to calculate the core loss and MMF drop
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at different levels of flux densities and frequencies of the teeth and the back iron segments
of the segmented stator. Then these values are used to estimate the BH and Loss curves in
between the rolling and transverse directions. A specially designed device, along with data
post processing, is used to measure the core loss or MMF drop of a portion of the stator,
which is the combination of the core loss of the teeth and back iron. Therefore, devices of
different spans are used to calculate the core loss and MMF drop of each tooth and back
iron segment. In this section, first, the use of oriented-steel segmented stator and devices is
discussed, along with the basic idea of the proposed method. Then, the mathematical model

is discussed to solve for the core loss and MMF drop in each tooth and back iron segment.

2.1.1 Basic Idea of the Proposed Method

Consider a machine consisting of oriented steel modular stator of N; teeth. The adjacent
teeth of this machine are located 360/N; degrees apart, and the steel orientation of these two
teeth is also 360/Ny degrees apart. For example: for a 12 slot machine, the two consecutive
teeth are 30° apart, as shown in Fig.1.13. As the number of teeth increases, the change in
their orientation decreases, so experimental data at more discrete orientations is needed to
model the machine accurately; this implies that Epstein frame tests become more impractical
as V¢ increases. In the proposed method, the stator used for measuring magnetic properties
should be the same as the final desired stator design, and the number of segments should
be chosen to provide enough different orientation angles for the final analysis. An example
shows this in Fiig.2.1, where the magnetic properties of the teeth and back iron in one segment
are shown for a machine consisting of 72 teeth and Ng number of segments. The machine
with Ng = 4 can provide magnetic data for the oriented steel at more orientation angles than

the machine with Ng = 6. The components with similar magnetic properties are colored the
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salne.

Figure 2.1: An example to show which teeth and back iron sections have similar magnetic
properties for a 72-tooth machine with 4 and 6 segments [41].

A typical starting point to design the modular stator is the stator used in its non-modular
counterpart [1]. In this work, the design of the geometry of the stator already used for testing
is the initial design of the non-modular stator.

The second requirement of the proposed method is the specially designed device that
imposes a time-dependent magnetic flux of controlled amplitude and frequency in the stator
teeth and back iron. In this work, these device is termed sensor. These devices consist of
an H-shaped core of high-quality magnetic steel laminations and two coils: a drive coil to
impose a current and a resulting magnetomotive force (MMF') to the circuit and a pickup
coil to measure the induced voltage. The voltage and currents are post-processed to find the
MMEF drop and core losses. Therefore, in this work, it is safe to say that the sensor is used
to measure the core loss and MMF drop of the portion of the segment in which it is used to
impose the flux of desired magnitude and frequency. Fig.2.2 shows the experimental setup
consisting of oriented steel stator and sensor, indicating the drive coil or primary coil and
pickup coil or secondary coil.

The flux injected by the sensor emulates the direction of flux in the stator teeth and back
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Figure 2.2: Experimental set up consisting of oriented steel segments, sensor, drive coil and
pickup coil [41].

iron similar to that of machine operation. The applied flux passes through the teeth, follows
the path from the back iron spanned by the sensor, and returns through the second tooth
opposite the second sensor limb. The teeth directly in line with the sensor limbs provide
the properties of the oriented steel in the orientation of said teeth. The same is true for
the portion of the back iron in between the adjacent teeth. A third component is the teeth
between the sensor limbs, but this is not used for analysis due to the nonuniformity of the
flux. The flux lines in the segment injected by the sensor that spans over one tooth with the
orientation angle are shown in Fig.2.3. The relative placement of the teeth for this example
is 5°.

The flux is not uniform in yellow teeth, and the tendency of the flux to flow through the
teeth increases as the segment gets more and more aligned in the direction of teeth as shown
in Fig. 2.4.

The flux in the pink and green teeth emulates the flux of the machine teeth under

operation. Similarly, the red and orange components of the back iron emulate the flux of the
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Figure 2.3: Conceptual drawing of the flux lines in the portion of the segment injected by
the sensor spanning over one tooth [41].
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Figure 2.4: Flux, computed by JMAG FEA software, in the stator back iron to show the
tendency of the flux to flow through the teeth.

machine back under operation. As discussed in section 1.3.6.2 the pink teeth, green teeth,
red back iron, and orange back iron represent the measurements in the experiments to the

magnetic properties of 0°, 10°, 87.5° and 82.5° away from the rolling direction. However, due
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to the nonuniformity of the flux in the yellow portion, the magnetic properties in those teeth
cannot be determined with confidence. Therefore, in this work, the magnetic properties of
these components are not used to estimate the magnetic properties of the oriented steel. The
variables, core losses or MMF drop, measured by the sensors are denoted by “Y”. Therefore,
the core losses or MMF drop in the stator portions involved in this experiment measured by

the Sensor from Fig.2.3 is:

Ystator Portion = YPink Teeth +YGreen Teeth TYRed Back Iron‘l'YOrange Back IronTYYellow Portion

(2.1)
In this work, the back iron, teeth with uniform flux, and teeth with non-uniform flux are

denoted by X, T, and T respectively. Therefore, (2.1) reduces to:

YStatorPortion = YTOO + YTlOO + YX87.50 + YX82.50 + YT5O (2'2)

where the angles in the suffix show the magnetic properties X or T. Notice that for T the
suffix is denoted by 5° just to indicate the location of T with respect to the orientation
direction. The sensors are used to measure the core losses and MMF drop at different values
of flux densities and frequencies at different positions in the stator. For each value of flux
density, frequency, core loss values, and MMF drop for each X and T are calculated and then
used to estimate the core loss and BH curves.

In order to calculate the core loss or MMEF drop of X and T, sensors of different spans are
used. A set of linear equations relates the measured values of core losses and MMF drop at

different positions, from different sensors, within the oriented steel stator. These equations
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are solved, and the values of MMF drop or core losses of individual teeth and back iron are
obtained. The number and span of sensors required to achieve this depends on the number
of segments and teeth in the oriented steel stator used for testing. An example illustrates
the selection of span and number of the sensor.

Suppose a segment consists of an even number of teeth, denoted by "n”. Each segment
of the stator is symmetric along the axis that divides the segment into two identical parts.
Fig.2.5 shows the line of symmetry, and all the components are colored the same to represent

identical magnetic properties.

Line of Symmetry

Figure 2.5: An example to show the line of symmetry which divides the segment into two
identical halves [41].

This means there are n/2 different T and T, and n /2+1 different X that may show
different values of core losses or MMF drop for the exact value of flux density and frequency;
this results in 3n/2+1 variables to be solved with different spans and numbers of sensors. The
sensor spanning over an odd number of teeth provides n/2 unique equations, while the sensor
spanning over an even number of teeth provides n/2+1 unique equations. These equations
are obtained when the experiments measure the core losses or MMF drop in the stator at
different positions. These equations, when combined, may not yield a total of 3n/241 unique

equations. However, it can be shown that by using simple assumptions, these equations can
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be solved. This implies that a combination of two sensors spanning an odd number of teeth
and one sensor spanning an even number of teeth can be used to obtain the values of all the
components. For the sake of simplicity, the measured core losses or MMF drop, which is the

linear combinations of the three components, are arranged in the form of the matrices:

Yo;lidsenl - Aoddsenl X 3n—{g (2~3)
gx1 B 3n2+2 STy 1
Yo%dsenZ - AoddsenZ X 3n—{g (2~4)
gx1 B 3n2+2 ShyrE 1
Yevensen = Aevensen X K (2~5)
n+2

—5=x1 nTHx?’L;Q @#Xl

where vector Y consists of the measured values at different sensor positions, matrix A ac-
counts for the number of times each discrete steel orientation angle appears in the sensor
span, and vector K represents the core losses or MMF drop of all three components. The
matrices are obtained for each combination of the flux density and frequency and solved to
obtain each component’s core loss and MMF drop at the given flux density and frequency
level. The same discussion can be extended to measurements with a sensor spanning an odd

number of teeth. The application of the proposed method is discussed in the next section

that explains all the matrices in equations 2.3, 2.4 and 2.5.

2.1.2 Application of the Proposed Method

The stator used for testing has 72 teeth, and the selected number of segments is four.

Four segments are selected to extract data at all angles away from the rolling direction in
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steps of 5° as shown in Fig.2.1. Therefore, the information extracted from the four segments

can still be used to model the machine consisting of 2 or 3 segments.

Span over Oriented Steel
Span over Oriented Steel Six teeth Segmented Stator

One tooth Segmented Stator

Parasitic

Parasitic
Air gap

Air gap

Drive Coil Pick up Coil Sensor
Drive Coil  Pick up Coil
Sensor A
Sensor B

Span over
Thirteen teeth

Oriented Steel

/ Segmented Stator

Parasitic

Air gap
\</,/
/

Drive Coil  Pick up Coil

Sensor C

Figure 2.6: The designed sensors with three different spans.

The three designed sensors, as shown in Fig.2.6, are named Sensor A, B and C. The spans

for three different sensors are:

1. Sensor spans one tooth in stator (Sensor A)

2. Sensor spans six teeth in stator (Sensor B)

3. Sensor spans thirteen teeth in stator (Sensor C)

where A and C are odd span sensors, and B is even span sensor. The back iron division
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is shown in Fig.2.7 with respect to the line of symmetry. The pairs of X;, V i € [2,10], are
aligned identically with respect to the rolling direction, and hence they have similar magnetic
properties. Moreover, X represents the properties of 90° away from the rolling direction,

X9 represents properties of 85° away from the rolling direction and so on.

Line of Symmetry

Figure 2.7: Symmetry for the backiron sections of one segment for a 72-tooth machine
consisting of four segments [41].

The placement of teeth with respect to the line of symmetry is shown in Fig.2.8. The
pairs of T}, V j € [1,9], have identical magnetic properties due to symmetry. Moreover, T}
represents the property of 2.5° away from the rolling direction, T5 represents properties 7.5°
away from the rolling direction, and so on. Similarly, symmetry holds for Tj as well.

The lower values of 7 and j correspond to the positions of Xj;, T} or T j closer to the
symmetrical axis as shown in Figs. 2.7 and 2.8. Starting from 1, for every 5° shift, the
value of 7 increases by 1. Each sensor is used to measure the core losses and MMF drop of
different pieces of the segmented stator at different positions in the stator. The following

nomenclature is developed to denote the position of the sensor:

9

1. The symmetric placement of sensor is denoted by “Sensor name;”. For example, for
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Line of Symmetry

Figure 2.8: The division one segment to show the relative placement of teeth for the machine
consisting of 72 teeth and four segments based on symmetry [41].

sensors A, B and C the symmetric placement of sensors with respect to the symmetrical

line are denoted by Ay, By and (', respectively.

2. The second position of the sensor is its 5° anti-clockwise shift from its position 1. For

sensors A, B and C these positions are denoted by Ao, By and C9 respectively.

3. Similarly, the third position of the sensor is its 10° anti-clockwise shift from its position

1.

Positions A; and Ag in Fig.2.9 show how the position of the sensor with respect to the
stator is denoted in this method.

