Chapter 4

Analysis of Modular Permanent

Magnet Machine

4.1 Introduction

The maturity of magnets and power electronics have broadened the PM machines applica-
tions. Nowadays, PM machines are being considered for large area of power applications
such as aircraft fuel pump, marine propulsion, electric vehicle and wind power generation.
The design of high power machine adopts the concept of modular machine. Apart from
the ease of manufacturing and assembling, modular machine enhances the magnetic iso-
lation and hence, fault tolerant capacity is improved. Though this technology is widely
popular in safety critical application, the early modular PM machine was designed for PM
power generation. Spooner et al. developed and comprehensively studied a low speed (36
rev/min) 400 kw PM wind generator [27], [171]- [173] using modular stator and modular
rotor. The E-cored stator was used for the ease of assembly, while the modular rotor was
comprised of buried ferrite magnets and steel pole pieces. This arrangement directs and
concentrates the magnet flux and therefore significant improvement in airgap flux density
compared to surface mounted PM machine is achieved [27].

Owing to the simplified winding and assembling process, the E-Cored modular PM
machine has been investigated for large machine. Moreover, the additional feature of low
mutual inductance due to the magnetic flux gap between the stator cores enhances the
fault tolerant capacity of the machine. Hence, modular PM machine has been widely

accepted for the safety critical applications such as aircraft fuel pump motor and elec-
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tric actuators [49]- [54]. The authors in [174] have comprehensively discussed variants
of modular machines for domestic applications, electric vehicles, wind power generators
and motors for electric aircraft. Various types of modular PM machine including the seg-
mented teeth (T-shaped segmented stator core) [175]- [177], C-cored stator [178], [179],
and E-cored [180]- [190] have been explored to get the benefits of ease of manufacturing,

winding and repairing.

While designing segmented stator cored machine (modular machine), an additional
air gap between two consecutive core segments is provided for manufacturing ease. This
additional airgap significantly influences airgap magnetic field and hence, the machine
performance. The influence of the additional airgap between two segments on the airgap
magnetic field density, and cogging torque has been investigated in T-shaped stator core
PM machine [176]. The paper demonstrated that the additional airgap reduces radial
flux density and increases tangential flux density, and hence effectively cogging torque
increases. In other research [175], a T-shaped modular machine is investigated the in-
fluence of additional airgap on the flux leakage in tooth tips. The authors established
an expression for the flux leakage in the tooth tips in terms of additional airgap, sta-
tor yoke height, tooth tips height and slot opening angle. However, the stator segment
arrangement during assembling process results in non uniform additional airgap or even
misalignment of the consecutive segments. The adverse effects of these manufacturing

defects on the machine performance has also been addressed [177].

Recently the fault tolerant feature of alternate teeth winding (single layer fractional
slot winding) stimulated the research of PM machine with E-cored stator [180]- [190].
Apparently, the airgap between two stator core segments would reduce the air radial
flux density and hence, the machine power density also. In view of that, to achieve
high winding factor, and high power density, the PM modular machine with slot pole
combinations, which is related as () = 2p £ 2d, where d is an integer have been explored
in paper [180]. The lowering of the flux linkage, the back EMF, and average torque is
reported for machine with slot number higher than the pole number. On the other hand,
an improvement in these quantities was observed for the machine slot number lower than
the pole number. However, in both sets of slot and pole combinations, the airgap flux
density has been reduced. The magnetic flux gap in the machine behaves differently in

above two distinct slot pole combinations. In former case, the performance degradation
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was noticed due the flux defocusing effect along with the lower winding factor, on the
other hand, in the second case, the improved performance was achieved due to the flux
focusing effect. Other important advantage of E-cored machine is reduction of mutual
inductance, and hence improved fault tolerant capacity of the machine. Further, the
E-core modular machine have been studied to enhance the power density. The study
included the variation in stator core shapes such as machine with and without tooth tips,
and equal and unequal tooth width [187], [184]. Furthermore, the magnetic flux gap in
modular PM machine enhances cogging torque, and research has been done to mitigate
the cogging torque in the machine using slot opening shift [185]. All these studies are
based on the FEM analysis which is time consuming and not preferable for designer for
the initial investigation. In order to fill the gap, an analytical model has been developed
using relative permeance function [183]. The relative permeance function incorporated
the slotting effect due to slot and flux gap, however, it does not account for the interaction
between slots, and slot & flux gap.

For providing more accurate analysis, in this chapter, the analytical modeling based
on the subdomain method for E-cored modular permanent magnet machines has been
developed. The development of analytical model covers both types of modular machines:
(1) PM modular machine with open slot, and (2) PM modular machine with semi-closed
slots. Firstly, no load magnetic field distribution is obtained using subdomain method of
analysis. The developed model is used for further investigation on the cogging torque,
flux linkage and phase voltage. The investigation suggests the modification in the E-cored

segment dimension and shape to achieve high power density and lower cogging torque.

4.2 Analysis of Open Slot Permanent Magnet Mod-

ular Machine

4.2.1 Analytical Analysis of No Load Magnetic Field Prediction

In order to obtain the analytical solution of the open slot PM modular machine shown in

the Figure-4.1, following assumptions are made:

1. The stator and rotor core are assumed to be infinitely permeable.
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Figure 4.1: 12 slots 8 poles Modular PM Machines with Open Slots

2. The magnet demagnetization curve is assumed to be linear.

For a modular PM machine with Q slot number, the number of stator core N, is Q/2.
Considering the coordinate frame at center of the one stator as depicted in the Figure-4.1.
The machine slots are categorized into two types: (1) forward slots i, and (2) backward
slots j**. The initial position of the forward slots i, and the backward slots j**, and k*"

magnetic flux gap position are given as

0; = § 4+ 0
aj=—2— (.7‘7612)47r (4.1)

