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This paper presents an analytical method based onulsdomain method for the computation of open circuit armature reaction and
on-load magnetic field distribution in integer slotwinding parallel double excitation and Spoke-Typdangential permanent-magnet
machines. The proposed model takes into account fatator and rotor slots tooth tips and shape of palr piece. A 2D exact analytical
solution of magnetic field distribution is establified. It involves solution of Laplace’s and Poissog’equations in semi-closed stator and
rotor slots, airgap, buried permanent magnets intaotor semi-closed slots, and non magnetic region der magnets. Obtained exact
analytical results of open circuit, armature reacton and on-load magnetic field distribution are verfied with those issued from finite
element method (FEM).

Index Terms— Exact analytical calculation, finite element metld, magnetic field distribution, parallel double exitation, Spoke-
Type permanent magnet machines.

Permanent magnet brushless dc (BLDC) motors haea be

I. INTRODUCTION

Double excitation machines are synchronous machres
have two coexisting excitation field sources: pererd
magnets and wound field excitation. The goal belireuse
of double excitation principle is to combine adwggs of
permanent-magnet excited machines and wound
synchronous machines.
magnets and wound field excitation constitutes a@ditenal
degree of freedom which can be used to optimizeetiergy
consumption of the electric propulsion system. Amuarious
double excitation machines, parallel double exaciat
machines have some advantages than series doudilatiex
machines [1]-[5]. The flux created by excitationilgsoand
permanent magnets have different trajectories #ed flux
created by excitation coils doesn’'t pass throughmpeent
magnets, hence the demagnetization risk
Depending on DC excitation current direction, extbitn coils
can either be used to enhance or decrease excitfitin
passing through armature windings.

widely used due to their many advantages suchgistbrque
and high efficiency. In particular, the spoke-typeDC
motor, which can concentrate the flux from low céstrite
permanent magnets, has a high torque density pievalome
resulting from the additional reluctance torquee fnediction

fietd open circuit, armature reaction and on load netigrfield
The combination of permanedistribution of this type of motors is done gengrddy the

finite element method (FEM) [9]-[11] and there amxy few
authors whichuse analytical methods [12]-[13]. This is due to
the structure of those machines, where buried taira@ePM
region has high height and low width with presenéenon
magnetic region under magnet. In reference [12), ¢f all.
used conformal transformation of rotor and statlotssto
determine a relative permeance function to take aucount
the rotor and stator slotting effects. In referefic®, authors

is avoidagsed also a Schwarz-Christoffel transformation étednine

d-axial and g-axial airgap magnetic field. Confofma
transformation leads to an approximation of magnégld
distribution in a simplified structure of slottetetr spoke-

There are no authors who applied analytical model ftype permanent magnet motors. Investigations inlyapp

predicting magnetic field in this type of hybrid oiation

machines with slotted rotor and stator and bursstgéntial
permanent magnet taking into account rotor andstabth
tips and real structure of polar piece. Analyticathods are
useful tools for a first evaluation of electrical otors
performances and for design optimization. Howeite

element method is used at the final stage ofdésign. In
reference [5], exact analytical calculation of metymn field

distribution is developed for a slotted stator eerdouble
excitation machine, where coils current excitatioa situated
in the slotted rotor with radial surface mountednpanent
magnets. There are other structures of double aanit
permanent magnet machines with complicated geonfiélry
[8], where the study is done by finite element rodtbnly.

analytical and numerical conformal mapping havenbéene
in [14] and show the inaccuracy of conformal mapgpin
method in magnetic field modeling of this type o&chines.
This is not due to the stator slotting effect luthe presence
of a deep and small thickness of permanent magg@ir. To
the author’'s knowledge, there is no study on tlodted or
slotless Spoke-Type PM machines that solves analli
Poisson’s and Laplace’s equations. However, martiioasi
have used exact analytical method based on subdandel
to take into account stator slotting effect andhdps in open
circuit and armature reaction magnetic field wittcalar and
tubular radial surface mounted and inset permanegnet
motors [15]-[24]. Inset PM subregion in PM machingsot
deep and the width is high. So, it can be modeteirately
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with conformal mapping [25]. In references [15]]l&uthors
have developed an exact analytical solution basad
subdomain model for predicting open circuit and ature
reaction in slotted stator radial surface mountedmanent
magnet motor taking into account tooth tips. In][&a8d [19],
scalar potential magnetic field is used to predjen circuit
magnetic field in slotted stator surface and insadial
permanent magnet motors. Authors in [20] and [2&Veh
developed an exact analytical solution based ordauhin
model for predicting open circuit and armature ftieacin
tubular surface mounted and inset radial permanegnet
machines. In [22]-[24],
respectively an exact analytical solution also Hasmn

subdomain model for flux switching permanent magnet

machines and a tubular slotless stator with axiafgnetized
permanent magnet in rotor.