The core losses or MMF drop measured using the sensors are denoted by “Y”. Therefore,
the core losses or MMF drop measured using Sensor A in symmetrical position are denoted
by YAI' Similarly, the core losses or MMF drop of element X; are denoted by YX1 and so

on. The loss measured by sensor A in position A; as shown in Fig.2.9 is written as the sum
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Figure 2.9: Positioning of Sensor A in positions A; and As [41].

of five components:

YAl = YXl + YX2 + YTI + YTl + YT2

(2.6)

This method divides the core losses or MMF drop in one portion of the segmented stator into

the five components, as shown in (2.6). Using these equations, the core losses and MMF drop

for all values of X;, T}, and TZ are determined at each level of flux density and frequency. In

this example number of teeth in each segment is 18, which is denoted by "n” in equations

2.3, 2.4 and 2.5. Therefore, the matrices dimensions for sensor A(odd span), B(even span)

and C(odd span) are:

YA:AAX K
9x1 9x28 28xl1

YB:ABXK
10x1  10x28 28x1
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Yo = A X K 2.9
9><Cl 9><§8 28x1 (2:9)

All possible 28 equations given in (2.7), (2.8) and (2.9) along with the K vector is:

YAI 110000O0O0OO0OO0O11O0O0OO0OO0O0O0OO0O0O0O1O0O0O0OO0OO0OOO0O®O
YA2 01 1000O0OO0OO0OO0O101O0O0O0OO0OOODO1TO0OO0OO0OO0OO0O®O0OQO
YA3 00110000OO0O0ODO01O01T00O0O0O0ODO0OO0OO0O11TO0OO0OOO0OO0OO
YA4 0001 1000OO0O0OO0O0O0O1TO01O0OO0OO0OO0OO0OO0OO0O11TO0O0OO0OO0OO0
YA5 - 00001100000001010000000100°00] K
YA6 0000011 00000DO0O0OD1TO0O1TO00O0O0DO0OO0OO0OTTO0O0OO0
YA7 0000001 10000DO0OD0DO0OD1TO01TO0O0O0OO0OO0OO0OO0OTTIO0O0
YAS 000000011 0O0O0O0O0O0DO0ODO0OD1T01O0O0DO0O0O0OO0ODOO0OTTIO0
YAg 0 0000O0O0ODO0O1100O0D0OD0DO0DO0O1TT1TO0O0OO0OO0OO0OO0BO0OTGO0O?1
(2.10)

where K is a column vector:
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KT =[x 1 Yo Vg Vixy Yixg Vg Y Yixg Yoxg Y00 Y1y Yo Yy Yy Yoy Yo Yooy Yo Yoy Yoy Yo, YT3 Y7, YT5 YTG YT7 YT8 YT9]
Yp, 1222000000000200000222000000
Yp, 1221100000001 010000221100000
Y, 121111000001 0001000211110000
Yp 4 11111110001 00O0OO0OCO0O1O0O0O0111111000
Y35 01111111001 0O0O0O0OO0OO0O1O0O0O111111O00
= - K
YBG 001111111001 000O0O0OO0OC1TO0OO0OI11111T1O0
YB7 0o0o0o01111111001000001000111111
YBS 0ooo060111112000100010000011112
YB9 0ooo060011122000010100000001122
_ YBlO _ _ 0ooo06o00011220000020000O0O0O0O00222 _
(2.11)

35



YCl 122 2222100000000110222222100
Yc2 122222111 0000001001222221110
YCS 122221111 1000010O0O012%222321T1T1T1:1
Yo 4 1222111121 000100O01O02221T1T1T171:?2
Yo - 1221111221001 00010O0221T1T1T1T1?22 K
YCG 121111222101 000100O021T1T1T1T1222
YC7 1111122221 100010O0O0O0T1T1T1T1TT1Z2222
YCS 01112222211 0010000O0O01112222 2
ch 001222222101 10000000O01222222
(2.12)

All the equations given in 2.10, 2.11 and 2.12 are used to calculate the values of YXz' and
YTi‘ The equations 2.10, 2.11 and 2.12 is a set of 28 equations, and 28 variables. However,
there is an additional inevitable variable that is present in the system, which is not considered
in the above set of equations. This variable is the impact of parasitic gaps present at the
connections of the segments that may have an impact on the accuracy of the calculated

values of YAi and YT@" The solution of the equations 2.10, 2.11 and 2.12 is discussed in
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appendix B.

2.2 Sensor Design Considerations and Characteriza-
tion

Sensors were designed for the method proposed in section 2.1. The key points of sensor
design and application in experiments are summarized in section 2.2.1. The experiment
measures the total MMF drop or core loss of the of the portion of the segment and sensor;
therefore, the magnetic characteristics of the sensor must be subtracted to calculate the
magnetic characteristics of the portion of the stator segment. The details of the sensor

characterization are discussed in section 2.2.2.

2.2.1 Sensor Design Considerations

In this section, based on the proposed method, numerical simulations results, and exper-
imental setup constraints, the following steps were performed for the design of the sensors:
2.2.1.1 Selecting the Total Number and Span of Each Sensor

The number and span of the sensors were obtained by performing FEA simulations and
using the conditions discussed in section 2.1, to obtain the maximum possible accuracy of

the proposed method.

2.2.1.2 Selecting Same Limb for All Sensors

All three sensors are designed with identical limbs. This ensures that the flux injected

by all three sensors in the stator tooth is the same for the same value of flux in the sensor
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limb. This flux can be controlled by controlling the voltage of the coil wound on the sensor
limb. Fig.2.10 shows the limb pickup coil.

Main Flux Path
Oriented Steel

Segmented Stator

Parasitic - —
- = =

7 Limb Pick up
| ——/ Coil

\ Sensor

Drive Coil  Pick up Coil Leakage Flux Path

Figure 2.10: Sensor B consisting of Drive, Pickup and Limb pickup coils.

The reason to choose limb pickup coil voltage as a reliable measure to find the flux
injected in the stator is the additional leakage path that passes through the pickup coil. The
main flux path, shown in red, and leakage path, shown in blue, is shown in Fig.2.10. The
leakage depends on the sensor design so that it may be different for all designed sensors.

Therefore, the same flux injection for all sensors can be assured using the limb pickup coil.

2.2.1.3 Selecting the Air Gap Between the Limb of the Sensor and the Stator

Tooth, and Number of Turns in Drive, Pickup and Limb Pickup Coil

Considering both the voltage and current limitations of the power amplifier the parame-

ters shown in Table. 2.1 were selected for the experiments:
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Parameter

Value
Number of turns in Drive Coil 50
Number of turns in Pickup Coil 50

Number of turns in Limb Pickup Coil 20
Air gap between the sensor limb and stator tooth 0.25 mm

Table 2.1: Parameters selected for experiments

2.2.1.4 Minimizing the Losses in the Sensor Laminations

The losses in the sensor should be kept as low as possible so that the power amplifier

supplies lower power during the test to avoid overheating. Therefore, the sensors were made

from high-quality steel laminations that offer lower losses.

2.2.1.5 Sensor Arrangement for Testing
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Figure 2.11: Flux distribution in one sensor arrangement.

The sensor is designed to calculate the MMF drop and core loss of the two teeth directly
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opposite to the sensor limbs and the back iron spanned by the sensor. However, when only
one sensor is used, the flux passes through the teeth and then splits into two paths. The first
path closes through the teeth, and the back iron is spanned by the sensor, which is the main
flux path. The second path closes through the teeth and the back iron that is not spanned
by the sensor, which is the leakage path. The flux distribution of one sensor arrangement is
shown in Fig.2.11.

The leakage in flux leads to considerable error in core loss calculation. The problem is
resolved by using the symmetry of the two sensor arrangement. This arrangement creates
an exactly similar reluctance path opposite to the position of the sensor. Therefore, the flux
leakage through the back iron is avoided. Fig.2.12 shows the flux distribution in two sensor

arrangement.

Main flux

Oriented Steel

T~ /Segmented Stator

Parasitic

Air gap o=
\\/ VU
VAN

Limb Pick
Y up Coil

Drive Coil Pick up Coil

Figure 2.12: Flux distribution in two sensor arrangement.
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2.2.2 Characterization of Sensors

2.2.2.1 Design of Characterization Set up

For characterization, the two sensors of the same design were placed head-on, and the
drive coils of both sensors were supplied with the same current so that the flux distribution

in both sensors was identical. Therefore, the losses in the sensors can be estimated as:

Total Loss in the Characterization set up
2

Core Loss in the sensor = (2.13)

There are two air gaps in the experimental setup corresponding to each limb. To obtain
the net MMF drop in the sensor and two air gaps, the characterization setup must include
the MMF drop of four air gaps and two sensors so that the MMF drop of the sensor and two

air gaps is:

MMEF drop in one sensor + MMF drop in the two air gaps =

Total MMF drop in the Characterization set up
2

(2.14)

Small steel pieces were designed and placed in-between space of the limb of two sensors,
due to their geometry, is avoided as shown in Fig. 2.13.

The geometry of the steel pieces was designed such that the flux distribution in the sensor
is similar to flux distribution in the experimental setup. The steel pieces were designed such

that:

1. The curvature of the steel piece is similar to the curvature of the stator.
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Figure 2.13: Sensor characterization arrangement with small steel pieces for all sensors.

2. The air gap between all sensor limbs and the steel pieces is equal to the air gap between

the sensor and stator tooth.

Incorporating the core losses and the MMF drop in the steel piece, the equations 2.13

and 2.14 are modified as:

Core Loss in the sensor 4+ Core loss in the steel piece =

Total Loss in the Characterization set up
2

(2.15)
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MMF drop in one sensor + MMEF drop in the two air gaps+

Total MMF drop in the Characterization set up

MMEF drop in the steel piece = 5

(2.16)

2.2.2.2 Error in the Estimation of Core Losses and MMF Drop of the Sensors

from Characterization Results

The error due to the presence of steel piece in the estimation of core losses and MMF
drop, as given in equations 2.15 and 2.16, is decreased by designing the area for the flow of

flux in the steel piece large enough such that flux density is small.

Sensor Sensor core loss (in W)  Steel piece loss (in W) % error

A 3.64 0.14 3.84
B 4.02 0.18 4.47
C 4.74 0.22 4.64

Table 2.2: Numerical Simulation Results for the Core losses of sensor and steel piece at 1.5
T flux density in the sensor limb and supply frequency of 50 Hz

The loss in the steel piece is less than 5% compared to the sensor, ensuring the accuracy
in the estimation of sensor losses is not affected significantly after using sensor-steel piece
arrangement for characterization. The core losses comparison of the sensor and steel piece
for all three sensors is shown in Table.2.2.

For the same value of current in the drive coil, which is the same applied MMF, the flux
distribution in the sensor limb is compared in three different conditions through simulations.

The three different conditions are:
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1. Experimental setup (Sensor-Stator arrangement).

2. Sensor-steel piece arrangement with steel piece permeability similar to steel used to

build the sensor.

3. Sensor-steel piece arrangement with steel piece build from infinite permeability.

The flux distribution is found to be almost identical in all three conditions, as shown in
Fig. 2.14; this proves that the MMF drop in the steel piece is negligible compared to the

MMEF drop in the sensor and two air gaps. Hence, (2.16) reduces to (2.14).

Magnetic Flux Density
Contour Plot - T

8

X 5400
Maximum: 2.1890e+00
Minimum: 1.1592e-06

Steel piece with

. . Steel piece with
Infinite permeability

Non-oriented steel

Sensor in Sensor-Stator
Arrangement

Figure 2.14: Flux Distribution, computed by JMAG FEA simulations, in the sensor limb at
three different arrangements for Sensor C that shows flux density distribution in all three
red circles is similar.
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2.3 Experimental Set up

All the sensor limbs are identical, and the limb pickup coil voltage is maintained as a
sinusoidal signal. The amplitude of the limb pickup coil voltage is adjusted by adjusting the
drive coil supply voltage as discussed in [42], to obtain a desired flux density in the sensor
limb (Bj,). The experiment measures the total MMF drop of a portion of the segment,
the sensor itself, and the air gaps between sensor limb and stator tooth. It also measures
the total core loss of the sensor and the corresponding portion of the segment. The MMF
drop/core loss of the portion of the stator segment is calculated by subtracting the MMF
drop of the sensor and the air gaps/core loss of sensor. The MMF drop/core loss of the
sensor and the two air gaps/sensor is calculated by measuring the MMF drop and core loss
of two identical sensors placed head-on, as shown in Fig.2.15.

Both the drive coils are excited with the same current to obtain the desired flux density(Blimb)
in the sensor limb. The total MMF drop of the setup consists of two sensors and four air
gaps, each with a steel piece and sensor limb, and the total core loss of two sensors. Hence,
the sensor’s MMF drop/core loss and two air gaps are half of the total. The error due to the
presence of steel pieces in the estimation of core losses and MMF drop is within acceptable
limits by designing the area of the steel piece large enough such that the flux density is small.

The experimental setup consisting of a sensor and oriented steel segmented stator is
shown in Fig. 2.16. A two-sensor arrangement, shown in [43], is used for testing to avoid
flux leakage through back iron.

The drive coil voltage is applied through the amplifier, and the limb pickup coil voltage,
pick-up voltage, and drive coil current are recorded using LabVIEW through an SCB box

from National Instruments. The overall experimental setup consists of a computer that
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Figure 2.15: Sensor characterization experimental set up with small steel pieces for all sensors
[41].

controls LabVIEW, which is used to send and receive signals from the SCB box, and finally,

the amplifier supplying voltage to the drive coil is shown in Fig.2.17.