— 06_90 (]{‘71)47T
Bk’ D) + Q

where, ¢ and j represent forward and backward slot number, 6, is flux gap angle, and 6, is

ar

Q
divide into (2 + 3Q/2) subdomains. The governing equation in terms of vector potential

stator segment section angle and defined as 6. = 5. The whole region of interest can be

for magnet region is given as

82A1+8A1 1 9?A1 p,OM, v r € [Ry, Ry

1 _ o 42
o " ror v or R 0  [0.21] (4.2)

where M is magnetization distribution pattern as shown in the Figure-4.2. To consider the

stator slots and magnetic flux gap between two consecutive stator core, the magnetization
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Figure 4.2: Magnetization Distribution

distribution is expanded over 27 period with the help of Fourier Series. The Fourier Series

expansion is expressed as

M= > M,sin(n(0-0)) (4.3)
n=1,2,3,...
where,
%sin<m> if n=ip, j=1,3,5....
]\[n: HonT Opp JP, ] (44)
0 otherwise

For airgap region, the governing equation is

2 2 € |Rs, R:
8 AQ i 8A2 ia Ag . v r [ 2 3] (45)
or? ror — r?2 002 0 € [0,2n]

In the slot region ", j'* the equations are (4.6) and (4.7), respectively

2A;, 0A; 1 9%A; r€|Rs R
OA L OA L IO v s, Rl (4.6)
or ror  r? 00 0 € [6;,0; + A

and,
2A; OA,;, 1 9%A. € [R3 R
a;+aj —28 S =0 v 7€ e Il (4.7)
or ror  r? 00 0 € [, — ]

and, finally the partial differential equation for the flux gap region is given by

0*A, N OA, N 1 0%2A,
Or? ror  r?2 062

0 VO € [Br, B, + 0] (4.8)

To solve the partial differential equations (4.2-4.8), variable separable method in polar

coordinate is used.
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It is essential to express the boundary conditions to get the complete solution of the
partial differential equations (4.2), (4.5), (4.6), (4.7) and (4.8). At the inner radius of the
rotor core, all the flux are falling normally because of very high permeability of the rotor

core, which can be mathematically expressed as

0A;
or

=0 (4.9)

r=R;

and the continuity of the radial component of magnetic field density at r = Ry is
A= Az\r:RQ (4.10)

Considering the above two boundary conditions, the general solution of the equation 4.2

is given by

Ay(r,0) = ( LRO) + F, (1) cos (n5)> cos nd

Uin X, (Ra, R

o ”:1’2’;;“'(‘ ) (4.11)
+ n:§3 cln% + F, (r)sin (né)) sin nf
where,
Xn(r,R m
F,(r) = _Xn(gb,z:lci) (%(%) fo (R1) + fn (Rz)> (4.12)
+ (2 ()" (Ba) + fu (1)
and
A cos (% (1- a,,)) if n = jpwithj=1,3,..
fa(r) = 2BrpInrcos (3 (1 — ap)) ifn=p=1 (4.13)
0 otherwise

where, n is number of harmonics, it is worth to mention that the magnetic vector potential
given by equation (4.11) contains extra harmonics which in not integral multiple of pole

pair number due to the presence of the stator slots. Moreover, X,,, and Y,, are defined as

below
Xn T’,R = Ln+ )
Yo (r,R) = (%) - (%)
and, the airgap magnetic vector potential can be written as
RS Ry Xn(r.R3) Ry Xn(rR) ) oo
As(r,0) = _122:3 <a2n72yn(R2,1§3) + bQ”T?’n(Rg,PZ)) cosnb
[ (4.15)

3
~

[0 9]
R_ X71,(7"1R3) & Xn("’vRZ) :
+ > e may T dn vy ) S0
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The boundary condition imposed at lateral edge of the i** slot is zero radial flux density

and hence,

0A; B
5 o = 0 (4.16)
6=6:+8

Above boundary condition ensures the periodic property of the vector potential in periph-
eral direction. Moreover, other boundary condition imposed is zero tangential boundary

condition at r = Ry gives,
0A,;
or

=0 (4.17)
r=Ry4

In view of the above boundary conditions given by the equations (4.16) and (4.17), the

vector potential in i region is

; = . BR3 Xpnas(r, Ry) ma
Ai r, 0) = at + ajn coS 0 — 92 4.18
( ) " m1=1z,2,3.... lmlﬂ- leﬂ'/5<R37R4) 6 ( ) ( )

Similarly, the boundary conditions imposed on the A; are

O0A,
30 | e =0 (4.19)
O0=a;—p3
and,
A
0A, =0 (4.20)
or r—Ra

Subjected to aforementioned boundary conditions, the vector potential in j** region is

J 6R3 X””z#/ﬁ(h R3> oS sx

A;(r,0) = a} + @m ‘
]( ) 0 Z 2 moT Y'Vrngﬂ/ﬁ(r’ Rg) ﬁ

ma=1,2,3....

(6 — ) (4.21)

Moreover, in order to find the solution of the equation (4.8), following boundary conditions

are used
0A,
— = 4.22
00 |6=5, 0 ( )
and
0A,
Yk — 4.23
| 0 (4.23)

Above boundary conditions are cited due to infinite permeability of stator core. Subse-

quently, the vector potential in the k% region is

= 6 RS (Xm /6 (7”, RS) - Ym /6 (7", R3)) mam
6 — k k o 3 o 3 o ;
Ak(r7 ) aO + Z am,g m37T Ym37r/90(R37 R4) COS 00

ms=1,2,3....

(0 — Br)
(4.24)
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More boundary conditions are required for the coefficients determination. Actually, these
boundary conditions generate linear simultaneous equations and solution of these equa-
tions gives the coefficients value.

In order to develop the sets of linear simultaneous equation, the boundary condition

given in equation (4.10) is used.

