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Appendix B

Coefficients Calculation used in Chapter 2

The integrationsB.1, and B.6 are defined, as it is required for coefficients calculation

ot a;jta
ri(n,i) = [ cosnddb s1(n,i)= [ sinnfdo

Bt ot B (B.1)
ro(n,i) = [ cosnfdf 2 (n,i) = [ sinnbdd

Bi Bi

The above equations are further simplification as follow

r1(n,i) = (sin (n(a + ay)) — sin (nay)) /n (B.2)
s1(n,i) = (= cos (n(a + a;)) + cos (ny)) /n (B.3)
ry (n, i) = (sin (n(8 + 5;)) — sin (n3;)) /n (B.4)
$2(n,1) = (= cos (n(B + i) + cos (nf3;)) /n (B.5)

The other sets of integrations are:

a;to a;ta

fi(k,n, i) f cos i (0 — 0;.) cosnfdf g1 (k,n,7) f cos i (6 — 0.) sinnfdd

B¢+ﬁ Bﬁﬁ (B.6)
fa(m,ni) = [ cos™L (0 —a;)cosnfdfd  go(m,n,i)= [ cos™E (0 — q;)sinnbdd

Bi Bi

the integrations B.6 arc evaluated and given in equations B.7-B.10

—na? ((— 1)* sin n(a—&—ai)—sin(nai))

for km # na
fi (ki) = e i) o
S (cos (na;) + (Sl“"(“#zzzfsm(m))) for k = na
na2((=1)" AT Q) — na
()" cosn(octay) —cos(nan) for kr # na
. (km)*—(na)
a0 (k’,?’L,Z) — ( ( 49 )_ ( )) (BS)
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—nf?((=1)" sin n(ﬂ+ﬁz‘)—5in(nﬁi))

fo(m,n,i) = (mm)*~(np)?
g (COS (nB;) + (sinn(B;+28)—sin(npB; )))

2mm

and,

nB2((=1)™ cos n(B+B;)—cos(np;))
(mm)®—(nB)*

s <Sin (nB;) — (cosn(5i+25)*cos(nﬁi))>
2 7

2mm

g2 (m7 n, Z) =

Now, let us define following quantities

Qi(n) =23 @) =Trmday Q)=

Qu (kynyi) = L&D Ol (m n i) = LD Gk n,

pim 7

Qr (myn,i) = 28D, Qg (i,n) = 2o phfiiss Qg (i,n) =

Ri
) =

for mm # np

for mm = np

for mm # np

for mm = nf

Yn(R2,R1)

Y, (R2,R1)

g1(k,n,i)
T

2R3 11(n,8) Xn (R3,R2)

e na Yn(R3,R2)
and,
_omy_si(ni) [ n) = 2651000 Xn (Rs,Ro)
QlO (Z n) na Yn(Ra2,R3)’ Qll <Z’ TL) o Yn (B3, Rz)
. _ 2Ry 2fi(knyi) . ; — 2R3 2Xn(R3,R2) f1(kn,i)
Q12 (Z, k7 n) = a ©1Yn(R2,R3)’ Q13 (Z’ k’ n) T na X1Yn(R3,R2)
i 2R, 291(k7n7i) X . _ 2R3 Xn(R37R2)gl(kvnvi)
Q14 (Z7 k? n) T na 11Yn(R2,R3)’ Q15 <Z’ k’ TL) - na @1Yn(Rs,R2)

where, 1, and x5 are,

BRy X1z (B3, Ra) aRy Xmz (R, Ry)

T = To =

km }/\% (Rg, PL4)7

Now equations (1.23)-(1.34) are rewritten as

a1, = Q1 (n) agy + Q2 (1) bay,

= Q1 (n) con + Q2 (n) dap

Qs (n) ar, + F, (Ry) cos (nd)

Qs (n) c1n + F., (Ry) sin (nd)

= HUrQon

= WUyrCon

mi Y% (R3, R4)

Q
bZn - Z {Q4 (ka n, 7’) aék + Q5 (m7 n, Z) azlm}

i=1
Q

d2n = Z {QG (]{7, n, 'L) aék + Q? (mu n, Z) aim}

i=1

aé = Z {Qs (i,1) azp + Qg (i, n) ban + Q1o (4,1) c2n + Q11 (4, 1) dan}
n=1,2..