2.4 Procedure for the Estimation of BH and Loss Curves

of the Oriented Steel

The equations discussed in section 2.1 are used to calculate the values of core losses and

MMEF drop of X; and 7T;, details of the same are included in appendix C, at the selected
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4 Stator

Figure 2.16: Experimental set up consisting of sensor and stator with the drive, pickup and
limb pickup coils [41].
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Figure 2.17: Schematics showing the overall experimental setup and its main components
[41].

values of flux density and frequencies shown in Table.2.3.
The core loss and field intensity (H) for each orientation angle is calculated using the
core loss and MMF drop values of X; and 7}, combined with the data supplied by the

manufacturer for the rolling and transverse directions. It is shown in section 2.1.2 that
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Supply Frequency (n Hz) Levels of By, (in T)

50 0.2,0.4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.5
100 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4
150 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.3

Table 2.3: Values of By, and frequency used to perform the experiments

X7 represents the properties of 90° away from the rolling direction, and X9 represents the
properties of 85° away from the rolling direction and so on. For a given value of flux density
and frequency, the % change of core loss of X; with X is:

Yx, —Yx,

Arj = ———"1 2.1
x; Yy, 00 (2.17)

Since X is oriented at 90° away from the rolling direction, the core loss density in
(W/m3) in the transverse direction for the same value of flux density and frequency, denoted
by Yiransverse, 1S used to calculate the core loss corresponding the angle of orientation of

X;. For example, the value of Ygso is calculated using the following:

Yx, - Y. Yaso — Y,
A$2 _ % 100 = 85Y transverse 100 (2.18)
Xq transverse

Therefore, the estimated value of core loss (in W/m3) for the angle 85° away from the

rolling direction at a given value flux density and frequency is:

Azy + 100

Yggo = 100 Yiransverse (2.19)

The exact process is repeated for all the values of X; at all the flux densities and frequen-
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cies values to obtain the core losses for the values of orientation from 85° to 45°. Moreover,
flux data is generated using the MMF drop values of X; from the process discussed above
and using the value of H (in A/m) from the transverse direction. The calculations for all
the orientation angles from 85° to 45° at a given value of flux density and frequency is

summarized in Table.2.4.

Back Iron Angle of Core Loss Density(in W/m?) or

% change with Y,

Component  Orientation H (in A/m)
X 85° Az Yiransverse - ((Azg +100)/100)
X3 80° Az Yiransverse - ((Azg +100)/100)
X4 75° Azy Yiransverse - ((Az4 +100)/100)
X5 70° Az Yiransverse * ((Azs +100)/100)
X 65° Azg Yiransverse * ((Azg + 100)/100)
X7 60° Ay Yiransverse * ((Az7 4 100)/100)
Xg 55° Azg Yiransverse - ((Azg +100)/100)
Xy 50° Axg Yiransverse * ((Azg + 100)/100)
X10 45° A1 Yiransverse - ((Az1p + 100)/100)

Table 2.4: Calculation of core loss (in W/m? or H(in A/m) for the back iron components X;
using the core losses or MMF drop obtained from the experiments for X; at a given value
of flux density and frequency, where Y qnsverse is the value of core loss density (in W/ m3)
from the manufacturer data sheet at the same value of flux density and frequency

Finally, the core loss and MMF drop values of T; with 7% are used to estimate the core

loss and BH curves for all the orientation angles from 0° to 40°.
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2.5 Experimental Results

The estimated BH and loss curves were obtained from the core loss and MMEF drop values
of X; and T} using the analysis discussed in section 2.4, the details of the experimental results
are included in appendix D. It was observed that the 55° away from the rolling direction has
highest core losses, and the lowest losses are in the rolling direction. This is a long-known
result and proves the correctness of the proposed method. The same varition is shown by the
permeability. However, for the FEA interpolated curves the rolling direction has the lowest
losses, and the transverse direction has the highest losses. The core loss curves obtained
from the analysis of the experimental results and FEA interpolated core loss curves at 50

Hz supply frequency are shown in Fig.2.18.

45 X 104 Estimated Core Loss Curves from Experiments a5 104 Interpolated Core Loss Curves from FEA
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0.2 0.4 0.6 0.8 1 1.2 1.4 0.2 0.4 0.6 0.8 1 1.2 1.4
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(a) Experimental Results (b) FEA Results

Figure 2.18: Comparison of the core losses obtained from the analysis of experimental results
and FEA interpolated core loss curves using the inbuilt function in the JMAG software
for different angles away from the rolling direction at supply frequency of 50 Hz
The variation of core loss curves with the orientation angle obtained from the analysis of
experimental results and FEA interpolated core loss curves for 1.5 T and supply frequency

of 50 Hz is shown in Fig.2.19. This variation shows the difference between the interpolated

properties of the oriented steel in the FEA (the conventional method) compared to the actual
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Figure 2.19: The variation of core losses with orientation angle obtained from the analysis
of experimental results and simulations using JMAG FEA software at 1.5 T and supply
frequency of 50 Hz

properties of the oriented steel obtained from the experiments. This shows the importance
of the proposed method to obtain the characteristics of oriented steel for correct modeling

of the oriented steel modular PMSM.

2.6 Conclusion

In this chapter, a method to estimate the magnetic characteristics of the oriented steel
is proposed. A newly designed experimental setup was developed to obtain the magnetic
characteristics of the oriented steel. It is shown that the experimentally-estimated magnetic
characteristics of the oriented steel are different from the FEA method that utilizes the

properties of both rolling and transverse direction to interpolate the magnetic characteristics.
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Chapter 3

Impact of Segmentation Parameters

on Core Loss and Average Torque of
Oriented Steel Segmented Stator

PMSM

In [44] general design rules for average torque maximization in segmented stator machines
are proposed. However, the proposed rules are limited to fractional slot concentrated winding
machines. Moreover, in [11,12] the core loss minimization in the segmented stator is achieved
by using oriented steel in the stator. However, the impact of design parameters on the core
loss is not discussed. Therefore, the impact of design parameters on the core loss and average
torque is missing in the current state of the art that can be extended to the integral slot
machines. In this chapter, a new theory to determine the impact of segmentation parameters,
the number of segments(/Vs) and length of parasitic gap(gp), on the average torque, core loss,
d axis flux()\y), and q axis flux(A\q) that is applicable for integral slot machines is proposed.

The proposed theory is validated using FEA simulations.
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3.1 Impact of Segmentation on the Core Loss and Av-

erage Torque

Segmentation increases the overall reluctance of the stator due to the additional parasitic
gaps between the segments. The flux distribution changes when there is a possibility of
avoiding the high reluctance path and increasing the overall co-energy. One such possibility
is when the number of segments (NNVg) is such that the poles per segment are even number,

which changes the flux direction that leads to the following:

1. Increase in core loss with increase in parasitic gaps.

2. Decrease in flux linkage with increase in parasitic gap while increasing the co-energy.

3.1.1 Proposed Theory to Show the Impact of Even Poles per
Segment on Core Loss and Average Torque

In this section, the claims made in the previous section are supported using the proposed
theory that discusses the flux distribution in PMSM due to segmentation.

It is shown in [45] that the rotation of the rotor leads to change only in the co-energy
for the air gap. Therefore, only the co-energy in the machine air gap is considered, and the
co-energy change due to stator slots is ignored. The co-energy in the air gap of the machine

1s:

1 2
Wair = 2 o ’ /V B dV (3-1>

where i, is the permeability of the air, B, is the air gap flux density, and dV is the
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differential volume along the circumference of the rotor. The rotor tends to align in the

maximum co-energy position, which is stable equilibrium position [46].
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Figure 3.1: Symmetrical flux distribution with 2 poles per segment leading to local saturation
in the back iron due to flux splitting.

If the flux path is through the parasitic gaps, then there is a decrease in the flux density
and consequently a decrease in the co-energy. When the poles per segment are an even
number, the flux lines change the direction to avoid the parasitic gap to maximize the co-
energy. The flux lines under the no-load condition when there are two poles per segment are
shown in Fig.3.1.

The flux from the magnets M1 and M2 complete the blue path if there is no parasitic gap.
However, when the parasitic gaps are present, the flux follows the red path that avoids the
parasitic gaps. This alternate path for the flux is only preferable when the poles per segment

are an even number. Any other poles per segment will force the red path to encounter at least
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one parasitic gap. If the increased flux concentration does not change the steel permeability,
all the flux from the magnets M1 and M2 will follow the red path. However, the permeability
of the steel decreases with saturation, and hence some flux still follow the blue path, while
some follow the red path. Therefore, the presence of an even number of poles per segment

leads to the following:

1. Increase in core loss due to local saturation and increases further with the parasitic

gaps.

2. Decrease in flux linkage, which further decreases with increase in parasitic gap, due to
high reluctance path due to both saturated steel and parasitic gaps. However, this still

increases the co-energy of the machine.

Moreover, a decrease in overall flux linkage leads to a decrease in average torque.
The proposed theory shows that the flux path changes in machines with even poles per
segment, increasing core loss and decreasing average torque. For any other combination of

design parameters, no such effect is possible.

3.2 Impact of Segmentation and Change in Steel on )\;

and )\,

Segmentation leads to decrease in the flux linkage due to the parasitic gaps, and the
decrease in the q axis flux linkage is more prominent than the d axis flux linkage. Moreover,
improving the quality of the steel increases q axis flux linkage more than the d axis flux

linkage.
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3.2.1 Proposed Theory to Determine Impact of Segmentation and
Change in Steel on )\; and ),

In this section, the effect of parasitic gaps due to segmentation and change in steel on
the variation of Aj and A4 linkage is explained using the first reluctance path, the second

reluctance path, and the magnet path, proposed in [47], as shown in Fig.3.2.

g-axis flux lines

Figure 3.2: IPM flux paths: first reluctance path (solid blue), second reluctance path (dashed
blue), and magnet path (solid red) [47].

In [47] it is stated that the primary and secondary reluctance flux paths contribute
towards Ag, while the magnet flux path contributes towards \;. The presence of parasitic
gaps between the segments in the stator leads to an increase in the reluctance in the direction
of both d- and g-axis flux paths. The reluctance in the d-axis flux path in the nonsegmented
stator is due to the magnet, the machine air gap, and steel in both the stator and rotor. In
comparison, the reluctance in the g-axis flux path in the nonsegmented stator is only due to
the machine air gap and steel in both stator and rotor. The reluctance of rare earth magnets
is close to that of air. Therefore, segmentation leads to a more significant change in the

reluctance for the g-axis than the d-axis; the decrease in the g-axis flux is more dominant
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than the change in the d-axis flux. Moreover, the change in flux linkage due to the improved

quality of steel is more prominent in the g-axis than the d-axis.

3.3 Example Machines Used for the Validation of the

Proposed Theories Using FEA Simulations

The theories proposed in sections 3.1 and 3.2 are validated using the two example PMSMs:
Machine A has 12 poles/72 slots, and Machine B has 8 poles/72 slots. Fig.3.3 shows the

cross-section of the machines, and the machine specifications are shown in Table.3.1.

(a) Machine A (b) Machine B

Figure 3.3: Cross section of the PMSMs used an example in JMAG simulation software.

Laser-cutting tolerances result in a maximum possible parasitic gap of 0.2 mm. Therefore,
in this study, the value of parasitic air gap length (gp) is increased from 0 mm, which is the

ideal case, to 0.2 mm in steps of 0.05 mm.
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Machine Specifications Machine A Machine B
Number of Poles 12 8
Number of Slots 72 72
Stator inner Diameter 203.5 mm 140.75
Stator outer Diameter 264 mm 204
Motor Stack Length 51.5 mm 125 mm
Machine Air Gap 0.75 mm 0.625 mm
Winding Type Distributed Double Layer Distributed Single Layer
Coil Pitch 6 9

Table 3.1: Machine Specifications.