27
1
a1y = — /AQ (R2,0) cos (nd) do (4.25)
7r
0
and,
1 27
Cin = — /A2 (Ro,0) sin (nf) db (4.26)
T
0

Further relation between the coefficients involved in equations (4.11), and (4.15) arc es-

tablished using the continuity of the tangential component of flux density at r = R,

1 0A;|  0A,

il 4.27
Wy Or or | _g, (4.27)
The above equation suggests that the Fourier expansion of - W is over a period of
27, and equating it with the W results in following equations
T oA (r,0
1
Aon = —/ OA1 (r,6) cos (nd) do (4.28)
T pror |, Ro
0
and,
1 [ O0A;(r,0)
= —/ 1 sin (n#@) d6 (4.29)
T prOr | _ Ry
0

Now, at the inner surface of the stator bore, the tangential flux density continuity gives

(

& 00,0+ 7
DA, _ aﬁf 0 € oy, a; — [ (4.30)
or |,_g, 9Ar g e (By,Bk + 6] '
0 elsewhere

\

The simplified form of above equation is

0A;

2l =g(0) (4.31)

r=R3
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where ¢ () is given by
% 0 € [0:,0; + B

04, 0 € [y, a; — B

gO)=3 7
% 0 € [Br,Br + 0,
0 elsewhere

\
The above boundary conditions are used to fetch linear equation involving coefficients

used in region 2, region i, region j, and region k. The relation is

27
1
by, = — /g (0) cos (nd) db (4.32)
T
0
and,
1 27
dyy = — /g (0) sin (nd) db (4.33)
m

0

Other boundary conditions that is radial flux density continuity at r = R3 are

Aj (Rg, 9) = A2 (Rg, 9) Vo € [O[Z‘, oy — B] (435)
Ak (Rg, 9) - A2 (Rg, 9) VG € [ﬂk;, 5]4 + 90] (436)

)
ml»

To determine the coefficients a}, and @’ |, the vector potential A, (R3,6) is expanded over

the i as expressed in boundary condition give by equation (4.103). Similarly, a%, afw,

af, and af 5 are determined with the help of Fourier expansion of Ay (R3,6) over 5™ and

k' regions. Subsequently, all corresponding equations are listed below

1 0;+8
ag:B / As (Rs, 0)do (4.37)
0;
1 0;+5
; maqm
= A (Rs, 0) cos 0—0,))do 1.38
o= g [ Aalrtyeos (50 -0) (139
0;
1 a;—p
aé:B / A, (Rs,6)df (4.39)
. a;—f
. moT
al ., = Ay (R3,0)cos | — (0 — ;) | dO 4.40
m265m2/2<3>(6< ) (4.40)
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and finally,
Bk:‘f'eo

1
K As (R3,0)cos

m3 —
90 Sm?)

a

VRS
w
° Y
5
|
s
Ea
SN—
~__
QL
S

Bk
where S,,1, S;2 and 5,3 are

Sml <
Tma Ym%” (R3, R4)
Ry3 X gz (Fs, Fa)
SmZ =

(4.41)

(4.42)

(4.43)

(4.44)

(4.45)

Further elaboration on the simultaneous equations development is briefed in Appendix D.

No Load Magnetic Field Calculation

The information of airgap magnetic field density components are essential for the

machine’s performance evaluation. The radial and tangential components of magnetic

flux density in all subdomain are summarized as below

in the region 1

By (r,0)=— > %(am% + F, (1) sin (n(S)) sinnf
n=1,2,3.... ’
[ee]
+ > %(cm% + F, () cos (n5)> cos nf
n=123.. ’
and,
Biy(r,f) = — 3 n _Yn(r,R) ' ~
10(r,0) = > et mmy + Fa (1) sin(nd) ) cosnd
n=1,23.... ’

— 5 (2B () cos (nd)) sinn

Cin~.
Xn(R2,R
n=123.... ™ Xn(R2,R1)

in the region 2

o0
_ _ Ry Xn(r,R3) Ry Xn(rRa) \
B2T(r7 0) - Z <a2n r Y, (Rz,R3) _'_ b2n T Y,,,(R3,R2) SII TLO
n=1,2,3....
o0
Ry Xn(r,R3) Rs Xn(r,R2)
+ Z (02” r Yo (R2,R3) + d2n 7 Yn(R3,R2) cos nt
n=1,2,3....
and,
[ee]
Boy(r,0) = — S (ag, B2 nlefs) g B Yn(nfa) 3 o0 pp
20\7 i 207y Y, (Ra,R3) | 2" r Y,(Rs,Ry)

o0
_ Ry Ya(r,Rs) Ry Yu(r,R2) :
Z (02” r Y, (Rz2,R3) + dan r Yn(Rs,R2) sinnf
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in the region i

. ) R3 Xmlﬂ'/[?)(ry R4) .oy
B,i(r,0) = — o 0—0; 4.50
(T ) m1=1z,2,3 ..a b leﬂ/ﬁ(Ri’HR‘l) . B ( ) ( )
- . R3 Y. x/8(r, Ry) mym
Boi(r, 0) = — B 0 — 0, 4.51
() mlgz} .aml 7 Yinin/a(Rs, Ra) o B ( ) (451)
in the region j
= ; R3 Xm ﬂ/ﬁ(ra R4) . MaT
B,;(r,0) = — v 0 — a 4.52
j(T ) m2¥3 .a’”2 r szﬂ/ﬁ(R& R4) o 6 ( “ ) ( )
- i R3 Ym W/ﬁ(r7 R4) moT
By;(r,0) = — e 0— 4.53
? (r’ ) mQ;&... am2 r YmQﬂ'/B(R?n R4) o 6 ( “ ) ( )
and, in the region k
S Ry (Xm /0 (’I“, R3) = /0 (’f‘, R3)) . Mmam
By, (r,0) = — arlfn _ = ik Sin 6 — 4.54
‘ ( ) my,%&.“ cor Ymsﬂ/eo(R3aR4) (90 ( 6k) ( )
and,
C c Ym ™ ’ R - Xm T s R .
Burd)=— 3 b, Lol Qnmioor Re) = Xongmjo (0 R) sy g

mgsm Ymgfr/Oo (R?n R4) 00

m3=1,2,3....