In this paper, anexact analytical prediction based on

subdomain model of open circuit, armature reactiod on-
load magnetic field distribution in integer slotnging parallel
double excitation and spoke-type tangential permamagnet
machines ispresented. It involves theolution of Poisson’s
and Laplace’s equations in semi-closed stator ,slotsied
permanent magnets placed in semi-closed slotst dutoble
excitation semi-closed slots, airgap and non magmegion

under permanent magnets. To handle permanent nsagnet

rotor and stator slots current at the same time Mlagnetic
vector potential formulation is used. All resultorh the
developed analytical model are then compared tsettiound
by the finite element method (FEM).

Il. MAGNETIC FIELD SOLUTION IN PARALLEL DOUBLE
EXCITATION PM MACHINES

Figs. 1 and 2 show the machine model where region ﬁitr?sloi)_\

represents the air gap, region Il the magnetsonsgill and V
the stator semi-closed slots, region IV a hon magmeaterial
under magnets, region VI the rotor slots at the tdp
permanent magnets, regions VII and VIl the rotecigtion
semi-closed slots. The model is formulated in veptatential
and two-dimensional polar coordinates with the dielihg
assumptions.

The stator and rotor cores are assumed to be talfini
permeable.

Eddy current effects are neglected.

The axial length of the machine is infinite i.e degffects
are neglected.

The current density has only one component aloegzth
axis.

The stator and rotor slots have radial sides.

The partial differential equations for magneticldgein a
continuous and isotopic region in term of vectoteptial A
which has one component adirection and independent of
can be expressed by

O?A=0, in region I, IV, V, VI and VIII (1)
0°A= —H,L0x M | in region Il (2)
0°A= —U,J, in region I )

the authors have developed

O2A=—g,J; , in region VII (4)

0
whereM is the magnetization of permanent magnétse

stator slots current density, the excitation rotor slots current
density andy, the permeability of vacuum.

-

Fig. 1. Studied parallel double excitation PM maehi
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> FOR CONFERENCE-RELATED PAPERS, REPLACE THIS LINEWA YOUR SESSION NUMBERE.G, AB-02 (DOUBLE-CLICK HERE)< 3

ao;tc/2 . o;-¢/2 B _ 1 6A B _ 6A (7)
AAlllfor=0 | ' === =T
R “rog’ 7 ar
————————— 4
) AAIlIl/98 =0 A. General Solution of Poisson’s Equation in Statom&e
SAII6 =0 _’5 re closed Slot Subdomain (Region 1)
Tl %— In each slot subdomain (i) of region Il (Fig. 8)e have to
2Alll/ar =0 < dAllljar =0 solve Poisson’s equation
S T B rs O2Alll,  10AIll, . 1 9%l
0AV//28 =0 - 2 T t— 7 = ~Hod; (8)
o =0_ | : 0AV//98 =0 ar r a' r ag
-------------- Rs whereJ; is the current density in the slot
! As shown in Fig. 3, the ith slot subdomain (regiid)
a;td/2 wherei vary from 1 toQs (Qs is the number of stator slots) is
Fig. 3. ith stator semi-closed slot subdomains associated with boundary conditions at the bottocha each
g sides of the slot as
gj+b(2 gj-b/2 aA”I i — Oand aAI” i — O (9)
777777 c
o R e 36 |o=a-S 06 |o=a+:
9AVI6 =0 DAVIFO [e— oAlll,
2 I ar 4
: £ whereg; is the angular position of th#h slot andc the slot
e L2 ~_ opening in radian.
AAIL6 =0 o 9Allja8 =0 The boundary condition (9), leads to the eigenalard
1 3 eigenfunctions of the partial differential equati@®) as shown
Ri-——————— \ in details in [26]. The eigenfunctions are callepat&al
| f | frequencies of the considered region [23]. The bam
gj+a72 7777777 . ;,;a/z cqndition (lO),_ leads _to the general solution ofiatpn (8_)
) ) ] with only two integration constants;Cand G, as shown in
Fig. 4. jth permanent magnet subdomains (11).
Bir From above boundary conditions (9) and (10), tHatism
Bdr/2 By-dr/2 of (8) using the method of separation of varialides
A 1 1
7777777777777 | — 2 _ 2
Rm VI8 =0 Alll, (r,6) _Ci,0+§tuo‘]ir4 In(r) quojir a1
AAVIII /36 =0 AAVII=0 [+—
Mo o | mr _mr
* c c
AAVII;Jar =0 : = AAVIIJar =0 +Z:CI n r | co m7 0-a, +E
- 5 ~— m |\ r, c 2
AAVII 88 =0 ! % GAVII68 =0 . o
Lz where m is a positive integer.
<
Mmoo ‘ 1 @AV, far =0 B. General Solution of Laplace’s Equation in Statomte
Kmm e m Crm e e N Closed Slot Subdomain (Region V)
Bicr/2 Bi-er/2 In each stator semi-closed slot subdomain (i) gfore V
Fig. 5. irth rotor semi-closed slot subdomains (Figs. 2, 3), we have to solve Laplace’s equation