3.4 Validation of the Proposed Theory in Section 3.1

Under No Load Conditions in FEA Simulations

In this section the validation of the theory proposed in section 3.1 using the two example
machines discussed in section 3.3 is discussed. The theory states: When the number of
segments (Ng) is such that the poles per segment are even number, it leads to an increase
in the core losses and decreases the flux linkage. To validate this statement machines A and
B are simulated for Ng = 3, 4, 6, 8, 9, 12 and 18, and Ny = 2, 3, 4, 6, 8, 9, 12 and 18
respectively under no-load condition at 100 Hz of electrical frequency. Moreover, for each
value of N the value of parasitic gap length (gp) is swept from 0 to 0.2 mm in steps of 0.05
mm as discussed in section 3.3.

The conceptual drawing of the flux splitting for Machine A with Ng = 3, 4 poles per

segment, is shown in Fig.3.4.
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Figure 3.4: Conceptual Drawing of Flux splitting due to the presence of parasitic gaps when
4 poles per segment are present in Machine A.
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Figure 3.5: Flux density distribution under no-load condition for the machine A consisting
of 3 segments when both halves of the V-shaped magnets are aligned with the segments,
and the no load core loss density distribution at 100 Hz of electrical frequency presenting
the impact of local saturation due to the presence of parasitic gap calculated using JMAG
simulation software.

Parasitic gap is 0.2 mm
(b) Core loss distribution

Parasitic gap is 0 mm
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The corresponding local saturation showed by flux density distribution under non-zero
parasitic gap condition, and the corresponding core loss density when poles per segment are
4, Ny = 3, is shown in Fig.3.5.

Moreover, the flux density distribution of Machine B is shown in Fig.3.6 for Ng = 4 (2
poles per segment), which indicates the lower flux density compared to machine A due to
thicker back iron.

Local Saturation  Magnetic flux

/ density (T)I 1.50
NN 1.25

1.00

0.75
0.50

I 0.25

0.00
Figure 3.6: Flux density distribution under no load condition, of one segment, for the machine
B consisting of 4 segments (2 poles per segment) when both halves of the V-shaped magnets

are aligned with the segments with 0.2 mm parasitic gap calculated using JMAG simulation
software.

3.4.1 Core Loss

The no-load core loss variation of the complete stator for both Machines A and B is
shown in Fig.3.7. The core losses increase in large proportions with the parasitic gap when
the poles per segment are 2 and 4 for Ny = 6 and Ng = 3 for machine A, and Ng = 4 and

Ng = 2 for machine B as shown in Fig.3.7. This validates the proposed theory in section 3.1.
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Figure 3.7: No load core loss variation with the number of segments(/Vg) and parasitic gaps
(gp) for machines A and B of the complete stator at 100 Hz of electrical frequency calculated
using JMAG simulation software.

3.4.2 Flux Linkage from the Magnets(\,,,)

The values of A\jy, decrease with the increase in the parasitic gap because of the increased
reluctance from the segmented stator. The decrease in values of Ay, is more prominent with
the higher number of segments as shown in Fig.3.8 for both machines. The exception to this
variation is shown with Ny = 3 (4 poles per segment) and Ny = 6 (2 poles per segment) for
machine A. The values of Ay, for machine A with Ny = 3 and Ng = 6 is lower with Ng = 4
and Ng = 8 respectively. The reason for this exception is the local saturation due to the
flux splitting as explained in section 3.1, which leads to a further decrease in the values of
the App, due to the higher permeability from the saturated back iron; this further validates
the proposed theory.

However, for values of Ay, for machine B with Ns = 2 (4 poles per segment) and N5 = 4
(2 poles per segment) is higher with Ny = 3 and Ny = 6 respectively, which is the expected
variation; this is because of the thicker back iron of machine B that does not lead to higher

saturation as shown in Fig.3.6, and hence do not surpass the effect of the higher parasitic
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gaps from Ng =2 to Ng = 3.
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Figure 3.8: Variation of Ay, for machines A and B with the number of segments(NNs) and
parasitic gaps (gp) calculated using JMAG simulation software.

3.5 Validation of the Proposed Theories Under Loaded

Conditions

The theories proposed in sections 3.1 and 3.2 are validated using example machines A
and B under loaded conditions at 100 A, 120°, and 100 Hz of electrical frequency (Point
O). Same values of Ny and gp, used in no-load validation, are used under loaded conditions.
First, the impact of segmentation is discussed on the d-axis and g-axis flux. After that, the
impact on core loss under loaded conditions is discussed. Finally, the impact of segmentation

for the average torque is discussed.

3.5.1 d-axis flux linkage (\;) and g-axis flux linkage ()\,)

Fig.3.9 shows the variation of A\; and Ay at point O for machine A with the parasitic

gaps and number of segments.
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Figure 3.9: Variation of A; and A, for machine A with the number of segments(Ns) and
parasitic gaps (gp) at point O calculated using JMAG simulation software.

The values of A\; and Ay decrease, as shown in Fig.3.9, due to the increase in the values of

parasitic gaps. The decrease in the values of Ay and ), is higher, as proposed in the theory

in section 3.2, for higher values of the number of segments. An exception to this variation

is the change in Ay and A\q from Ng = 3 to Ng = 4, and Ns = 6 to Ns = 8 due to the local

saturation explained earlier. Another observation is that the change in the values of \; with

the parasitic gap is more prominent than A\;. Again, this is predicted by the proposed theory

in section 3.2.
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Figure 3.10: Variation of A\; and Ay for machine B with the number of segments(/Ns) and
parasitic gaps (gp) at point O calculated using JMAG simulation software.
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However, for machine B, the decrease in A\j and Ay with increasing Ny for a given nonzero
parasitic gap is as expected, as shown in Fig.3.10 because the local saturation is not promi-
nent due to higher back iron thickness. Moreover, change in the values of A\, with the parasitic

gap is more prominent than \;, which is predicted by the proposed theory in section 3.2.

3.5.2 Core Loss
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Figure 3.11: Core loss variation with the number of segments(/Ns) and parasitic gaps (gp)
for machines A and B of the complete stator at point O calculated using JMAG simulation
software.

The variation of core losses with the number of segments (/Ns) and parasitic air gaps for
point O, for machine A, is shown in Fig.3.11(a). The core losses for Ny = 3 and Ng = 6 show
a lower decrease in the core losses with the parasitic gaps compared with other values of Ng
even though there is a more significant decrease in overall flux linkage as shown in Fig.3.9.
As explained earlier, this is due to higher saturation levels when the poles per segment are
an even number that leads to higher losses even at lower overall flux linkage. However,
for Machine B, the core losses decrease with an increase in the parasitic gap and a higher

decrease with an increased value of Ng as shown in Fig.3.11(b); this is due to lower back
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iron saturation in machine B.

3.5.3 Average Torque
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Figure 3.12: Variation of Average Torque for machines A and B with the number of
segments(Ns) and parasitic gaps (gp) at point O calculated using JMAG simulation soft-
ware.

The equation of average torque for an IPMSM is:

Average Torque = 1.5p(Agiq — Agiq) (3.2)

where p is the pole pairs and ¢y and iq are the d and q axis currents. Therefore, for the same
values of 7y and 74, the variation of the average torque is similar to the variation of A\; and
Ag as shown in Figs.3.9 and 3.10 respectively. Fig.3.12 shows the variation of average torque

at point O for both machines A and B for all values of segments and parasitic gaps.
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3.6 Conclusions

In this chapter, a general theory to determine the impact of segmentation parameters
on the average torque and core loss is proposed. Moreover, applying the reluctance theory
for IPMSM is used to determine the impact of segmentation on d axis flux(\;), and q axis
flux(A\q). The proposed theory states that the even poles per segment increase core loss and
may lead to a decrease in average torque. Moreover, based on the reluctance theory, the
parasitic gaps due to segmentation decrease the g-axis flux more than the d-axis flux. Both
the proposed theories are validated using the FEA on two example machines: machine A,

12 poles/72 slots, and machine B, 8 poles/72 slots.
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Chapter 4

Impact of Segmentation Parameters
on Cogging Torque and Back
Electromotive Force of Oriented Steel

Segmented Stator PMSM

This chapter proposes and validates a novel theory to determine the impact of seg-
mentation on the cogging torque. The proposed theory predicts the impact of different
combinations of design parameters on the cogging torque, which is vital for machine design-
ers. Moreover, the balanced back electromotive force conditions are proposed and validated,
applicable for both single and double layer integral slot distributed winding.

First, the proposed theory to determine the impact of segmentation parameters on the
cogging torque in segmented stator PMSM is discussed, followed by the validation of the
proposed theory in FEA simulations using the two example machines discussed in chapter
3. After that, the conditions to obtain balanced BEMF are proposed, followed by validating

the proposed conditions in FEA simulations using the same two machines.
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4.1 Cogging Torque in Segmented Stators

Cogging torque in the segmented stator exists due to the pole-slot interaction and pole-
parasitic gap interaction [48]. It is also shown in [48] that the segmentation does not affect
the cogging torque due to pole-slot interaction. Moreover, due to stator slotting, the offset
on the amplitude of the cogging torque due to pole-parasitic gap interaction is constant.
Therefore, for a fixed geometry of slots, the variation of cogging torque due to pole-parasitic
gap interaction is due to Ns/gp only. Therefore, in this study, the two cogging torques are

treated independently.

4.1.1 Cogging Torque due to Pole-Slot Interactions

In this section, the basic concepts of the cogging torque due to pole-slot interactions are
discussed. The tendency of the permanent magnet rotor to align to a position of maximum
co-energy leads to an increase in cogging torque. When the magnet inter-pole axis coincides
with the teeth for a full pole-pitched magnet, then the co-energy is maximum; the reluctance
offered to the flux path for the edges of magnets is minimum, and the position is referred to as
a stable equilibrium position. On the other hand, when the magnet inter-pole axis coincides
with the slot, the co-energy is minimum, and the position is referred to as an unstable
equilibrium position [46]. The same concept can be extended to a short pole-pitched magnet
where the equilibrium is with respect to the relative placement of the magnet edge with the
tooth or slot, which is shown in Fig. 4.1.

Moreover, it is shown in [49] that the co-energy stays constant until the magnet edge
approaches the slot opening edge. The fundamental electrical order of the cogging torque

due to slot-pole interactions, as discussed in [46,49], is:
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Figure 4.1: Stable and unstable equilibrium positions due to pole-slot interaction

GCF(2p, Zs) (4.1)

where 2p is the number of poles, and Zs is the number of slots. Moreover, the value of

cogging torque is zero at both equilibrium positions.

4.2 Proposed Theory

In this section, first the equilibrium positions for the pole-parasitic gap interactions is
defined, followed by applying the concept of equilibrium positions due to both pole-slot
and pole-parasitic gap interactions to determine impact of segmentation parameters on the

cogging torque.
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4.2.1 Equilibrium Positions due to Pole-Parasitic Gap Interac-

tions

The co-energy in the air varies with rotor position in segmented stator machine, as flux
from the magnets passes through the parasitic gaps in some positions, while in some positions,
it does not. For a given pole pair, the co-energy is minimum and maximum in a position,
where the flux passes and does not pass through the parasitic gap, defined as unstable and
stable equilibrium positions, respectively, in this work. Fig.4.2 shows the stable and unstable
equilibrium positions in the PMSM manufactured using a segmented stator. For the sake of
clarity, only the back iron is shown.
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Figure 4.2: Stable and unstable equilibrium positions due to pole-parasitic gap interaction

The fundamental electrical order of the cogging torque due to pole-parasitic gap interac-

tion, as discussed in [48], is

2.NS

GCF(2p, Ns) (42)
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4.2.2 Proposed Theory to Determine the Impact of Segmentation
Parameters on Cogging Torque

The proposed theory states that the cogging torque of the segmented stator might increase
or decrease if the order of the two cogging torque due to pole-slot and pole-parasitic gap
interactions is the same. Further, if the number of segments is such that the poles per
segment is/are an integer, it may lead to a very high peak of the cogging torque. Finally, if
the number of segments is such that the poles per segment are an odd multiple of half, it
may lead to a very high peak of the cogging torque. All the claims are shown to be accurate
by using the concept of stable and unstable equilibrium positions for both pole-slot and

pole-parasitic gap interactions in the following sub-sections.