(4.55)

4.2.2 Cogging Torque, Flux Linkage, and Phase Voltage Calcu-

lation

The cogging torque in the machine is evaluated using Maxwell stress tensor. The mathe-

matical expression for cogging torque is given as [69]

L

2
2
T = f2 / By, (R, 0)Bag (Ry, 0) df (4.56)
¢ 0

For the phase flux linkage calculation, the coil is approximated as a current sheet at
the slot opening. The flux linkage is predicted by the integral of the radial flux density
distribution along the stator bore [121]:

K,Ks,

n

 =2LRsN > (Bays (R3.0) Kag + Baye (Rs.0) Kuu) (4.57)
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Table 4.1: Dimensional Details of Modular PM Machine with Open Slot

Machine’s Parameters Values
No of pole Pairs (P) 4
No of Slots (Q) 12
Magnet Inner Radius R; 25 mm
Magnet Outer Radius R, 29 mm
Stator Bore Radius Rj3 30 mm
Slot Outer Radius R4 40 mm
Stator Outer Radius Rs 50 mm
Slot Anglef %
Teeth Anglef %
Magnet Pitch 6, /P

By, iy 1.1T,1.05
Magnetic Airgap Flux Angle 6, |  pi/90
Length of the Machine L 10 mm

Figure 4.3: Discretized Model of Modular PM Machines with Open Slots

where, [ represents phase: A, B, & C and N is the number of turns per phase, By, (R3 0)
and Bo,. (R3 0) are the sine and cosine harmonics of the radial flux density at stator bore,

K, is the pitch factor, K, is the slot opening factor, K4y and Ky are the distribution
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factors of phase [ for the sine and cosine flux density harmonics, respectively. These

factors are given by

RQ 2 Xn(Rg,RQ)
By (R3,0) = —aop———— + boyy————=
21, 0) (‘“ Ry Vo (Ro ) 2 VoRa, o)
RZ 2 Xn(Rg,RQ)
By, (R 76) = s s T don
’ ( ’ ) (C2 R3 Yn(R27R3) T Yn(R37R2)
K, = sin n6e
K, = Sn0%k)
n00/2

N
1 c
Kag = FC ; Cds sin (necs)

N,
1 c
chl - FC ; Cds COs (necs)

(4.58)

(4.59)

(4.60)

(4.61)

(4.62)

(4.63)

where, N, is number of coils per phase, 6. is the coil pitch i.e., coil span, 0., is the position

of the s coil of the phase [, Cy, determines the direction of winding : 1 or -1 for positive

or negative direction of the s'* coil of the phase I.

Radial Flux Density in Airgap

Equation (4.57) is used for the phase voltage calculation and give as

0.6

(4.64)

= FEM
o Analytical Analysis

Tangential Flux Density in Airgap

— FEM

i

|

0 90 180 270 360
Angular Position in Mech. Degree

180
Angular Position in Mech. Degree

270 360

(a) Radial Component (b) Tangential Component

Figure 4.4: Airgap Flux Density of Modular PM Machine with Open Slot

61



- FEM
© Analytical Analysis|s

Cogging Torque (Nm)

0 5 10 15
Angular Position in Mech. Degree

Figure 4.5: Cogging Torque in Modular PM Machine with Open Slot
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- FEM
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o Analytical Analysis & Analvical Resilt
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5 0 @
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(a) Flux Linkage (b) Phase Voltage

Figure 4.6: Flux Linkage and Phase Voltage in Modular PM Machine with Open Slot

4.2.3 Finite Element Analysis and Result Verification

For the verification of the proposed analytical modeling of the modular machine with
open slots, a 12 slots, 8 poles PM machine is simulated in ANSYS MAXWELL 18.0. The
machine dimensional details are provided in the Table 4.1. For the simulation model,
two dimensional analysis is used and the developed model is enclosed in the region. The
boolean boundary condition is imposed on the region. The developed FEM model with

dicretization is shown in the Figure-4.3. Several parameters such as airgap flux density,
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= FEM

... © Analytical Analysis
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i

= FEM
" o Analytical Analysis

I .

Tangential Flux Density in Airgap

Radial Flux Density in airgap
T Q ¢

-1 o | i i —0.sli 5 . .
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(a) Radial Component (b) Tangential Component

Figure 4.7: Airgap Flux Density of Modified Modular PM Machine with Open Slots
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= FEM Result
© Analytical Result

0.5}

Cogging Torque in Nm

0 5 10 5
Angular Position in Mech. Degree

Figure 4.8: Cogging Torque in Modified Modular PM Machine with Open Slots

cogging torque, winding flux linkage and phase voltage are calculated using the proposed
analytical model. For the flux linkage and phase voltage calculation number of phase coils
is taken 50 and machine is rotated at 750 rpm. The obtained analytical results are verified
with FEM. The results shown in the Figure-4.4 depitcs the analytical and FEM results
comparison for radial and tangential flux density. The close resemblence of the obtained
results guarantee the correctness of the analysis. The further comparison is carried out for
cogging torque, flux linkage and phase voltage as shown in the Figure-4.5 and Figure-4.6.

Since, the modular PM machine under investigation is alternative teeth winding machine,
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Figure 4.9: Flux Linkage and Phase Voltage of Modified Modular PM Machine with Open

Slots

the machine performance can be enhanced using the unequal teeth width design. In view
of this, the modified PM modular machine is further investigated for airgap magnetic
flux density, cogging torque, flux linkage and phase voltage. The respective comparison

is shown in the Figures-4.7, 4.8 and 4.9.