(B.9)

(B.10)

(B.11)

(B.12)

(B.13)

(B.14)

(B.15)
(B.16)

(B.17)

(B.18)

(B.19)

(B.20)

= Z {QIZ (Za ka n) Qon, + QIS <Z> k? n) b2n + Q14 (Za k> n) Con + Q15 (Za k: n) dQn}
=1,2..
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ahy = Z {Q16 (1,1) azn + Q17 (1,1) bay + Qus (1,1) can + Qug (4,1) day } (B.22)

n=1,2..

and,

CLim = Z {QZO (27 m, ?7/) A2p, + QQI (27 m, n) b2n + Q22 (7/7 m, n) Con + Q23 (Za m, TL) d2n}
n=1,2..

(B.23)

Now, the coefficients can be determined using linear simultaneous equations B.14-B.23.
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Appendix C

Coefficients Calculation used in Chapter 3

The integrations C.1, and C.3 are defined, as it is required for coefficients calculation

0,140 0;+0

ri(n,i) = [ cosnfdf s1(n,i) = [ sinnddb
57;9191 5?191 (C 1)
ro(n,i) = [ cosnOdd s2(n,i) = [ sinnddf
Bi Bi

The above equations are further simplification as follow

r1(n,i) = (sin (n(0; + 05)) — sin (nh;)) /n

s1 (n,i) = (—cos (n(6; +65)) + cos (nb;)) /n (©2)
o (n, 1) = (sin (n(0; + 5;)) —sin (nB;)) /n

so (n,i) = (—cos (n(6: + B;)) + cos (nf;)) /n

The other sets of integrations are:

0;+05 0;+0s
filmn,i)= [ MI(0 —0; )cosnfdd g1 (m,n,i)= [ T (0 — 6;.) sin nddo
0 S o C.3
Bi+61 Bi+6t ( : )
fo(kym,i) = Bf cos%T (0 — ;) cos nfdf g2 (k,n, i) = éf cos¥% (6 — f3; ) sinnbdf

the integrations C.3 are evaluated and given in equations C.4-C.7

—n62((=1)™ sin n(0s+6;) —sin(nd;)) for mm # né,

2 2
fi(m,n,i) = (mm)"=(nbs) (C.4)
%3 (TL@ ) + (sinn(6; +3227)T sin(nb; ))> for mm — 11195
nf2((—=1)™ cosn(0s+6;)—cos(nb;))
g1 (myn,i) = (mm)”—~(nfi)” for e 700, (C.5)
% (Sil’l (nel) _ (cosn(@ri-;f;;—cos(nei))) for mr — Iles
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—nb? ((_1)k sin n(et-‘rﬁi)—sin(nm))

for km # né,

) 2 (0.2
Ja(k,n, 1) = 9 ! (esti)nn(ﬂJrZH )—sin(nB;)) (C.6)
5 <cos (nB;) + o . ) for km = nb,
and,
n62((=1)* cosn ;) —cos(nfB;
: e (km?(ft(:ei))z ) for ke 7 nf;
g2 (kym, i) = (cos (B, +201)—cos(nB,)) (€7
0_2t <sin (nf;) — SRR ) for km = né,
The continuity of tangential flux intensity at z = z,, i.e. 03‘% = Uy a‘gZQ" {Z:Z produces
following linear equations
Ql (n) Q1p = /’L’I‘Ql (n) Qop, + M’I'Q2 (n) b2n (CS)

Q1 (n) c1n = Q1 (1) con + 11,Q2 (n) dan

where @, (n) = sinh ®2=, and @, (n) = cosh "=
The other boundary condition i.e., the continuity of normal flux density at z = z,

ie. Ay, = A2n|z:zm produces linear equations

QQ (n) a1p + Gn = Q? (TL) Qop, + Ql (’I’L) an
QQ (n> Cip + Hn = QQ (n) Cop + Ql (n) d2n