4.2.2.1 Order of Cogging Torque Due to Pole-Slot Interaction and Pole-Parasitic

Gap Interaction is Same

The stable and unstable equilibrium positions due to pole-slot and pole-parasitic gap
interactions, respectively, are the same due to the segmentation being performed along the
direction of the slot. This position is shown in Fig.4.3. Mathematically, the condition for
cogging torque electrical order, due to the two interactions, are equal from (4.1) and (4.2)

is:

(4.3)

Therefore, if both the cogging torques have similar electrical order, the transition from
stable to unstable equilibrium position with rotation is the opposite. Therefore, If the

parasitic air gap and slot opening are designed such that the change in co-energy due to
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Figure 4.3: Stable and unstable equilibrium positions due to pole-slot and pole-parasitic gap
interactions respectively at same position when the order is same.

rotation is minimum, then the peak of the cogging torque can be minimized. However, if the
number of segments is large enough, the two cogging torques might have an additive effect;
this might be possible due to the alignment of the pole axis along the parasitic gap, which is
the stable equilibrium position for pole-parasitic gap interaction, as shown in Fig.4.4. This
relative placement of the magnet and the parasitic gap depends on the machine design.

Parasitic, Pole

/gap\;n/axis
1

=

Stable Equilibrium Magnets

due to slot-pole
interaction

Stable'EquiIibrium
due to parasitic gap-pole interaction

Figure 4.4: Stable equilibrium positions due to pole-slot and pole-parasitic gap interactions
at same position when the order is same.
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4.2.2.2 Poles per Segment is an Integer

If pole(s) per segment is(are) an odd number, then there are two extreme positions. No
flux from all-pole pairs passes through the parasitic gaps in one position, while in the second
position, it does. Due to a more considerable change in co-energy in these two positions, the
peak of the cogging torque is also very high. Fig.4.5 shows the flux distribution when poles

per segment is an odd number in the two positions above.
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Figure 4.5: Flux distribution of stable and unstable equilibrium positions when poles per
segment is an odd number.

The only difference between odd and even poles per segment is the flux splitting, as
explained in section 3.1, which leads to a lower change in co-energy, and hence comparatively
lower cogging torque. Moreover, it is shown in section 3.1 the flux splitting leads to local
saturation that restricts the increase in the co-energy. Therefore, in machines where the
back iron is not exceptionally large, the cogging torque is expected to be higher when poles

per segment are an even number.
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Figure 4.6: Flux distribution when number of poles per segment is 1.5.
4.2.2.3 Poles per Segment is (2n+1/2) where n is an integer such that n >0

When the number of poles per segment is (2n+1/2), where n is an integer such that
n > 1, the flux redistributes to maximize the co-energy. This energy distribution leads to
two stable equilibrium positions when the pole pitch is greater than the pole arc. Three
positions are discussed to explain the presence of two stable equilibrium positions, which is

shown in Fig.4.6:

1. Position 1: When edge 1 is along the parasitic gap.
2. Position 2: When inter-pole axis is along the parasitic gap.

3. Position 3: When edge 2 is along the parasitic gap.

The positions 1 and 3 are identical due to the symmetry.
In all three positions, some parts of flux complete the path through the adjacent magnet

to avoid the parasitic gap, as shown by yellow dotted lines in Fig.4.6, which leads to two
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different energy levels corresponding to positions 1/3 and 2. Position 1/3 has higher co-
energy due to the participation of adjacent magnets, for example, magnet B adjacent to
magnet A, to aid more flux splitting. Therefore, small peaks appear between position 1-
position 2 and position 2-position 3 and higher peaks between stable-unstable equilibrium
positions. The increase in the difference between stable-unstable equilibrium positions may
be considerably higher if the flux splitting, dependent on machine design, is high. The energy

diagram and corresponding cogging torque are shown in Fig.4.7.
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Cogging
Torque Unstable
Position 2 Equilibrium

Rotor
—
Position

Position 1 Position 3

(b) Cogging torque waveform

Figure 4.7: Energy levels for position 1, 2 and 3, and the corresponding cogging torque
waveform.

Moreover, when n=0, the flux avoids the parasitic gap for positions 1 and 3, leading to

two peaks and a higher energy difference between the stable-unstable equilibrium positions.

5



It is worth mentioning that the flux splitting might happen in some other cases too, for
example, when the number of poles per segment is 4/3, but it is not expected to be prominent
for most machine designs because the entire half pole does not participate in facilitating flux

splitting as it is present in the case discussed above.

4.3 Validation of the Proposed Theory of Cogging

Torque Using FEA Simulations

In this section, the theory proposed in section 4.2.2 to determine the impact of segmenta-
tion is validated using the two example machines: machines A and B using FEA simulations.
The results of the number of segments (Ng) that match the conditions proposed in theory
for the two machines are discussed, and the parasitic gap length (gp) is swept from 0 mm to

0.2 mm in steps of 0.05 mm as discussed in chapter 3.

4.3.1 Order of Cogging Torque Due to Pole-Slot Interaction and
Pole-Parasitic Gap Interaction is Same

An example is discussed to illustrate the proposed concept using Machine B that has

nine segments that satisfy the following:

GCF(2p, Ns) a GCF(2p, Zs)

— 18 (4.4)

As shown in Fig.4.8 that as the parasitic gap increases, the peak of the cogging torque
decreases; this is due to increased cogging torque due to pole-parasitic gap interaction, which

counters the pole-slot interaction as predicted by the proposed theory. It is worth noting
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Figure 4.8: Variation of cogging torque with parasitic gap (gp) for Machine B when
2 * NS 2 * ZS

GCF(2p, Ny) = GCT @, Z5) = 18 calculated using JMAG simulation software.

that there is a slight delay in the peak reduction of the cogging torque; this is because the

peak does not appear when the edge of the magnet is along the slot opening as shown in [49].

2

[N

Cogging Torque(in Nm)
o

0 20 40 60 80 100 120
Rotor Position (in electrical deg)

Figure 4.9: Variation of cogging torque with parasitic gap (gp) for Machine A when

GCF(2p, Ny) = GCT A = 12 calculated using JMAG simulation software.

For machine A the following conditions is satisfied when Ng = 72:

=12 (4.5)
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As shown in Fig.4.4 the two cogging torques have an additive effect, which is also pre-
dicted by the proposed theory. The variation of cogging torque for machine A consisting
of 72 segments is shown in Fig.4.9 where the cogging torque increases with an increase in

parasitic gap.

4.3.2 Poles per Segment is/are an Integer

Fig.4.10 shows a significant increase in the peak to peak values of the cogging torque
with the parasitic gap when the poles per segment is an integer for machines A and B, which

is predicted from the proposed theory.
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Figure 4.10: Variation of the peak-to-peak value of the cogging torque with the parasitic gap
(gp) for machines A and B when the poles per segment is an integer calculated using JMAG
simulation software.

Moreover, the peak-to-peak value of the cogging torque is considerably less when poles
per segment are an even number, compared to when pole(s) per segment is/are an odd

number, as explained earlier.
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4.3.3 Poles per Segment is (2n+1/2)

The cogging torque waveform of machine A with eight segments, 3/2 poles per segment,
and 24 segments, 1/2 poles per segment, is shown in Fig.4.11. As discussed in Fig.4.7, the
positions are highlighted for both 8 and 24 segments machines, which is predicted from the
proposed theory. It is worth noting that in one fundamental electrical cycle of the cogging

torque, calculated from (4.2), there are two peaks because of the flux splitting.
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Figure 4.11: Cogging torque for machine A with poles per segment is (2n+1/2) with 0.2 mm
parasitic gap for one fundamental cycle calculated using JMAG simulation software.

4.4 Back Electromotive Force in Segmented Stators

The conductors in the vicinity of the parasitic gap see a lower magnitude of flux cutting
than the conductors well within the segment. If the segmentation is not performed sym-
metrically with respect to the conductors in each phase, it will be lead to unbalanced back
electromotive force (BEMF).

Fig.4.12 shows one segment of machine A consisting of 3 segments. The pink and green

conductors, corresponding to phases A and B, respectively, experience lower flux cutting and
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lower BEMF in the presence of the non-zero parasitic gap. Moreover, the blue conductors,
corresponding to phase C, experience higher values of flux cutting due to flux splitting, as

shown in Fig.3.4.

WY S € Parasitic
Airgap L 8 \ U~ " Airgap

Same phase
conductors at
the joints

Figure 4.12: Pink and green conductors in the vicinity of the parasitic gap of Machine A
consisting of 3 segments.

The variation of the fundamental component of the BEMF with the parasitic gap is

shown in Fig.4.13 for machine A consisting of three segments supporting the claims made

above.
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Figure 4.13: Variation of fundamental component of BEMF with parasitic gap for machine
A with Ng = 3 calculated using JMAG simulation software.

In this section, the conditions to obtain balanced BEMF in an integral slot distributed

winding machine are proposed and validated using FEA simulations.
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4.4.1 Proposed Conditions for Balanced Back Electromotive Force

In this section, first the conditions for single layer integral slot distributed winding is
proposed, followed by integral slot double layer winding. The flux linkage is equal for all the
phases; each phase’s same number of conductors should be placed along with the segmenta-
tion.

Simultaneously, the relative position of the conductor within one phase placed along with
the segmentation should be maintained for all phases to maintain symmetry. An example

for a machine consisting of three slots per pole per phase is shown in Fig.4.14.

Conductor placed Conductor should be placed
along the segmentation along the segmentation
Phase A Phase C

Figure 4.14: Relative position of the conductors along with the segmentation to maintain
balanced BEMF in a machine with three slots per pole per phase with single layer winding.

The above conditions for the balanced BEMF are also applicable to the double layer

integral slot distributed winding machine due to the symmetry.
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4.4.2 Validating the Proposed Conditions for Balanced Back Elec-
tromotive Force Using FEA Simulations

Fig.4.15 shows the variation of the fundamental of the BEMF of Machines A and B
with the parasitic gap for Ng = 18, that satisfy the conditions for balanced BEMF' for both

machines A and B, respectively validating the developed conditions.
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Figure 4.15: Variation of the fundamental of the BEMF with the parasitic gap for selected
number of segments for machines A and B calculated using JMAG simulation software.

4.5 Conclusions

In this chapter, a general theory to determine the impact of segmentation parameters on
the cogging torque is proposed, followed by the conditions to achieve balanced BEMF are
proposed. The proposed theory states that the same electrical order for pole-slot interactions
and pole-parasitic gap interactions may increase or decrease cogging torque. Further, integral
or odd multiple of half poles per segment may lead to a considerably higher increase in
cogging torque. The proposed conditions for the balanced BEMF are based on the symmetric

placement of the conductors of each phase with respect to the segmentation. The proposed
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theory and conditions are validated using two example machines of different designs using

FEA simulations.
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Chapter 5

Performance Comparison of the
Oriented Steel Segmented Stator

PMSM to the Conventional Machine

In this chapter, the utilization of BH and loss curves obtained from the analysis of exper-
imental results in the piecewise isotropic model, discussed in chapter 2, are used to model
an oriented-steel segmented stator. The oriented steel has the lowest core loss and highest
permeability along the rolling direction, while the highest losses and lowest permeability
along the 55° direction as shown in chapter 2. Therefore, building the whole stator with
a single sheet of oriented steel will not properly utilize its magnetic properties. Therefore,
a segmented-stator PMSM with different numbers of segments is used for analysis. The
analysis is performed on Machine A, 12 poles/72 slots.

The performance of the anisotropic modular stator PMSM is compared with conventional
non-oriented steel PMSM using the FEA simulations. The rolling direction has both higher
permeability and lower losses compared to the non-oriented steel. Moreover, the non-oriented
steel has slightly better permeability and lower losses than the oriented steel’s transverse
direction. The BH and loss curves in oriented and non-oriented steel are shown in Fig.5.1

First, the application of the theories, proposed and validated in chapters 3 and 4, on the
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Figure 5.1: Comparison of the BH and core loss curves for the rolling, transverse direction
and quasi-isotropic steel.

oriented steel segmented stator is discussed, along with the impact of using oriented steel on
the machine’s performance. After that, the comparison between the two models, consisting of
modular oriented steel stator(A,,;) and non-oriented steel conventional stator(A..,ventional)
that has the same geometry and design except that it has a conventional stator, is discussed.
Total losses over a given drive cycle, cogging torque, and BEMF are compared for A,,; with

the different number of segments and A, ventional-

5.1 Application of the Proposed Theory to Oriented

Steel Segmented Stator PMSM

In this section, the performance of A,,; due to oriented steel, and segmentation parame-
ters, proposed and validated in chapters 3 and 4, is studied. First, the observations are made
under no-load conditions for the core loss and flux linkage, followed by the loaded conditions
for flux linkage, core loss, and average loss. Finally, the discussion is extended to cogging

torque and BEMF. The values of Ng used are: 3, 4, 6, 8, 9, 12, 18, 24, 36 and 72, while the
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parasitic gap is swept from 0 mm to 0.2 mm in steps of 0.05 mm as discussed in chapters 3

and 4.