4.3 Analysis of Semi-closed Slot Permanent Magnet
Modified Modular Machine

4.3.1 Analytical Analysis of No Load Magnetic Field Prediction

In this section PM modular machine with semicolsed slots is investigated. The machine
topology is shown in the Figure-4.10. For the development of analytical model following

assumption are made:

e The machine axial length is assumed to be infinitely long, and hence, the end effect

of the machine is ignored.

e The stator and rotor iron cores of the machine are assumed to be infinitely perme-

able.
e The permanent magnets are having linear demagnetization characteristic.
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Figure 4.10: 12 slots 8 poles Modular PM Machines with Semiclosed Slots

The single layer fractional slot machine with Q slots is divided into Q/2 stator segments.

Depending on the location, the slots are divided into two category viz., forward slot i*",

and backward slot j**. Considering a polar coordinate, the initial angular position slot,

slot opening and magnetic flux gap position are defined as

Initial position of i** slot

a  dar
(2 2 Q
Initial position of j slot
a dim
=22
2 Q
Initial position of i*" slot opening
_o . dim
V=g + 0
Initial position of j** slot opening
s 0 dim
2 Q

and, the initial position of i** magnetic flux gap

0.—06, 4dir

> 0

gi:_

(4.65)

(4.66)

(4.67)

(4.68)

(4.69)

where «, £, 7, ¢, 0,, and 6. are teeth angle, slot angle, teeth tips angle, slot opening angle,

magnetic flux gap angle, and stator segment arc angle, respectively. In view of this, whole
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machine is divided into (2 4+ 4@Q) subdomain, and using magnetic vector potential, the
governing equations in all regions are given as below

Region 1: Magnet Region

82A1+8A1 19?°A; . 0M, v r € [Ry, Ry

- _ Mo 470
oz " rar |2 o0 r a0 0  [0,21] (4.70)

where M is magnetization distribution pattern as shown in the Figure-4.11. To take into

r

Figure 4.11: Magnetization Distribution

account the stator slots and magnetic flux gap between two consecutive stator core, the
magnetization distribution is expanded over 27 period with the help of Fourier Series.

The Fourier Series expansion is expressed as

M= Y M,sin(n(0—¢) (4.71)
n=12,3,...
where,
pBr gin <m> if n=jp, j=1,3,5....
M, ={ Hm op P (4.72)
0 otherwise
Region 2: Airgap Region
0?A,  OA 1 0’A r € [Ra, R:
22+ 2 =0 v o, 15 (4.73)
or? ror 1?2 062 0 € [0, 27]
Region 3i: i Slot-Opening Region
82Ai 8Az 182AZ (S R,R
i, OAs | O Ak v B, R (4.74)
or? ror — r?2 002 0 € [ou, i + O]
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Region 3j: j'* Slot-Opening Region

2. A A, € s, R
0 A23J + OAs; lga A23J = 0 v e f (475)
By or 12 00 0 € (8 — B, B

Region 4i: i'" Slot Region

2A , 2A,. € |Ry, R
0 A4z + aA4z ia A4z — 0 v r [ 4 5] (476)
or? ror — r? 062 0 € [y, 7 + 0]

Region 4j: j* Slot Region

2Ay; Ay 1 0*Ay; € [Ry, R
0 f+84ﬂw;9f — 0 v 7€ e Il (4.77)
or ror 1?2 06 0 €[5 — 6,0

and, finally
Region 5i: Flux Gap Region

82A5¢ n 8A5Z i 1 02A5,~
or? ror r2 062

=0 Yo € [6:,6; + 0] (4.78)

Solution of the partial differential equations (4.70), (4.73)-(4.78) are obtained using vari-
able separable method. The boundary conditions and the vector potential are briefed in
foregoing section

Region 1: Vector Potential A;, in Magnet Region

Due to infinite permeability of the rotor core, the tangential flux density at r = R; is
zero. This condition is expressed in terms of magnetic vector potential as

0A;
or

—0 (4.79)

r=R;

and the continuity of the radial component of magnetic field density at r = R is written

as

A=Ay _p, (4.80)

In view of this, the solution of partial differential equation (4.70) is given by [116],

A(r,0)= > (aln% + F, (r) cos (n¢)) cos nb

o (4.81)
+ > Cln% + F, (r)sin (n(b)) sin nf
n=1,23....
where,
H%@) &+n )
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and

A cos (g—” (1— ap)) ifn=jpwithj=1,3,..
fa(r) =19 2orInreos (2 (1 - qp)) ifn=p=1 (4.83)
0 otherwise
Region 2: Vector Potential A,, in Airgap
Considering the boundary condition given in the equation (4.80), the vector potential for

the region 2 is given by,

[e.e]
As(r,0) = 22: (a% & % + by, T2 %) cosnf

B KonlrsF) o) (4.84)
+ 712233 <czn AN ) P;) + do, B —’(‘R;PZ)) sinnd

Region 3i: Vector Potential A3 in Slot-Opening Region Corresponding to i

Slot

The infinite permeability of the stator guarantees zero radial flux density at both lateral

edges of slot opening which is mathematically expressed as

0Asi
a0

=0 (4.85)
0=";
O0=~;+06

above boundary condition assures that the vector potential in region 3i is periodic function
of period 27 /¢ in peripheral direction. Applying variable separable method the governing
field equation (4.74) gives the vector potential

; - ; Ym s é(ra R4) ; Ym ﬁ/é(ra R3) mym
Asi(r,0) = ds, + (a’m 17/ — b ! oS 0 — ;
i(rO) =dsot D NGy Ry Ry k) s O