(C.9)

Now, at z = z, two types of boundary interfaces exits namely 1) the interfaces of airgap
and slots and 2) airgap and teeth. Hence, the continuity of the tangential field intensity

is mathematically expressed as

0 Ay, _ s V6 € [0;,6; +6,] (©.10)

0z |,_,, e VO € [0;+0,0+0,+0,)

Expanding right hand side functions over a period of 27 and equating with left hand side

expression, following equations emerged

0;+0s Bi+0¢
= nz Jh nze 1 0As; . O0A4; .
(2 Sinh 22 + by, cosh %2 = = 37 J S|, cosnBdf+ [ 5| . cosnfdf
i=1 0; Bi
1 Q 9i+es 9A ﬁz"l‘et 9A
- nz, Rz 1 i 1 43 <]
Con Sinh 222 + dy, cosh 22 = 1 231 g)f eS|, sinnfdf + Bf Sfa|,_,. sinnfdd
= i i

The above equations are rewritten as

Q 00 ) 00 .
Qs (0) azm + Qs (1) by — 32 ( Qs (m. 1) + 3 Qo (k1) k)
=1

iczal m;l = (Cll)
QS (n) Aop + Q4 (n) an = ; ( 21 Q7 (mv n, Z) aém + kzl QS (k’ n, Z) aék)
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where, Q3 (n), Q4 (n), Qs (m,n,1), Qg (k,n,i), Q7 (m,n,i), and Qg (k,n,i) are defined by

@3 (n) =sinh 22 Q4 (n) = cosh %%

(
Qs (m,n,i) =1 ltanh (m”h )f1 (m,n,4)
Qs (k,n,i) = L tanh (kggf) o (ko) (C.12)
Q7 (m.n,i) = L tanh (2322 ) g1 (m, m. i)
Qs (k,n,i) = -L tanh (’”h )92 (k,n, %)

In order to evaluate aj,, and ak, the continuity of normal flux density As; = Agn|,_,

used. The Fourier expansion of the Ay,[,_. over the angular interval 6 € [0;,0; + 0],

gives following two equations

3 1
(1-730 = 0. f Agnde
0;
07,"!‘05
; 0—0,
ay,, = % Ay, cos ™ - )9
0;

aso = > (Qo(i,1) az, + Quo (4,7) ban + Q1 (i,1) 2 + Qo (i, 1) day)
I~ (C.13)
Ay = s (Qu3 (1,1, m) agy + Qra (1,1, M) by, + Q15 (i, 1, M) Cap + Q16 (4,1, M) day)
where,
Qo (i,n) = n};s cosh %rl (n,1i) (C.14)
Qo (i,n) = nR;S sinh n—g’m (n,1) (C.15)
Q11 (i,n) = nR;s cosh %31 (n,1) (C.16)
O (in) — n};&, sinh "5, (n, i) (C.17)
Ous (im,m) — 2:;: cosh 22 , (., ) (C.18)
Qui (i,n,m) = 2:;: sinh == fy (m, n. i (C.19)
Q15 (i,n,m) = 2;:;; cosh n;()gl (m,n,1) (C.20)
Q16 (i,n,m) = 2;;; sinh néogl (m,n,1) (C.21)

Similarly, the continuity of normal flux density Ay = Ag,| exploited to get following

2=20
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two equations

02+95+9t
|
97’,"‘95
91+95+0t
i 2 kn(0—0;—0s)
ahy, = 4 [ Ay, cos T dl
0i+€s

further simplification of above equations lead to

ajy = i (Qot (i,n) azn + Quor (4, 1) bay + Quut (i, 1) Con + Quat (4,1) day)
| n=123. (C.22)
al, = N (@13t (1,m, k) agy + Qrar (1,1, k) boy, + Qust (3, 0, k) con + Quet (4,1, k) day)
where,
Qo (i,n) = % cosh %Tg (n,7) (C.23)
Quoc (i,n) = n% sinh %m (n.9) (C.24)
O (i) — n% cosh 225, (n, i) (C.25)
Quar (i,m) = n% sinh %52 (n,4) (C.26)
Quy (i,m,m) = i’% cosh 2 fy (k. n, ) (C.27)
Q4 (3,m,m) = % sinh %fg (k,n,i) (C.28)
Q15 (i,n,m) = % cosh néogg (k,n, 1) (C.29)
Quet (1,m,m) = % sinh %gg (k,n,1) (C.30)