5.1.1 No Load Condition

5.1.1.1 Core Loss

The three teeth closest to the rolling direction have almost identical magnetic properties,

approximately the same as the properties in the rolling direction. The core losses from the

fourth teeth onward, i.e., more than 12.5° from the rolling direction, increase as shown in

Fig.5.2.
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Figure 5.2: The variation of core losses with the orientation angle obtained from the analysis
of experimental results at 1.5 T and supply frequency of 50 Hz that shows the core loss
variation for the teeth and the back iron from the line of symmetry obtained from experiments

as shown in Fig.2.19.

The core loss in the back iron decreases as the orientation angle changes from 90° to 80°

and then increases as shown in Fig.5.2. Therefore, the back iron has the best properties for

the first three divisions. Therefore, in each segment, when the number of teeth and back iron

divisions is 6, which means Ng = 12, the segment has the best possible magnetic properties.
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Fig.5.3 shows the variation of no-load core loss at 100 Hz electrical frequency. The minima
occurs at Ng = 12 when parasitic gap is Omm, while the core loss increases for Ny = 3 and
Ng = 6 with the parasitic gap as shown in Fig.3.7 for machine A. Moreover, the decrease in

the losses for higher values of Ng with increased parasitic is due to overall decrease in flux.
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Figure 5.3: No load core loss variation with the number of segments(Ng) and parasitic gaps

(gp) for Ayp; of the complete stator at 100 Hz of electrical frequency calculated using JMAG
simulation software.

5.1.1.2 Flux Linkage from the Magnets(\pn)

The decrease in Ay, with parasitic gap is higher for Ng = 3 (4 poles per segment), and
Ng = 6 (2 poles per segment) compared to Ny = 4 and Ng = 8 respectively, due to local
saturation, explained in section 3.1, as shown in Fig.5.4. Moreover, with increase in number
of segments the decrease in Apy, is significantly higher due to higher parasitic gap.

Moreover, when the number of segments is 12, the permeability from A,,.; stator is

maximum; this is because the lower core losses and higher permeability variation are the
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Figure 5.4: \py, variation with the number of segments(Ns) and parasitic gaps (gp) for Ay
calculated using JMAG simulation software.

same for the same orientation directions. Therefore, both the lowest losses, as discussed
in section 2.5, and highest permeability is from the A,,; machine with 12 segments. The
change in the Ay, is very small, no-load d-axis flux, as explained in section 3.2. Therefore,
the material improvement barely affects the value of Ap;,. Moreover, this change due to
improved quality of steel is overshadowed by the parasitic gaps, especially at the higher
number of segments. Iig.5.5 shows the variation of Ay, with the number of segments for
Ayri at 0 and 0.2 mm parasitic gap.

From the above discussion, it is inferred that the maximum permeability, and hence the
highest value of Apy,, is Ng = 12 when the parasitic gap is 0 mm. Moreover, when the value
of the parasitic gap is 0.2 mm, the increase in Apy, is entirely overshadowed by the higher

reluctance of the parasitic gaps.
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Figure 5.5: Variation of Ay, for Ag,.; with the number of segments(/Ns) with parasitic gap
of 0 and 0.2 mm calculated using JMAG simulation software.

5.1.2 Loaded Condition

The study for A,,.; under loaded conditions is carried out at O, which is used in section

3.5.

5.1.2.1 d-axis flux linkage ()\;) and g-axis flux linkage ()\;)

Similar to Apm, the decrease in Ay and A, with parasitic gap is higher for Ny = 3 (4
poles per segment), and Ny = 6 (2 poles per segment) compared to Ny = 4 and Ng = 8
respectively, due to local saturation, explained section 3.1, as shown in Fig.5.6. Moreover, the
change in the g-axis flux linkage is larger compared with the d-axis flux linkage as highlighted
for Ny = 12 in Fig.5.6.

Similarly, the highest value of both A\; and A is at Ng = 12 when the parasitic gap is
0 mm. Moreover, when the value of the parasitic gap is 0.2 mm, the increase is entirely
overshadowed by the higher reluctance of the parasitic gaps. Figs.5.7 and 5.8 shows the
variation of Ay and A, for 0 and 0.2 mm parasitic gaps.

The above discussion, which is consistent with proposed theory in section 3.2, is summa-
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Figure 5.6: Variation of Ay and Ay with the number of segments(/Vs) and parasitic gaps (gp)
for A, calculated using JMAG simulation software.
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Figure 5.7: Variation of Aj and A4 for machine A with the number of segments(/NVs) at point
O for the parasitic gap of 0 mm calculated using JMAG simulation software.

rized as:

1. The presence of parasitic gaps in the segmented stator leads to the decrease in \; and

Aq-

2. The decrease in Ay with parasitic gaps is more prominent than ;.

90



0.0545 4

0.052 -

0.05

0.048 1

Flux Lmkage(in Whb)

0.046 1

0.044
%

NZ

R X P A

7 7 7 7 7
Se e e e e o7 ol ol Qf 87

(a) Ay variation

0.065

(]
0.06 1

Wb)

Flux Linkage(in
o
o
o

0.045 1

0.04
33

0.055 1

9

1Y © k)
7 7 7 7 7
Vo Vo Vo Vo Vo 3;’

,\Q,

o

\‘b q/b‘ (bQ) /\‘7/
4 %e %«a %%

(b) Ag variation

Figure 5.8: Variation of Aj and A4 for machine A with the number of segments(/NVs) at point
O for the parasitic gap of 0.2 mm calculated using JMAG simulation software.

5.1.2.2 Core Loss

The variation similar to shown in Fig.5.3 of core loss is observed for A,,; machine under

loaded conditions for the parasitic gap of 0 mm; this is because the teeth back iron has the

lowest possible losses at all saturation levels when the number of segments is 12. However,

the core losses also decrease due to a higher decrease in flux at higher Nj.
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Figure 5.9: Core loss variation with the number of segments(/Ns) and parasitic gaps (gp) for
A,ri of the complete stator at point O calculated using JMAG simulation software.
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However, for Ng = 3, core loss increases with g, even with a net decrease in Ay, and A4 as
shown in Fig.5.6(a) is due to local saturation. On the other hand, for Ny = 6, the decrease
in overall flux is higher than Ng = 6 because of more parasitic gaps, and hence losses first
decrease then start to increase with the parasitic gap as shown in Fig..5.6(b). It is worth
mentioning here that in the case of the no-load condition, the losses increase for Ny = 6
but under the loaded condition, the losses first decrease, and then increase; this is due to a

higher decrease in the Ay compared to App,, which is essentially no-load Ag.
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Figure 5.10: Core loss variation with the parasitic gaps (gp) for A,y; of the complete stator
at point O for 3 and 6 segments calculated using JMAG simulation software.

5.1.2.3 Average Torque

As discussed in section 3.5.3, for the same values of 75 and 44, the variation of the average

torque, as shown in Fig.5.11, is similar to the variation of A\; and A\, as shown Fig.5.6.
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Figure 5.11: Average Torque variation with the number of segments(Ng) and parasitic gaps
(gp) for Ayyi of the complete stator at point O calculated using JMAG simulation software.

5.1.3 Variation of Cogging Torque and BEMF in Oriented Steel

Segmented Stator PMSM

The change in steel from non-oriented to oriented steel is not likely to change the d-axis
flux significantly, as discussed in section 3.2. This can be shown by comparing the no-load
d-axis flux linkage, A\pm, between oriented and non-oriented steel segmented stator. Fig.5.12
shows the Ay, comparison between oriented and non-oriented steel segmented stator at the
parasitic gap at 0 mm, which shows a maximum change at Ng = 12 which is only 0.45%.

Moreover, the air gap flux density, at stable and unstable equilibrium conditions, is almost
similar, as shown in Fig.5.13 for oriented and non-oriented steel segmented stator PMSM
at 0.2 mm parasitic gap; this is because of change in reluctance due to the parasitic gaps
is more significant than the change in the reluctance due to steel. Moreover, the balanced
BEMF depends on the symmetric placement of the conductors.

Therefore, the impact of segmentation parameters on cogging torque and BEMF proposed
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Figure 5.12: Ay, variation with the number of segments(/Ns) for oriented and non-oriented

steel segmented stator PMSM at 0 mm parasitic gap calculated using JMAG simulation
software.

and validated in chapter 4 for the cogging torque and BEMF in the segmented stator is also

applicable for the A,,;.
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Figure 5.13: Air gap flux density variation for, stable and unstable equilibrium positions, at
Ng = 12 for oriented and non-oriented steel segmented stator PMSM at 0.2 mm parasitic
gap calculated using JMAG simulation software.

Fig.5.14 shows the variation of peak-peak cogging torque, and fundamental of BEMF
with the parasitic gaps, at Ny = 12 and Ny = 18 respectively, for oriented steel and non

oriented steel segmented stator PMSM. The variation for cogging torque is almost similar
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Figure 5.14: Cogging torque and fundamental of BEMF variation with the parasitic gap for
oriented and non-oriented steel segmented stator PMSM calculated using JMAG simulation
software.

with almost similar peak-peak value, while BEMF has slightly higher value but the still

balanced operation.

5.2 Performance Comparison of the A, and A...ventional

In this section, the performance of the A,.; and A, ventional 18 compared. First is a
comparison between the flux linkage, core loss, and average torque at point O. Further, the
comparison is performed at a drive cycle, which is the standard testing procedure. After
that, the comparison between cogging torque and imbalance in BEMF is performed. Finally,

the total loss from the drive cycle, cogging torque, and imbalance in BEMF are compared.

5.2.1 Comparison Under Loaded Conditions at Point O
5.2.1.1 d-axis flux linkage ()\;) and g-axis flux linkage ()\;)

Fig.5.15 shows the variation of Aj and A4 at point O for A,,; with the number of segments

for the parasitic gap of 0 mm. As proposed in section 3.2 the change in the value of \; with
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Figure 5.15: Variation of A\j and Ay for A,.; with A ,,entionar @t point O for the parasitic
gap of 0 mm calculated using JMAG simulation software.

change in material from non oriented steel to oriented steel is more prominent compared

to A\g. For example: the percentage increase in the values of Ay and Ay from A_,ppentional

machine to A,,; machine for Ny = 12 are 0.93% and 3.27% respectively. Moreover, for all

segments of A,,.;, except 72, both Az and A4 are higher than the conventional machine.

Fig.5.16 shows the variation of A\j and A4 at point O for A,,; machine when the parasitic

gap is 0.2 mm. The increased flux linkage due to improved steel quality is entirely dominated

by the parasitic gap except for Ay when Ng = 4.
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Figure 5.16: Variation of A\j and Ay for A,.; with A ., ventionar @t point O for the parasitic
gap of 0.2 mm calculated using JMAG simulation software.
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5.2.1.2 Core Loss

Due to the superior magnetic properties of the teeth of the A,.;, the losses are lower
compared to A.onventional When Ng is 12, 18, and 24 when the parasitic gap is 0 mm.
Moreover, as the parasitic gap increases, the core loss of Ng as 9 and 36 decreases below the
conventional machine. However, this decrease is due to the decrease in overall flux in the
machine. Therefore, the losses are expected to be higher for the same levels of flux with the
increase in parasitic gap. Fig.5.17 shows the variation of core loss with number of segments

for Ay and Acoppentional-
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Figure 5.17: Core loss variation with the number of segments(/Ns) and parasitic gaps (gp)
for Aori with Aconventional at point O

5.2.1.3 Average Torque

The average torque of A,,; is higher for all segments, except 72, compared to A, ,ventional
when the parasitic gap is 0 mm. Moreover, the average torque is lower for all segments of

Ao, except 4, compared to A.oppentional When the parasitic gap is 0.2 mm; this is due to
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higher \; that compensates for lower A\; as shown in Fig.5.16. Fig.5.18 shows the variation

of average torque for A,.; and A . nventional @t 0 and 0.2 mm parasitic gap.
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Figure 5.18: Variation of Average Torque for A,.; with A, ,ventional @t point O for the
parasitic gaps of 0 and 0.2 mm calculated using JMAG simulation software.