(4.86)
Region 3j: Vector Potential A3; in Slot-Opening Region Corresponding to ;%
Slot
The infinite permeability of the stator enforces zero radial flux density at both lateral

edges of j'" slot opening which is mathematically expressed as

8A3j
o0

=0 (4.87)

above boundary condition assures the periodicity of 27/§ in tangential direction for the
vector potential in region 3i. The solution of partial differential equation (4.75) using

variable separable method is

i = i Ym T 6(7‘7 R4) i Ym W/é(r R3) maTr
Asi(r,0) =al, + (a - 21/ — b : cos 0 — 9,
3]( ) 30 m2=1272,3.... 3 2Ym27r/5(R37 R4) 3 2Y’m27’r/5(R37 R4) ( )
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Region 4i: Vector Potential A, in i'" Slot
The infinite permeability of the stator guarantees zero radial flux density at both lat-
eral edges of slot and zero tangential flux at »r = R5;. These boundary conditions are

mathematically expressed as
0A 4

00 0=y
O=a;+p8

—0 (4.89)

above boundary condition assures that the vector potential in region 4i is periodic function

of period 27/ in peripheral direction. Whereas the other boundary condition is

OA
or

=0 (4.90)
r=Rg

Applying variable separable method for the solution of partial differential equation (4.76),

the vector potential is

i - i RyB X’mgﬂ'/,@(r7 R5) msm
Ayi(r,0) = alyy + Z Qs - meaﬂ/,@(Rzl, Rs) cos 3

m3=1,2,3....

(6 — o) (4.91)

Region 4j: Vector Potential A4; in j Slot
The infinite permeability of the stator guarantees zero radial flux density at both lat-
eral edges of slot and zero tangential flux at r = R5. These boundary conditions are

mathematically expressed as
8A4j
00

=0 4.92
Vs (4.92)
0=B:—p
above boundary condition assures that the vector potential in region 4i is periodic function

of period 27/ in peripheral direction. Whereas the other boundary condition is

DAy,
or

—0 (4.93)

r=Rs
Applying variable separable method for the solution of partial differential equation (4.77),

the vector potential is

R, me/ﬁ(ﬁ Rs) mym
)cos 3

Ay(r0)=dy+ > al,, 0 —5) (4.94)

ma=1,2,3.... MaT Yz (R, Rs
and, Region 5: Vector Potential A;; in the magnetic Flux Gap
The infinite permeability of the stator guarantees zero radial flux density at both lateral

edges of magnetic flux gap, which is mathematically expressed as

00 | o=0;

—0 (4.95)



above boundary condition assures that the vector potential in region 5i is periodic function
of period 27/0, in peripheral direction . Applying variable separable method for the

solution of partial differential equation (4.78), the vector potential is

i = ; Xm ks T, R3) — Ym /0, \Ts R 5
As(r0) =ds+ Y o Ko 9"; j’j TRy (r. 7)) cos 2T (0~ 6,) (4.96)
msm /0o o)) o

ms=1,2,3....

The coefficients determination
Additional boundary conditions are required to evaluate the coefficients used in equations
(4.81), (4.84), (4.86), (4.88), (4.91), (4.94) and (4.96). These boundary conditions give
linear simultaneous equations, and solution of these equations gives coefficients.

The boundary condition given in equation (4.80) establishes the relation between the
cocfficients involved in the (4.81), and (4.84). To obtain this relation, the vector potential
Ay (R,,0) is expanded using Fourier Series and equated with A;(R;,6). This develops

following relation between coefficients:

2m
ay, = ! /A2 (Rg,0) cos (nd) do (4.97)
7r
0
and,
1 27
Cln = — /A2 (Ro,0) sin (nf) db (4.98)
T
0

Additional relation between the coefficients involved in equations (4.81), and (4.84) are
developed using the boundary condition given by the equation (4.3.1), which ensures the

continuity of the tangential component of flux intensity at r = R,.

1 0A, _ 0A,
For 8r r=Ro 8/r r=Rs
The coefficients relations are further simplified using the Fourier expansion of “i 85;1
/T r=Ra

over a period of 27, and equating with the %L: Ry’ which results in following equations
T oA, (1.6
1
Qo = —/ OAL(r,0) cos (nd) do (4.99)
T prOr | g,
0
and,
T OAL (10
1
Con = — / O (n6) do (4.100)
T pOr | _p
0




For obtaining the coefficients b,,, and ds,, the continuity of tangential field intensity at

r = R3 is used. The corresponding boundary condition is given below

(
283§ € [y;,y + 6]
oA, | %2 € [oi—6,0]
or |,—g, OAsi 9 [6,,6; +6,)
0 elsewhere

the above equation is further simplified as

0A,

“or =g(0)

r=R3

where ¢ () is given by

i 0€ [y +dl
925 9 el —6,6]

gO)=< 7
% 0 € [0:,0; + 6,
0 elsewhere

\

The above boundary condition produces following equations

27
bon, = 1 /g (0) cos (nd) db (4.101)
s
0
and,
1 27
don, = — /g (0) sin (nf) df (4.102)
T
0

Other boundary conditions at » = R3 is the continuity of radial flux density
Az (R3,0) = Ay (R3,0) VO € [vi, i + ]
Agj (Rg, 0) = A2 (Rg, 0) Ve € [61 — (5, 51]
A5 (Rs,0) = Ay (R3,0) VO €[0,0,+06,)
based on the above boundary conditions, the coefficients a},, and aj,, are determined

using Fourier expansion of the vector potential A (Rs, ) over the period of 35" region,

and equating it with Ag; (R3,6).
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Yi+0
maym