The all coefficients are evaluated using solutions of linear simultaneous equations given

in C.8,C.9,C.11,C.13 and C.22.
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Appendix D

Determination of the Coefficients used in Chapter 4

Open Slot Modular PM Machine

The integrations D.1, and D.3 are defined, as it is required for coefficients calculation

i+ 0i+p8
r1(n,i) = [ cosnbdf s1(n,i) = [ sinnfdb
91' oi
ry (n,i) = f cosnfdo So (n,1) = f sin nfdo (D.1)
a;—p a;—fB
Bict-6o Br+6o
r3(n,i) = [ cosnfdb s2(n,i) = [ sinnfdf
Bk Bk

Above integrations gives

r1(n,i) = (sin (n(6; + B)) — sin (nb;)) /n
s1(n,4) = (—cos (n(0; + B)) + cos (nb;)) /n
r9 (n,i) = (sin (n(ay)) — sin (n(a; — 6,))) /n (D2)
52 (n,) = (= cos (n(ay)) + cos (n(a; — 6,)) /n |
r3(n,i) = (sin (n(Bx + 60,)) — sin (nfx)) /n
s3 (n,1) = (—cos (n(Br + 0,)) + cos (nfB)) /n
and, the other sets of integrations are
0+ 0;+8
1(mq,n,1) = cos = (0 — 0; ) cosn g1 (mi,n, i) = cos = (0 — 6; )sinn
f v 0—06 0do 5 0 — 0; ) sinnfdd
97; 07'
5 (Mo, n,1) Z cos ™2 () — ;) cosn g2 (Mma,m, 1) l cos ™27 () — ;) sinn D
f: 3 0 0do 5 0 0do (
a;—p a;—p
ﬂk‘f‘ao ﬁk‘i‘eo
3(mg,n,t) = cos 2% (0 — 0, ) cosn gs(ms,n,i) = cos 2% (0 — 0, )sinn
f: . 0—20 0do B 0 — 0, )sinnbdb
Bk Bk
The further simplification of above integration gives
. *n52((*1)(mni i?zq/??;izé)*sin(nﬁi)) for mym # nf
fl (m17n72) - ! . 0:49 in(n: (D4)
5 (cos (nd;) + i ’J;n'fl);sm(" ’))) for m;7 = np
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nB2((—1)™1 cosn(B+6;)—cos(nb;)) for m
1T F# nf
g1 (m1,n,9) (mam)®—(np)? . ) (D.5)
g (sin (nd;) — {eo=n izﬂfl);cos(” "'))) for m;m = np
—nB2((—1)™2 sin n(ai—/g’)—sin(nai)) for m
o 7 nf
fa (ma,n, i) (mam)®—(nf)* ) (D.6)
8 (COS (nay) + Gnnled—sinia(, ﬁ)))) for mym = n
nﬂ2((71)m‘2 cosrg(aifﬁéfcos(nai)) for Mo 7é Ilﬁ
g2 (Mg, m, 1) (mam)”=(nf) ) (D.7)
5 (sin (na;) — (Cosn(ai)_ﬁzg(ai_ 5)))) for mom = 1np3
—nfZ((=1)"3 sin n(9n+ﬂk)*Sin(an))
fs (mg,n,17) (m3m)”—(nbo)* for ms7 # nfl, (D.8)
% ( s (nf) + Smn(ﬁﬁ%o)fsm(nﬁk))) for mgm = né
2 2mam 3 o
n02((—1)"3 Cosn2(00+ﬁk)2—cos(nﬁk)) for M7 7& HQO
g3 (ma, n,i) = (anyi =l (D.9)
970 (sin (nﬁk) . (cosn(ﬁkJeroS);cos(n/jk))> for M = HQO
Now, let us define following quantities
_ Ry Xn(R2,R3). n Yn(R2,R1)
Q1 (n) = 32 Vil o) Q2 (n) = 32 ST Rs,Rg)’ Qs (n) = %; X (T )
— 2ri(n,g)Re . r1(n,i) R3 Xy (R3,R2) . _ 2s1(ng)R:
Qa (n) = AV (R Ra) Qs (n) = nﬁY: o Ta) Qs (n) = VA (R )
_ s1(ni)R3Xn(R3,R2) . 4f1(mi,n,i)Ra | _ 2fi(mi,n,t)R3 X, (R3,R2)
Q7 (n> == nBY:(R37R;) - ) (n) m11nﬁ3i (R2,RQS) Qg (n) == S'rilnﬁynd(RfiaR;) :
g1 (m1,nyi)Re  2g1(m1,n,))R3 Xp(Rs,Ro) .  2r(ni)R
Q1o (n) = #&2&3)7 Qu (n) = & srilﬁéyfiRg,mg) 25 Qua(n) = m
r2(n,i)R3Xn (R3,R2) . _ 2s3(ng)Ra _ s2(n,i)R3 Xpn(R3,R:
Qu(n) = BEERa Quin) =Sty Quln) = 2EEE™ (D10)