5.2.2 Comparison Over a Drive Cycle

The performance of the oriented steel segmented stator PMSM (A,,;) is compared with
the conventional stator PMSM (A .onventional) &b 0ne operating point, as shown in Fig.5.2.1.
However, at different loads and frequencies the performance might vary. Therefore, the
comparison is performed at a selected drive cycle, and the selected performance parameter
is the total loss. Stator segmentation, with non-zero parasitic gaps, decreases the average
torque for the same values of currents. Therefore, to achieve the same average torque, a
higher current is injected in the segmented stator machine than the conventional machine.
Therefore, it leads to an increase in both core loss and copper loss.

The drive cycle that is used for comparison is the federal test procedure shown in [50].
The corresponding operating points are calculated using the equations presented in [51], and

motor parameters and EV parameters are given in Table. 5.1.
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S. No.

Parameter

Value

10

11

Motor Base Speed
Motor Rated Torque
Vehicle Gross Weight

Vehicle Drag Coefficient
Tyre Rolling Coefficient
Tyre Radius
Vehicle frontal Area
Vehicle Transmission Efficiency
Vehicle Gear Ratio
Slip

Slope

3000 RPM
290 Nm
2079 Kg

0.28
0.008
0.32 m
2 m?
0.9
2.64

0.08

0 deg

Table 5.1: Machine and vehicle parameters

Fig.5.19 shows the variation of the total losses in the drive cycle of the A,,; with Ng and
gp, and the conventional machine. At 0 mm the A,,; with 8, 9, 12, 18, 24 and 36 segments
has lower losses compared to A.pnventional- Lhe total losses for all segmentation increase
with an increase in the parasitic gaps, and for g, = 0.1 mm, all segments have higher losses
compared to A, pventional- L he parasitic gap is limited to 0.1 mm for this discussion as total
losses increase beyond that. Moreover, the increase in loss for Ny = 3, and Ng = 6 is more

rapid compared to Ng = 4 and Ng = 8 respectively due to local saturation, while for higher

Ny, 24, 36 and 72, the increase is due to higher parasitic gaps.
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Figure 5.19: Variation of total loss over a drive cycle with the number of segments (Ng) and
parasitic gap (gp) for Agyp; with Acoppentional calculated using JMAG simulation software.

5.2.3 Comparison of Cogging Torque and BEMF

The cogging torque increase, with the parasitic gap, for all segmentation of A,,;, com-
pared with A ,ventional- Lhe maximum increase for Ng = 12, pole per segments is 1, while
minimum is for Ny = 9. Moreover, when pole(s) per segment is(are) an integer, the peak-
peak value increases with lower poles per segment as more pole pairs transition from stable
to unstable equilibrium positions. Similar trend is shown by Ng = 8 and Ng = 24, where
poles per segment 1.5 and 0.5 respectively. Finally, for Ny = 72, the order of two cogging
torques has the same order and additive effect, hence an overall net increase. Fig.5.20 shows
the variation of peak-peak values of cogging torque with the number of segments for A,,;

with Aconventional-

The imbalance in the BEMF is shown as:

%Imbalance in BEMF = Max fund gpo — Min fundgpo . 100

5.1
Max fund4gc ( )
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Figure 5.20: Peak-peak cogging torque variation with the number of segments(Ng) and
parasitic gaps (gp) for Ay with Acoppentional calculated using JMAG simulation software.

where Max fund 4 g and Min fund 4 g are the maximum and minimum values of the peak

of the fundamental of the three phases, respectively.
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Figure 5.21: Imbalance in BEMF variation with the number of segments(/Ng) and parasitic
gaps (gp) for Agpi with Acoppentionar calculated using JMAG simulation software.

Fig.5.21 shows the variation of imbalance in the BEMF with the number of segments
for A, with A.onventionals Which shows imbalance increases with an increase in parasitic

gap. Moreover, no imbalance is shown when Ng is 9, 18, 36, and 72, while the maximum
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imbalance is shown by 12.

5.2.4 Summary of Comparison between A,.; and A...ventional

The percentage change of total loss over the drive cycle is defined as:

Conventional Machine — Oriented Steel Machine

% Change in total loss = 100 (5.2)

Conventional Machine

Change in total loss over a drive cycle, cogging torque, and imbalance in the BEMF for

all the segments, and parasitic gaps up to 0.1 mm is summarized in Table.5.2.

% Change in Total Loss Peak-peak Cogging Torque (in Nm) % Imbalance in BEMF

Ng  gp=0mm gp=0.05 mm gp=0.1mm gp=0mm gp=0.05mm g,=0.1 mm gp=0mm g,=0.05mm gp=0.1 mm

3 -8.7609 -9.9440 -10.0579 0.0222 0.7943 1.3657 0 1.8018 3.1721
4 -7.6315 -7.8043 -9.2805 0.0222 1.1172 1.9753 0 2.5518 4.5070
6 -1.0687 -2.730 -3.0130 0.0222 1.6194 2.7095 0 3.6721 5.5268
8 0.1043 -1.1560 -2.2762 0.0222 0.6706 0.9907 0 0.2322 0.4691
9 1.8873 0.5922 -0.3125 0.0222 0.4052 0.7424 0 0 0
12 2.7075 0.7665 -0.5863 0.0222 3.4134 6.4892 0 7.4882 13.9625
18 2.4202 0.5482 -1.4592 0.0222 0.8340 1.6537 0 0 0
24 1.9451 0.1263 -2.6354 0.0222 1.7658 2.5697 0 1.1498 2.2297
36 1.7839 -2.1449 -6.9840 0.0222 1.6306 3.2524 0 0 0
72 -0.1462 -7.5516 -16.9637 0.0222 2.9176 3.3380 0 0 0

Table 5.2: Summary of the comparison between A,.; and A, pventional Calculated using
JMAG simulation software.
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5.3 Conclusions

In this chapter first the developed theory in chapters 3 and 4 is applied in A,,;. After
that, performance of A,,; and A, nventional 1S compared, and it is shown that A,,; has lower
total losses over a drive cycle than the A, ,ventionar When Ng is 8, 9, 12, 24 and 36 at 0
mm parasitic gap. Moreover, with an increase in the parasitic gap, the total losses for A,,;
increase and eventually become higher for all values of Ng when the parasitic gap is 0.1
mm. Moreover, cogging torque increases with the parasitic gap for all segments, while the

imbalance in BEMF increases for 3, 4, 6, 8, 12 and 24.
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Chapter 6

Conclusions and Future Work

In this work, a general method to estimate the magnetic properties of the oriented steel
is proposed. The method requires specially designed devices, an experimental setup, a power
supply of controlled amplitude and frequency power supply, and measuring instrumentation.
The method is comparatively less expensive than the Epstein frame test. Further, a general
theory to determine the impact of segmentation parameters on the selected performance
parameters: core loss, average torque, cogging torque, and BEMF is discussed.

First, the proposed method to estimate the magnetic properties of the oriented steel is
applied using an oriented steel segmented stator with four segments and 72 teeth, along
with three devices of different spans. The experimentally estimated magnetic characteristics
of the oriented steel are different from the FEA method based on the properties of rolling
and transverse direction to interpolate the magnetic characteristics. Instead, the developed
method determines the characteristics of the steel for different orientations, frequencies, and
flux densities.

Further, the impact of segmentation parameters on the machine’s performance is vali-
dated using numerical experiments using two machines with 72 slots/12 poles and 72 slots/8
poles. Finally, the obtained magnetic characteristics of the oriented steel are used to model
the segmented stator machine, where the orientation is in the direction of teeth, and the

oriented-steel segmented stator is compared to conventional non-oriented steel stator PMSM
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with 72 slots and 12 poles.

The total losses for the conventional machine and various combinations of segment size
and parasitic gaps of oriented steel machine were compared at the federal test procedure
drive cycle, and it is observed that the oriented steel machine has lower total losses when
the number of segments is 8, 9, 12, 18, 24, and 36 at the parasitic gap of 0 mm. Moreover,
the machine with 12 segments has the lowest losses. Further, with the increase in the
parasitic gap, the oriented steel has higher losses than conventional machine due to increased
current requirements for the same average torque. Finally, the comparison of cogging torque
shows that the oriented steel has higher cogging torque for all nonzero parasitic gaps for all
segments, while the BEMF is imbalanced for 3, 4, 6, 8, 12, and 24.

Future work includes modeling increased cut edges to find the impact on the increased
core losses and decreased permeability. Further, the analysis of the non-uniform gaps will be
performed, followed by analyzing the impact of segmentation on torque ripple, radial forces,
and eddy current losses. Finally, a new topology of segmentation and design modification of

the original stator will be performed to optimize the machine’s performance.
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Appendix A

Accuracy of the Model Proposed
[40] for Oriented Steel Stator

Modeling

This section determines the accuracy of the piecewise isotropic model for modeling
anisotropic steel segmented stator. Oriented steel stator was modeled in FEA using piecewise
isotropic steel segments [40], and based on the direction of flux, the magnetic characteristics
of the isotropic material were selected as shown in section 1.3.6.2. Modeling the tooth and
the back iron between the adjacent teeth is straightforward as the flux direction is clearly
defined. However, modeling the region where teeth meet the back iron is challenging as the
flux bends in this region. The direction of flux is ambiguous, as shown in Fig.A.1.

The extension of the material used to model the tooth is used for modeling the region
where teeth meet the back iron as discussed in section 1.3.6.2. The model was not verified
with the machine with the higher number of teeth, e.g., 72 teeth in [40]. The incorrect
modeling of back iron where flux bends may cause significant error in the estimation of ma-
chine performance. Hence, the proposed model discussed in section 1.3.6.2 was verified with
12-pole/72-slot IPMSM, Machine-A, made of four segments with each segment is oriented in

the direction of teeth. The machine model used for analysis is shown in Fig.A.2 where a 0.2
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Figure A.1: Ambiguity in the direction of flux in the region where teeth meets the back iron

mm air gap is used between the segments in simulations. All the simulations were performed

in JMAG FEA software.

Direction of
Orientation

Direction of

Direction of
Orientation

Orientation

Direction of
Orientation

Figure A.2: Machine A model with four segments with orientation in direction of teeth

One of the four segments with orientation direction of the steel is shown in Fig.A.3.

The selection of the piecewise isotropic model is motivated from [40] which is discussed
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Direction of Orientation

Figure A.3: One section of the anisotropic steel of the machine with orientation direction

in section 1.3.6.2. One of the four sections of the piecewise isotropic model selected for 12

poles and 72 slots IPMSM is shown in Fig.A.4.

45

2.5 12.5 22,5325 42,5

Figure A.4: One section of piecewise isotropic model selected from [40] with each number
corresponds to the angle away from the rolling direction that uses the magnetic properties
of the oriented steel for that angle

To estimate the accuracy of the selected model for the machine following two models

were compared:

1. Model A
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Anisotropic model already in FEA uses the two parameters, rolling and transverse
direction BH and loss curves. The properties of the directions between rolling and

transverse directions are interpolated in FEA software

2. Model B

The selected piecewise isotropic model in Fig.A.4 that uses the BH curves and loss
curves of oriented steel at different directions with respect to rolling direction used by

the FEA software.

So, models A and B essentially use the same BH and loss curves in different directions
away from the rolling direction. The only difference between the two models is the error in
predicting the direction of flux in the region where teeth meet the back iron in Model B.

The two models were compared at selected operating points of characterization [52]. The

characterization was carried out for the following operating points:

e [;, magnitude of stator current, was swept from 25 A to 200 A in steps of 25 A. (Total

8 values)
e 0, power angle, was swept from 90° to 180° in steps of 10°.(Total 10 values)
e The mechanical speed is constant at wy,, = 1000 RPM

The total number of operating points is 80, 8 different currents and ten different values of
power angle, at a constant mechanical speed of wy, = 1000 RPM. For each operating point,
the absolute error value between the two models was calculated for the parameters, Torque,
Mg (d-axis flux), Ay (g-axis flux), and core losses, at all 80 points.