1
Ty = 5 / A, (R3,9)cos( : (9—%)) df (4.104)
Vi

Similarly aly, @}, and aly, ai,, are determined with the help of Fourier expansion of
A, (Rs,0) over the A, (Rs,0), and As; (Rs,0) regions. Subsequently, all corresponding

equations are listed below

5;
; 1
ay =5 / A, (R3,0)d0 (4.105)
5,6
d;
; 1
Ty = 5 / As (R3,0) cos (% = @)) do (4.106)
5i—6
1 6i+60
azy = 0 / A, (R3,0)do (4.107)
[2) 0
and finally,
. 0;+6,
Ghy = / A, (Rs, ) cos (”’;5” 0 — 90) do (4.108)
where s = 2 3 The continuity of radial flux density at r = R, are

Ymsw (R3, R4
0o

Asi (Ry,0) = Ay (Ry,0) VO € [y3,7 + 6]

As; (Ry,0) = Ayj (Ry,0) VO € [0, —6,0)]

The above equation is simplified using Fourier Series expansion of Ay; (R4, ), and Ay; (R4, 0)

over the period [v;,7; + d], and [0; — 0, §;] respectively. This gives following equations

1 Vité
agoz5 / Ay (Ry, 0)do (4.109)
Vi
9 Yi+6
g ™mnry
b3m1—5/A4(R4,0)cos( 5 %)) do (4.110)
Vi
.
=5 [ Ad(Rub)is (4111)
0;—0
and,
5}
j  _Z mem o
b3m2_5/A4(R470)COS< 5 (9 51)) do (4112)
6;—0
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The other boundary conditions at » = Ry is the continuity of tangential field intensity

which are given as

A i OAs; 9 € 1y /1 + 5

0 47 _ or [fy i ] (4113)
or r=R4 0 elsewhere

and,
OAs;

A — 0 el — 5,52

e —{ o | | (4.114)
or r=R4 0 elsewhere

Equations (4.113), and (4.114) are further simplified as,

O0A,;
= 4.11
o =) (1115)
and,
OA; _
o ,:34_92(9) (4.116)

where, ¢1(0), and go(f) are defined as

25 0€ [y + 0]

7 (9) _ or
0 elsewhere
and,
OA;;
5 0 € [6; — 9,04
92(0) = ?
0 elsewhere

The further simplification of the equations 4.115, and 4.115 give following equations

9 vit+9d
Uy = = / g (0) cos (M (0 — oq)) do (4.117)
8 B
Vi
and,
di
Ty —% / g () sin (nd) ¢ (4.118)
6;—90

The above coefficients determining equations (4.97)-(4.112), (4.117) and (4.118) are fur-

ther simplified to obtain linear simultaneous equations and developed in appendix E.
No Load Magnetic Field Calculation

The information of magnetic field density components are essential for the machine’s

performance evaluation. Hence, the radial and tangential components of magnetic flux
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density in all subdomai

In the region 1

n are evaluated and their expressions are summarized below

By (r,0)=— %(aln—)i?gflg) + F, (r) sin (ngb)) sin nd
- ”:1;3(R ) ’ (4.119)
+ n:l%:fi %(cln% + F, (1) cos (ngf))) cosné
and,
Biyy(r,0) =— > (alnf% + F (1) sin (ngb)) cosnf
o "lef”(“é o ’ (4.120)
- > <Cln%% + F, (r)cos (n¢)> sin nf
In the region 2
B Ry Xu(r,Rs) Ry Xu(rRa) \
By, (r,0) = n=1223,,,, (CLQn L2 vimny t+ bap =2 —Yn(Rg,Rz)) sin nf Lo
+ i Cop B2 ZnlnBs) g By Xn(nRa) ) ogng 121)
n=1,23.... 2 Vo (Ba o) 2 Va(Bs Ba)
and,
= Ry Yu(r,Rs) Ry Yu(rRa) .
B20(r7 0) _n:122:3”“ <a2n72 Yn(RQ,éS) + b2n% Yn(R37F§2)) COS 77,«9 4 122
B i ¢ Bz YalrBRs) o Ry Ya(rRa) \ oo (4.122)
& 207 V(R Rs) + 4207 ¥, (Rs Ry ) SIAT
In the region 3i
s  Ymur(r, Ry) Ymy= (7, R3)
mam . ) ) .o mym
B, 3:(r.0) = — T s o : 0 -,
,31(71 ) ml;g 7'6 (a3m1 YWTlﬂ' (RS, R4) 3m1 YmTlﬂ' (R37 R4) S11 5 ( 72)
(4.123)
and,
e  Xmn(r,Ry) Xmy=(r, R3)
mam ) mym
Byi(r, 0) = — LLIRCIRY (P S s A . 6 —
6,3 (T ) ml:;g o (angYTT(R;;,Rz;) 3my Y%(R;&,Rz;) COs s ( 72)
(4.124)
In the region 3j
B, 3i(r,0) = — i mam a’ —Y%(r, Ra) — Y%(T’ Ra) sin e (0 —6)
e Mma=—1,2,3.... rd e Y%(R:}’R‘l) o Y%(Rs’R‘L) 0 z
(4.125)
and,
Bys (r.6) i mor [ ;  Xmam(rRa) Xmgn (7, R3) mar
(0 = — mam e S .
0,35\ ré a3m2 YM (Rg,R4) 3ma YM (R37R4) COs 5 7%)
mo=1,2,3.... 3 5
(4.126)
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In the region 4i

o0

Ry Xm w/ﬂ(ra R5) mgm
B,4i(r,0) = — : — 2 0 — «; 4.127
P DA e S R B
and,
- R4 Ym w/ﬂ('r) R4) mam
Bg;(r,0) = — a, — CoS 0 — « 4.128
6’4]( ) m3;2,3.... ST Ym377/5(R4’ RS) B ( ) ( )
In the region 4j
= R4 Xm47r/ﬁ(’f‘, R5) mym
B,4i(r,0) = — L — 0 — 5; 4.129
,47 (T ) m4:122:3““am4 r Ym47r/ﬂ(R4) R5) sin 6 ( ﬁ) ( )
and,
- Ry Youn/s(r, Rs) mym
By4i(r,0) = — ; — 2 0 — 5; 4.130
" (r, ) m4§2:3.... am4 r Ym47"/5(R47 R5) o B ( ﬁ ) ( )
and, In the region 5i
> - TNyT (Xm57r/00 (T7 R3) - Ym57r/90 (T7 R3)) . Mz
B, 5i(r,0) = — . sin 0 —6;)
i m5=1z,2,3.... ’ (90’/" Ym57r/90(R3a R4) 90
(4.131)
and,
> . NyTT (Ym57r/90 (T7 R3) - Xmsw/e,) (T, R3>) msT
B, 5i(r,0) = — . cos 0—0;
. ( ) m5=lz,2,3.... ’ 007“ Ym57"/90(R3’R4) 90 ( )
(4.132)