SmanBYn(R2,R3)’ SmanBYn(R3,R2) ? 8 SmanBYn(R2,R3)
2g2(ma,n,i) R3 Xn(R3,R2) . 2r3(n,i)Ro . _ r3(n,i)R3 Xy (R3,R2)
SaniVa () @20 (M) = ey Qu () = "5y w R
2s3(n,i)Ra | Q ( ) _ s3(n,i)R3 Xn(R3,R2) . Q (n> 4f3(ms,n,i)Ra
n0,Y, (Ra,R3)’ 23 n0,Y, (R3,R2) ' 24 Sm3nboYn(R2,R3)

2f3(ms,n,i)R3 Xn(R3,Re 4g3(ma,ni)Ry . — 2g3(ms,n.i) R3 Xn(Rs,Ra
(s s X0 (s Fa) - Q5 (n) = ( ) Qo7 (n) = (smsneo)Yn(RZfR@ :

(n)
(n)
Qlﬁ (TL) = M Q17( ) 2f2(m27n UBstn(Bol), Ql (n) = el
(n)
(n)
(n)

Sm3nboYn(R3,R2) Sm3nboYn(R2,R3)’

In view of all definitions, the equations (4.25), and (4.26) are rewritten as

= Q1 (n) azn + Q2 (1) bay,

(D.11)
Cin = Q1 (n) can + Q2 (n) day,
similarly, the expansion of equations (4.28), and (4.29) give us
rQo, = nan+F,/LR cos (nod
firG2n = Q3 (n) a1 (£2) cos (nd) (D.12)

frCon = Q3 (n) c1n, + F), (Ry) sin (nd)
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Now using equations (4.32) and (4.33), following linear equations are developed

Q/2
1

bayy = > L (aimfl (ma,m, 1) + al, fo (mo,n, 1) — a’anfg (m3,n,1) 2 )
i=1

Ym21r/90 (R3 7R4)
Q/2

(D.13)
dgn = lzzl % (ainlgl (ml, n, Z) —+ azn292 (mg, n, Z) — CL%S‘gg (mg, n l) m

To express the coefficients used in the slot regions (i and j) and magnetic flux gap

region k') the equations (4.37)-(4.42) are used. Correspondingly, the lincar equations are
given as

i’i (Qa (n) azn + Qs (1) ban + Qg (n) can + Qs (n) dan)

n—=

n=1

L (D.14)
= > (Qs (n) aan + Qg (n) ban + Q1o (n) can + Q11 (n) dan)

i (Qus (n) azn + Qus (n) ban + Qua (n) can + Qus (n) dan)

a]