2 2
0°AY , 10AV , 19*AY_

12
o’ r a r? 06° (12)

The field vectorsB and H, in the different regions, are

coupled by
— ; : As shown in Fig. 3, the ith slot subdomain (regirwhere
B=fpH , inregions |, Ill, IV, V, VI, Viland VIl (5) i vary from 1 toQs (Qs number of stator slots) is associated
where B, = 1,H,, B, = 14,H,. with the following boundary conditions
B = tpu, H+ ;M , in region Il )(6 0AV . =0Oand 0AV = 13)
whereB, = tioth H, + oM, By = it Hy + 1My 08 |o=a-, 08 |o=a+,

+ Whered is the semi-closed slot opening in radian.
From above boundary conditions (13), the solutibril@)
using the method of separation of variables is

and// is the relative recoil permeability of permanen

magnets. Radial and circumferential flux densitynponents
are deduced fromA by
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AV, (r,8)= A1, + AL2, In(T) (14)
+i[A1]1,k r_%ﬂ +A12, rk‘fJ co{%{ﬁ—ai + gD

where K is a positive integer.
C. General Solution of Poisson’s Equation in Permanent

Magnet Subdomain (Region II)

In each permanent magnet subdomain (j) of regidrigs.
2 and 4), we have to solve Poisson’'s equation 2k
magnetization of parallel double excitation motsrpurely

tangential. Equation (2) is then reduced to

azAllj +10A||j N 1 (92A||j _ M, (15)
ar v a 12 0% 1o
whereM, =M, :(—1)1%
Ho

For a2p poles machine, j vary from 1 p andBe, is the

remanence of magnetization.
As shown in Fig. 4, the jth magnet subdomain (nedlpis

associated with the following boundary conditions
6AII oAll j

Kkl

and

a
6=g;- 2 ngj+E

whereg; is the angular position of tjth magnet anc the

magnet opening in radian.

From above boundary conditions (16), the genertaitisn

=0 (16)

4

E. General Solution of Laplace’s Equation in Airgap

Sﬁbdomain (Region 1)
The Laplace equation (1) in the airgap subdomaigidn 1)
which is an annular domain delimited by the raejjiand Rs

(Fig. 2) is given by

0%Al 16A| +_1 02Al
or? r o r?06°

Taking into account the periodicity boundary coiuatit

=0 (21)

betweenv=0 and#=2z/p for the studied machine with integer
slot winding, the solution of equation (21) is

Al (r,9)=i(A]hr”p+A2nr‘"p) sin(npé) (22)
+(A3,r™ + A4,r"™) cog npd)

where n is a positive integer.

F. General Solution of Laplace’s Equation in the Non
Magnetic Subdomain (Region 1V)
The Laplace’s equation (1) in the non magnetic sutzin

region IV which is an annular domain delimited hg radiiR
andR. and where the relative recoil permeability is dqaal

is given by
0°AIV  10AIV 1 0°AIV _
—t— t— = 0 (23)
or r-o r° 06

Taking into account the periodicity boundary coiuait

of (15) using the method of separation of variadegiven by  betweerg=0 andé=2x/p, the general solution of (23) is

All,(r,6)=A5,+A6 ,

3

Closed Slot Subdomain (Region VI)

In each rotor semi-closed slot subdomain (j) ofioegvi

(Figs. 2, 4), we have to solve Laplace’s equation
0°AVI, 10AVI 1 9°AV|
+= +—
o> r a r? 06°

As shown in Fig. 4, the jth slot subdomain (regigh
where j vary from 1 td®2p is associated with the following

boundary conditions
0AVI,

— p, =Oand

06 |o=9, 26

whereb is the semi-closed slot opening in radian.