Figure 4.12: Discretized Model of Modular PM Machines with Semiclosed Slots
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Table 4.2: Dimensional Details of Modular PM Machine with Semi-Closed Slot

Radial Flux Density in Airgap

== FEM

o

0p!

o
@©
o
<
=
2>
z
| © Analytical Analysis|| &
5
(.
©
z
[
2
(3]
'_

oo

Machine’s Parameters Values
No of pole Pairs (P) 4
No of Slots (Q) 12
Magnet Inner Radius R 25 mm
Magnet Outer Radius R, 29 mm
Stator Bore Radius Rj 30 mm
Slot Outer Radius R4 40 mm
Stator Outer Radius Rj 50 mm
Slot Angless %
Slot Opening Angled 26
Magnet Pitch 6, /P
By, i 1.1T,1.05
Magnetic Airgap Flux Angle 6, | pi/90
Length of the Machine L 10 mm
1 0.6 v
— FEM

© Analytical Analysis

90

180 270 360 0 90

180 270

360

Angular Position in Mech. Degree Angular Position in Mech. Degree

(a) Radial Component (b) Tangential Component

Figure 4.13: Airgap Flux Density of Modular PM Machine with Semi-closed Slots

4.3.2 Cogging Torque, Flux Linkage, Phase Voltage Calculation

The cogging torque is obtained using Maxwell Stress Tensor. A circle of radius at r = Ry

in the airgap subdomain is taken as the path of integration, and hence the expression for
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Figure 4.14: Cogging Torque in Modular Machine with Semi-Closed Slots
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Figure 4.15: Flux Linkage and Phase Voltage Modular PM Machine with Semi-closed
Slots

cogging torque is given as
2w
/ By, (Ry, 0)Bay (Ry, 0) df (4.133)

0

LR?
Ho

T =

The flux linkage is calculated using the average potential method. The average slot

potential is

L
v = / A, (r,0) rdrdd (4.134)
SSlOt slot

The above equation gives,

Vi = L.ag' (4.135)
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Radial Flux Density in Airgap
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Figure 4.16: Airgap Flux Density of Modified Modular PM Machine with Semi-closed

Slots
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Figure 4.17: Cogging Torque in Modified Modular PM Machine with Semi-Closed Slots

is given by

Similarly, the average potential of 45 slot i.e.,tb; = L.aéj. Now, the total phase flux

Up, = Ne. (Vi — ;)

(4.136)

where N, is the number of turns in series per phase. Subsequently, the phase voltage is

given as

(4.137)
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Figure 4.18: Flux Linkage and Phase Voltage in Modified Modular PM Machine with
Semi-Closed Slots
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Figure 4.19: Airgap Flux Density in Tooth-tips Modified Modular PM Machine with

Semi-closed Slots

4.3.3 Finite Element Analysis

For sake of analytical analysis, a 12 slot 8 poles semiclosed modular PM machine is
analysed using Ansys Maxwell software as shown in Figure-F.3. The machine dimensions
are given in the Table 4.2. For the simulation model, two dimensional analysis is used
and the developed model is enclosed in the region. The boolean boundary condition

is imposed on the region. The FEM model for the simulation with discretization is as
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Figure 4.20: Cogging Torque in Tooth-tips Modified Modular PM Machine with Semi-

closed Slots
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Figure 4.21: Flux Linkage and Phase Voltage of Tooth-tips Modified Modular PM Machine

with Semi-closed Slots

shown in the Figure-4.12. The obtained FEM results are compared with the analytical
results and the comparison is shown in the Figures- 4.13, 4.14 and 4.15b. For flux linkage
and phase voltage calculation, the phase coil is taken 50 and machine is rotated at 750
rpm. The close agreement of both the results ensures is the correctness of the analysis.
The analysis is further used for the machine performance improvement, which is achieved
by two different steps: (i) the winding teeth width is enhanced to increase the machine

performance such as linkage flux and voltage. These results have been plotted in the

80



Figures-4.16, 4.17 and 4.18, and (ii) The slot opening is shifted so that the machine tooth
tips can cover almost a pole pitch. This further improves the machine performance. The

analysis and comparative results are depicted in the Figures-4.19, 4.20 and 4.21.

4.4 Conclusion

In this Chapter, analytical models for two different type of modular PM machine are
developed. The first model is focused on the analysis of open slot PM modular machine,
and the results are compared with the FEM model for the verification. Based on the
analysis, the width of active teeth is modified for enhancement of machine performance.
This modified machine is further investigated for analysis of winding linkage flux, cogging
torque and phase voltage using developed model and verified with FEM results.

The second analysis has focused on the analytical development for modular PM ma-
chine with semicolsed. The developed analytical model is verified using FEM results.
This analysis is used to modify the winding teeth and teeth tips of the machine for higher
flux linkage and phase voltage. The results obtained after design modifications are also
investigated using analytical model and verified with FEM analysis. The close agreement
of analytical and FEM results ensures the correctness of the developed analytical mod-
els. Hence, for the design and optimization of both types of modular PM machine, the

proposed analyses are viable solution.
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