(D.15)
Z (Q16 (n) azn + Q17 (n) byn + Q1s () con + Q19 (n) dan)

and

ﬁMg

(QQO (n) asn + Q21 () ban + Q2 (1) coan + Qa3 (n) don)
' (D.16)
= ngl (Q24 (n) azn + Qa4 (1) ban + Qa6 (1) can + Qa7 (n) dan)

All the cocfficients involved in the derivations is vector potential in all regions of modular

PM machine with open slot are evaluated using linear simultaneous equations developed
in equationsD.11-D.16.
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Appendix E

Determination of the Coefficients used in Chapter 4

Semiclosed Slot Modular PM Machine

Following integration as defined and used in the determination of coefficients

ri(n,i) = [ cosnfdf s1(n,i) = | sinnfdb
i 5,
ro (n,i) = [ cosnbdf s2(n,i) = [ sinnddb (E.1)
i 6;—6
69i+590 0;+0,
r3(n,i) = [ cosnBd s2(n,i) = [ sinnddb

The above equations are simplification as,

r1 (n,i) = (sin (n(y; + 0)) — sin (ny;)) /n
s1(n,i) = (—cos (n(y; + 6)) + cos (nv;)) /n
ro (n,i) = (sin (n(d;)) — sin (n(d; — 9))) /n £2)
sy (n,i) = (—cos (n(d;)) + cos (n(d; — §))) /n
r3(n,i) = (sin (n(0; + 6,)) — sin (nb;)) /n
s3(n,i) = (—cos (n(6; +6,)) + cos (nb;)) /n
and, the other set of integrations are
vi+0 Yi+0
fi(my,n,i) = f cos T (9 vi )cosnfdf  Fy (mq,mg) = f cos 1T (0 vi ) cos % (0 — ;. )dO
i, ;
g1 (mi,n,i) = [ cos ™ (0 —~; )sinnfdd  Fy(mg,my) i.) cos M4 (6 — j3; )db
/yl
5 5i (E.3)
fo (ma,n, ) f cos ™27 () — §; Ycosnfdl  go (mao,n,i) = f cos 2% (0 — 6; ) sin nfdf
vy 5ie_6+9
fs (ms,m,i) = [ cos %% (6 — 0; ) cosnfdd g5 (ms,n,1) [ cos TEE (0 — ;) sinnfdo
0; 0;
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These integrations are evaluated and given in equations FE.4-E.11

—né?((=1)™1 sinn(6+7;)—sin(ny;))
(mym)®—(ns)?
(sin n(v;+29)—sin(ny;))
2mqm

f s Ty ) =
1 (ma,n, 1) g (COS o

)

nd2((=1)™1 cos n(d+~;)—cos(ny;))

(m17)? —(nd)?

. cos n(y;+20)—cos(ny;
% (Sln (nv;) — (cosn(v. J;m?w (n71))

)

nd?((—=1)"2 sin n(6¢ —3)—sin(nd;))

(mam)?—(nd)?
(COS (n5 ) + (sinn(d;)—sin(n(0;—24)))

2mom

g
2

)

—nd2((—1)™2 cosn(6;—8)—cos(nd;))
(ma2m)®—(nd)?

g (sin (nd;) — Leosnlé)

—cos(n(8; —26)))
2mam

)

—nf2((—1)"5 sin 7L(0¢+00)—sin(n9i))
(msm)%—(nb,)?

COS (n@ ) + (sinn(0; +2213L()) sin(nb;))

(73
2

)

n62((—=1)™5 cosn(6;+6;)—cos(nb;))
(m57)*—(nbo)*

n (nez) . (cosn(9i+22io5)w—cos(nc9¢))

9

)

(e ((F1)71 sin mRTEED) gy man(=0))

(=7) (=)
man(8—0)
28

mgm

B

COS

and,

([ a ((21)72 sin 47220
{7 (
g mam(B—0)
L 2 COS 23

—sin

) ()’

m47r2(§—6))

mym

B

F (mg,my) =

Let us define following quantities

Ry Xn(R2,R3) .
Q1(n) = Yo (Ra,R3) * Q2 (n) = 2 ’ e Rq,Rz)
2r1(n,i)Ra . r1(n,i) Rz Xn(R3,R2) .
Q4 (n) = n6Yy (R2,R3)’ Qs (n) = n6Yn(R3,Ra)
(n) s1(n,i)R3 Xy, (R3,R2) . (n) 4f1(m1,n3)Ro
ndYn(Rs,R2) ndYn(Ra,R3) ’