0=9g;+_

From above boundary conditions (19), the solutibif18)

using the method of separation of variables is

AVI, (r,6) = A13 ;+ A14 , In(r)

k=1

In(r) - uM;r (17)
ASer_a+A61mra]co{m—ﬂ(0—gj+§jj
‘ ’ a 2

D. General Solution of Laplace’s Equation in Rotor $em

=0 (18)

, =0 (19)

o0 kﬂ' kﬂ k b
+>| A3 r ° +Al4 1P co%b(e g, + D

AV (1r,6) =Y (A7,r™ + A8, ™) sin(npd)  (24)
n=1
+(A9,r™ + A10,r"™) cognpd)
The magnetic vector potential must be finite iniloadV. In
this case, constants A&nd AlQ are equals to zero and
equation (24) is reduced to

AV (r,6) = iA7n r" sin(npd)
+A9, 1™ coq(npd)

G. General Solution of Poisson’s Equation in Rotor
Excitation Coil Slot Subdomain (Region VII)

In each rotor slot subdomain (ir) of region VII, \wave to
solve Poisson’s equation (26)
62AVIIir 1 0AVII, 1 62AVIIir
+— +— =—-U,J; (26)
or? rooor r’ 06° "
whereJ;;, is the current density in rotor slot
As shown in Fig. 5, the irth slot subdomain (regigh)

where ir vary from 1 toN, (N, is total number of rotor

(25)

(20) excitation slots) is associated with the followibgundary

conditions
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JAVII, AVII,
o = 0and o = (27)
a 8 0=p; _E a 9 0=4; +E
O0AVII.
r = 28
or I (28)

wheref;, is the angular position of the irth slot agdthe
rotor slot opening in radian.

From the above boundary conditions (27) and (28 t
solution of (26) using the method of separationafables is

AVII, (r,8)=C1, +%y0Jf o In(r)—%f,chfirrz

i r < r _%W
Sew () ()
m=1 1 1

Wilo_p + &
cos( Cr (6’ ,8"+2j

H. General Solution of Laplace’s Equation in Rotor
Excitation Coil Slot Subdomain (Region VIII)

In each semi-closed slot subdomain (ir) of regidh {Fig.
5), we have to solve Laplace’s equation

O*AVIIl, , 10AVIIl, 1 0°AVIIl,
or? r o r’ 06°

As shown in Fig. 5, the irth slot subdomain (reghshl)

where ir vary from 1 td\, is associated with the following
boundary conditions

OAVIII, OAVIII,

—_— o =0and——
ag _? 69 =P 2

wheredr is the semi-closed slot opening in radian.

From previous boundary conditions (31), the sotutif

partial differential equation (30) using the methad
separation of variables is

AVIIL, (r,6) =Al5 ,+A16 , In(r)

@ _kr Kk
+Z(A15,’kr dr +A16rkr‘")
k=1

krr dr
el 3)

Ill. BOUNDARY AND INTERFACECONDITIONS

To determine Fourier series unknown constants, AR,
A3n, Ad,, A5, ABjo, A5 m, AGm, AT A9 Ally, Al2,,
Allix, AlZy, Al3,, Al4,, Al3x, Al4y Go, Gm Clio,
Clim, A15;9, Al6;o, Al5, and AlG,, boundary and
interface conditions should be introduced.

The interface conditions between regions IV arat R, are

All; (R ,8)=AIV(R,6) (33)

(29)

=0 (30)

=4

(32)

whereg, —%SHS g; +—:.

Hil,, (R,,6) =HIV, (R ,6) (34)

where g, —%ses g; +—:.

HIV, (R ,68) =0 elsewhere.
The interface conditions between regions Il anai} are

AVI, (1,,8) = All, (r,,6) (35)
b b
where g, —ESHS g; +—2.
HVI,, (r,,6) =Hll ;. (r,.6) (36)

where g; —gses g, +—k2).

HIl, (r,,0) =0 elsewhere.

The interface condition between regions | and RRais
AVI, (R,.0)= AI(R,.6)
b

where g, —gsas g; +—2.

The interface condition between regions | and ¥tIR, is
Al (R,.6) = AVIIL, (R,,6) (38)
d

d
wheref, ——<0< B +——.
B, > B 5

The interface conditions between regions |, VI &l at

(37)

Jﬂ:O (B1) Rpare

HI,(R,.6) = HVl, (R,.6) (39)
for g, —gsé’s g, +g and

HI, (R, 8) = HVIll,, (R,.6)

for B, —d—zfses,b,’, +%and

HI, (R,,8) =0 elsewhere.