For all four parameters Torque, \; (d-axis flux), Ay (g-axis flux), and core losses, and

at all 80 points of characterization, the absolute error between the models is within 5%
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Figure A.5: Percentage error for Torque, q axis flux, d axis flux and core losses between
the anisotropic model already in FEA and piecewise isotropic model using the magnetic
characteristics of oriented steel used by FEA for all operating points used for characterization

error as shown in Fig.A.5. Therefore, the selected piecewise isotropic model for modeling
of anisotropic steel model is correct. Moreover, the magnitude of error for the parameters
above between the two models is sometimes positive or negative, which also shows that the
error is random since the flux direction at the region where teeth meet the back iron changes

with the operating conditions.
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Appendix B

Data Filtering to Solve the Equations

Proposed in Section 2.1

In order to eliminate the additional MMF drop and core losses due to parasitic gaps
and extra cut edges, the matrices are redefined with lesser variables while still utilizing the
symmetry of each segment. Fig.B.1 shows the line of symmetry, and all the symmetric back

iron and teeth are colored with the same color to represent identical magnetic properties.

Line of Symmetry

Figure B.1: One segment is shown with the line of symmetry which divides the segment into
two identical halves

The division of the segmented stator into the small sections of back iron is shown in
Fig.B.2. Again, the pairs of D; are aligned identically with respect to the rolling direction
and hence show similar magnetic properties.

The second identical small section is shown in Fig.B.3 which is the combination of teeth
and portion of the back iron. To show the structure of this component, first, the whole

segment is divided into black and white pieces where the black piece is the part of the back
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Line of Symmetry

The portion above the
segment above the dotted
line can be represented
by the symmetrical small
sections that are 5° apart

@@Q D1 @@@@@@®
9

Line of Symmetry

Figure B.2: The division of back iron of one segment based on symmetry

iron, and the white piece includes the teeth and portion of the back iron. Then this white
and black portion is separated to obtain the white portion, as shown in Fig.B.3. Again the

pairs of E; shows identical magnetic properties due to the symmetry.

Line of Symmetry
-~
E4.E3. E2 E1]E1 E2 3 €4
e S

! ]
E3 and the shaded I ‘ E3
| ,

black region that is | This iis the second small
excluded from complete | | | section used for analysis
tooth and back iron

j ‘ I ‘

Figure B.3: Symmetrical component that consists of teeth and portion of back iron that is
finally shown by E3 excluding the black portion of the iron

D; and E; where the values of i vary from 1 to 9 where 1 is the closest position with
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respect to the symmetrical axis as shown in Figs. B.2 and B.3. The stator contains 72 teeth;
therefore, each segment is shifted by an angle 5° with respect to the adjacent segment.
The equations in matrix form for sensor A, B, and C, using the small sections D; and

E;, are given as follows:

Y, 1000000001100000000
Y, 010000000101 0000000
Vi, 0010000000101000000
Y, 000100000001 0100000
YA5:0000100000001010000 K (B.1)
Vg 0000010000000101000
Y, 0000001000000010100
Vg 000000010000000T10T10
Vi 000000001 0000000T111

where J is a column vector given by:
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T
J* =YD, YDy YDy YD, YDr YDy Y7 YDy YDo Y, YEy YE3 YE, YE, YEG YE; YEG YEG Yad]

where Y, is the additional losses or MMF drop due to air gap and cut edges, also, the
measured values of core losses and MMF drop are represented by a different symbol }A/AZ. to
show that the matrix incorporates Y4 which was not included in Yy, . Similarly, for Sensor

B and Sensor C, the two matrices are given as follows:
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Yo, 2222221000000001100
Yo, 222221110000001001°0
Yoy 2222111110000100011
Yo, 2221111120001000101
Y05:2211111220010001001 K (B-3)
Yeg 2111112220100010001
Yo 1111122221000100001
Yoy 0111222221001000001
ey 00122222201 10000001

Let the matrices used in the in the equations B.1, B.2 and B.3 are denoted as A, B and
C respectively. Also, the the column vector on the LHS of the equations B.1, B.2 and B.3
are denoted as YA, YB and YC respectively. Therefore, the equations can be written in the

combined form as:
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Yy A

o =157 (B.4)
Yo c
Further the combined matrix in (B.4) is written as:
A
L=\, (B.5)
C

Since the matrix L is a full ranked matrix, the above set of equations can be solved by

minimizing the following objective function using the NSGA algorithm shown in [53]:

Objective Function = ||L - J — b||

where b are the values MMF drop or core losses obtained by the experiments at all 28

positions, and where constraints are:

D;>0FE; >0

The solution provides all the values of YEz’ and YDz" Thereafter, using the values of YEz’
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and YDi the values of YAz" YBi and Yci are calculated, and used in the equations 2.10, 2.11
and 2.12. Finally, solving the equations 2.10, 2.11 and 2.12 to calculate all the values of YXz’
and YTj- The flow of the process of data collection followed by data filtering, and finally

data processing to calculate the core loss and MMF drop of X; and 7; is shown in Fig.B.4.

Filter out the MMF
drop/Core losses due

to parasitic gap and
cut edges

DATA COLLECTION DATA FILTERING DATA PROCESSING

Figure B.4: The process of the data collection, data filtering and data processing
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09 ]
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17}
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04+ % i
1 2 K 4 5 6 7 8 9

Position Number

Figure B.5: Collected data and filtered data at different positions at Blimb = 1.57" and
supply frequency of 50 Hz for sensor A

The analytical calculations were performed to obtain the values of E; and D; to filter
out the additional MMF drop and losses. Finally, the individual values of E; and D; were
used to obtain the values to YAz” YBz‘ and YCz" As expected there is a definite difference

in the values of three set of pairs YAi_YAz" }A/BZ.—YBZ. and f/oi— YCz" Fig. B.5 shows the
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difference between the core losses obtained from experiments before and after filtering at all
nine positions for sensor A at 1.5 T and 50 Hz. The difference in the values for positions 1
to 8 is due to the error in the measurements among the three sensors and also due to slight
changes in the symmetry. However, the difference is slightly on the higher side for position

nine as it includes the additional loss component.
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Appendix C

Steps to Calculate the MMF drop and
Core Loss of Small Sections X,, T; and

TZ- Using the Developed Method

Core losses and MMF drop were measured for all three sensors at all unique positions
in the sensor-stator arrangement as discussed in section 2.1. The data is collected at three
different supply frequencies, which are 50Hz, 100 Hz, and 150 Hz. The values of flux densities
at different levels of flux density, in the sensor limb, Blimba is shown in Table 2.3. These
values are limited due to the supply current and voltage limitations of the experimental
setup.

At the same levels of flux densities and frequencies, measurements were made using the
sensor characterization setup. The core losses and MMF drop from the sensor character-
ization set up is subtracted from the core losses, and MMF drop from the sensor-stator
arrangement data to obtain the values of }A/qu’ )A/BZ. and YC}:’ and the data is filtered. There-
after, the obtained values of of YAi’ YBz‘ and YCz’ are used to perform calculations using the
equations in section 2.1, and the values of MMF drop and core losses are obtained for X; and
T; at the selected operating points shown in Table 2.3. The summary of the data collection

and calculation process is shown in Fig.C.1.
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Use the matrix
calculations to
calculate losses

and MMF drop
of all small
sections

Figure C.1: Calculation of MMF drop and core losses for X; and T; at the selected operating
points

The core losses and MMF drop data are obtained for individual values of X; and T; at
different values of the peak of flux densities in the sensor limb (Blimb)- The data is adjusted

from Blimb vs. core loss/MMF drop to:
1. BXz‘ vs core loss/MMF drop of X;.

2. BTi vs core loss/MMF drop of Tj.

where B X; and BTz’ are the values of peak flux density in X; and 7T} respectively. For small
section X, the area of flux flow is uniform. Therefore, the relation between the flux densities
is straightforward, considering the same amount of flux that goes from the limb of the sensor

and small section X;. The relationship is given as follows:

® = Bx, - Ax; = Biimp - Alimb (C.1)

where Ay, and Ay, are the areas of the cross-section of X; and limb, respectively. Since

both areas are equal, the relationship between B X; and Elimb is:
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Bx, = Biimp (C.2)

m level -

n level y

=
:.X
o
Il

¢ Flux flow

Figure C.2: Division of teeth in small areas to calculate the average flux in the teeth

For small section Tj, the area is not uniform, and hence flux densities are calculated at
different areas along the flux flow direction, and the average of them is finally used as BTZ”
Fig. C.2 shows the different levels at which flux density is calculated from the value of flux

using the following equation:

® = Bur, - An = Biimb - Atimb (C.3)

where n is the number of levels, B”Ti is the peak of the flux density in T} at nth level and A,
is the area of the cross-section of T} at n'" level. The higher the number of levels, the better
the estimation. In this work total of 40 levels were considered, which are equally placed from
the bottom of T;. The estimated value of BTZ. is given as:

A 2;410:1 BATLT¢

B, = ==t (C.4)
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Rearranging equations C.3 and C.4 the following relation is obtained:

Bp = ————"— " Blimp (C.5)

After performing the calculations using the geometry of the experimental set up the above

relation reduces to:

Br, = 1.4 By, (C.6)
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Appendix D

Details of the Experimental Results

In this section, first, the characterization results for all three sensors are presented. The
applicability of the proposed method is dependent on the symmetry of the oriented steel
segment. Hence, the validation of the symmetry of the oriented steel is presented. The
experiments were performed, and data were processed following the procedure discussed in
section 2.1.2. Finally, the data is used to obtain the core losses and MMF drop of T; and

X;.

Characterization Results

The characterization of the sensors was performed using the characterization setup dis-
cussed in section 2.2.2. The operating used for testing were as given in Table.2.3. As
expected, the core losses and MMF drop-in sensor C is the highest, followed by sensor B,
and finally sensor A; this is due to the relative difference in the size of the three sensors.
The characterization results obtained for all three sensors at the selected operating points

are shown in Fig.D.1.
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Figure D.1: Characterization Results for sensor A, B and C at the selected operating points.

Proof of Symmetry

The symmetry is proven by calculating the losses using the sensor at two identical posi-

tions within a segment and identical positiopsgn the adjacent two segments. The identical



Position A9 Position A9’

Position A9”

Figure D.2: Identical position within and between the segments.

position within the segment is denoted by sensor name followed by the position number
followed by the symbol ’, and the identical position in the adjacent segment is denoted by
sensor name followed by the position number followed by the symbol 7. For example for
sensor A the identical position nine within the segment is denoted by Ag, and position in
the other segment is denoted by A;. Moreover, the measured values of core losses for the
positions A; and A; are denoted by Y;lg and Y/”lg respectively. The symmetrical positions
within and the adjacent segment are shown in Fig.D.2.

It was validated that the segments are identified as the values of the measured core losses
at identical positions both within and adjacent segments match the experimental error. The
comparison of losses measured by sensor A at different identical positions within and adjacent

segments is shown in Fig.D.3 at 1.5 T in the sensor limb at a supply frequency of 50 Hz.
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Figure D.3: Comparison of the core losses at Blimb = 1.5T and supply frequency of 50 Hz
obtained at different positions within the segment and the adjacent segment using Sensor A.

Calculated Values of Core Loss and MMF Drop of X,

and 7;

The filtered data is used in equations 2.10, 2.11 and 2.12 to calculate the values of core

losses and MMF drop of X; and T;. The following was observed from the processed data:

1. There is a decrease in core losses from X7 to X3, while an increase in core losses from

X3 to Xg, and again a decrease in core losses from Xg to X0 for all values of supply

frequencies: 50Hz, 100Hz, and 150Hz.
2. Similar variation was observed for the MMF drop in X;.

3. Moreover, there is almost no change in The core losses from 77 to T5. However, there

is an increase in core loss from T3 to Ty.
4. Similar variation was observed for the MMF drop in 7;.

The obtained values of core losses at 50 Hz for X; and 7j is shown in Figs.D.4 and D.5

respectively.
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