Quo(m) = TEEEE Qun) = USRI, Q
Qi (n) = 2R 0w () = et

Q16 (n) = %, Q17 (n) = 2f2(mi§;2£zf&(;?3ﬁz).
Qo (n) = 2g2(ma2;n, Z)RBXn(R&Rz)’ Qs () = 2r3(n,i)Ra |

n5Yn (R3,R2) nean(Rz,R;}) 9
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for mym # no

(E.4)
for mym = nd
for mym # no
7 (E.5)
for mym = nd
for mym # nd
i (E.6)
for mym = nd
for mym # nd
7 (E.7)
for mom = nd
for msm # nd,
7 (E.8)
for msm = né,
for msm # nb,
i (E.9)
for msm = nd,
for m; 3 # ms3d
WM 510y
for m; 8 = msd
for my 5 # myd
e T (E11)

for my8 = myo

n_ Yn(R2,R1)
Ry Xn(Ra2,R1)
2s1(n,i)Ra
néYn(R%RS)
2f1(mi,n 'L)R,jX,L(Rd R2)
n(SYrL(RE}yRQ)
2ra(n,i)Ra
néYn (R2,R3)
52(n 1) R3 Xy, (R3,R2)
né}/;)(RB,RQ)

Qs (n) =
Qs (n) =
Qo (n) =

(E.12)

4g2(ma,n,i) R:
Qon () = DR (s o)

nboYn (Rg ,Rz)



and,

_ 2s3(n,g)R2 _ s3(n,i)R3Xn(R3,R2)
Q22 (n) - n0033’n(R2,1§3)’ Q23 (n) == HHOY:(R&R; :
_ 2f5(ms,n,i)RoY, (R3,R4) . f5(ms,n,i)R3 Xn(R3,R2)Yn(R3,R4)
Q24 (n) - 5 7’:00Yn(1:2527R3)% - ) QQS (n> 2 n;an(Rz,Rz) L (E]_?))
2 n,i)R2Yy, (R3,R4) . _ i) R3 X n(R3,R2)Yn(R3,R.
Quo (n) = AL Qun (n) = el Culpraltut)

In view of the definition given above, the coefficient equations developed for the analysis
of modular PM machine with semi-closed slots are simplified into linear simultaneous
equations. The development of linear equations are as described below:

The equations (4.97) and (4.98) are rewritten as

a1p = Q1 (n) ag, + Q2 (n) bay,

(E.14)
cin = Q1 (n) con + Q2 (n) day,
similarly, the equations (1.100) and (1.101) are expressed as,
rOopy = nan—i—F,;R cos (n
[rlon = Q3 () a1 / (R2) cos (ng) (E.15)
frCon = Q3 (n) c1n + F, (R2) sin (n¢)
Using equation (1.104), and (1.105) the coefficients bs,, and dy, are given as
Q2 X myr (R3,Ra)
_ ) 2 m .
b= 2 <“3”“ Vayz (i Vi Y%<R3’R4>> rig 1 (1, 71
Q/2 o ) Xm = (R3,R4) 2 mo .
+ Z:ZI mgzzl 9 <a/3m2 Ym27r (Rg,R4) 3ma Yﬂ(gﬂ (Rg,R4)) mTR38 f2 (m27 n, Z) (E16)
Q/2 '
- Z Z a5m5]§;§0 Ym57r(R3 Ra) f5 (m57n72>
i=1 ms=1,2.. B0
and,
Q/2 0 Xmyn (R3,R4) i 9 m1 .
= Z Z <a377L1 Ymqn (Rg,R4) 3my Ymqw (Rg,R4)) 7TR3(591 (m17 n’ Z)
=1 m1=1,2.. 5
Q/2 0 j Xﬂgj (RJ,R4) 9
mo N
a4, <a3m2 Vg O~ Voms Ve <RS’R4>) w92 (121, 1) (B17)
Q12 o o .
LT, G vt 95 (s )

The coefficients of slot opening regions i.e., aj,, a4, , ago, and @, are determined with
the simplification of equations (1.109)-(1.112).

o

Z (Q14 (1) azn + Q15 (1) bap + Q16 (1) C2n + Q17 (0) dayy)
oo (E.18)
a3m1 Z (Q1s (n) azn, + Q19 (1) bay, + Qa0 (1) c2n + Q21 (1) day)
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and,

ago = i (Qa2 (n) agn, + Qa3 (1) bay, + Qa4 (n) C2n + Q25 (1) day,) : )
a?)"mg = Z_:l (Q26 (1) agn + Qa7 (1) bay, + Q2 (1) Con + Qa9 (1) day)

while, the coefficients of magnetic flux gap are evaluated using equations (1.113) and

(1.114),

afy = Y (Qs0 (n) agn + Qs1 (1) ban + Q32 (n) Con + Q33 (1) doyn)
=L (E.20)
Uy = > (Q34 (n) G2, + Q34 (1) b2 + Q36 (1) €20 + Q37 (n) doy)
n=1
Other boundary conditions developed due to radial flux continuity at region 3i and re-

gion 4i interface. The corresponding linear simultaneous equations are developed using

equations (1.117) and (1.118)

00 oR 5 2 Xmgn (R4,R5) 5

1 i 1 2R4 B s M3T mam

Ao = Ay + D Wy, =5 <ﬁm3) Yman (R1,R5) S 755 COS =5
m3=1,2.. B (E 21)
o0 9R.B X mgm (Ra,Rs) .

i _ i 4 B

a3m1 - ;2 a4m3 m3md Ymgr (Ra,R5) Fl (mla mS)
m3=1,2.. B

Similarly, using equations (1.119) and (1.200) which ensures the radial flux continuity at

region 3j and region 4j interface, following equations are developed,

j j o0 ] 9R 5 2 Xmél‘rr (R4,R5) 5
_ 4l : 4T m4 T
Gy = ajo+ D @lyy™s (ﬂ’m4) Yigr (Ra,Rs) S T25 COS 75

=1,2..
OOm4 Xm471' (R47R5) ’ (E22)
B

J o _ J 2R4B
A3, = Z Tgmy mand Ymyrx (Ra,R5) Fy (m27 m2)
ma=1,2.. B

The last two linear equations are developed with the help of equations (1.201) and (1.202),

and given as

. o0 9 X 9 X X'mlw <R4,R3)
7 _ T 7 I X Y S
a4m3 - Z BéR4 a3m1 Ymqn (R3,R4) b3m1 Ymyn (R4,R3) Fl <m1’ m3)
m1=1,2.. > > (E.23)
) 0o . . X mon (R4,R3) ’
a,, = > Zmm(gl 2 — b}, e | F5 (Mg, my)
dmy < BSR4 3m2 Ymor (R3,Ra4) 3m2 Ymyon (Ra,R3) 2 2, 114
m1=1,2.. -5 5

The solution of the set of linear simultaneous equations E.14-E.23 gives the unknown

coeflicients.
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Appendix F

FEM Model for Different Developed Machines
There are five different variants of PM machine has been developed. The developed FEM
models used for analysizing the machines are shown below and their details are presented

in their respective chapters.

Figure F.1: FEM Model for Radial Flux Permanent Magnet Machine with Saturated
Teeth
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Rotor

(a) Stator (b) Rotor

Figure F.2: FEM Models for Axial Flux Permanent Magnet Machine with Saturated
Teeth

Figure F.3: FEM Model for Modular Permanent Magnet Machine
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Rotor Backiron

Teeth Slot
Stator Yoke
Skewed Slot
Opening
(a) Stator (b) Rotor

Figure F.4: FEM Model for Cogging Reduction in PM Machine

Stator Yoke
Skewed Magnet

Rotor Backiron

(a) Stator (b) Rotor

Figure F.5: FEM Model for Skewed Magnet Axial Flux Machine
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