The interface conditions between regions | and Raire

Al(R,.6)= AV(R,8) (40)
where @ —Esesai +E.
2 2

HI, (R,.6) = HV, (R.6) (41)

d d
whereq, ——<6f<a +—.
2 2
HI, (RS,H) =0 elsewhere.
The interface conditions between regions Il andt¥; are

Alll; (r;,8) =AV, (r,,6) (42)
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d d g +2
hereq, ——<@<a, +—. 2p 2
MR T 2 :izp: [ Hit,; (R, 6)cos(nps) do
HIll ,, (r5,6) =HV, (r;.0) (43 TR

d

d
wherea, —— <6< a, +E.

HIll 4 (5, 6) = O elsewhere. AL3, o+ AL4 , In(r,) (50)
The interface conditions between regions VII and ¥t rg gj+9
are == I Al (r,, 6086
AVIL (ry,8) = AVIIL, (r,,6) (44) gj_,
d dr km krr
wherel ——L-<@0< [ +—— -
B 2 A 2 AL3, 1, Al4 r,° (51)
HVIl,, (r,,8) =HVIIL ,, (,6) (45) 6 +2
2 krr b
=_ ) — —-a. +—
Whereﬁir —d_zrsgsﬂ” +% b J.bAII](r210)CO{ b (0 gJ ijdg
9]‘5
HVII (rO,H) = Oelsewhere From interface condition (36), we get
Interface conditions (33) to (45) concern regionghw gj+9
different subdomain frequencies which need Fouseries _A6i,0 1 - J‘ HVI r 6’)d6’ (52)
) X o . aj \'21
expansions to satisfy equalities of vector poténtad r, ,Uo,Ur a )
magnetic field at each interface radius. 9~ 2
Interface condition (33) represents also the caoitinof o mr
radial flux density at the permanent magnet operih&. 1 mz A5 r_?_l—AG. r?'l (53)
According to Fourier series expansion, we obtaino tw [, @ bm m
equations as b
A5 .+ A6 ,In(R)~- M i, R 46 e
j,0 j,0 (R) quo r ( ) :Z J. HVIQJ‘(r210)CO{ (9 gl dee
1 g,+E a g -0
2
T4 .[ AIV R 9) At radius R, Fourier series expansions of the three
gj—E interface conditions (37) to (39) between region¥/Il and
‘[Mj LW] VIl result in 6 equations. Interfacebcondmon [3ves
A5j,mR 2+ A6j,m 2 47 191""
g2 AL3 o+ A4 In(R,) = j AR A @ (54)
-2 jzAlv(R 6)co M(a— +—aj & 17
a“’, ’ a 4 2 kr Kt
972 A3, R,° + A4, RP (55)
Interface condition (34) gives ' b ’
gj+,
np - 2 ? k7t b
A7 RP 48 == | AI(R.,8)co (8 ] 0
12 -, 2 AR 0)ood 0=,
9]‘5
12 p 972 Fourier series expansion of interface conditior) #8es
—Z j Hil, (R, ,8)sin(npd) d@ P
Tz a r2
2 AL5, .+ ALG , In(R, =1 [ AI(R,.6)d8 @)
np 1 ir a
A9 R™ 49 2
( j( 9,R"") (49) . y

Ho

Fourier series expansion of interface conditior) (tween
region Il and VI at radius, gives

(57)

Alar k R;E + Alar,k mr
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dr d

'8”"'3 Q. 0/+E
=2 [ AI(R,.6)c0 k—”(a—ﬁﬁﬂj :iz [ HV,(R.6)cog np) &
dr g dr 2 e Yy
"2 a5
Fourier series expansion of interface conditior) (#9es Fourier series expansion of interface conditior) @i2es
MB(_a R+ A2, R (58) L
,Uo( Fe ) AL+ AL2, In(r) == j Alll (r, 806 (64)
9 92 a'_z
== HVI @) sin( np? _kn Jor
zgj ; (5 &)sinnis) & ALl @ +A1Z, 1 (65)
2
d
dr ai+—
At _2 ¢ kmr d
|r =1  — dr ai_E
np 2 Fourier series expansion of interface condition) @8es
A3 RP + M R™! 59 12
uo( i 7 P L R TATS (66)
b W\ 2 1, 2
1z asd
— HVI,. ,@)cod ng) e
,-[le .[ i (Rn: 8) cos(npf) -1 I HV, (1,,6)dé
1‘5 C -y
B dr | i mr nr
+ HVIII ,8)codn o ¢
O~ R ON B
TAS Hy \ Cf3 Iy i
At radius R, Fourier series expansions of interface
condition (40) gives a +%
1‘“% =2 j HVa(rg,H)cos(mﬂ(H a +2Dd6
All,+ AL2 ln( Fg) =E _[ AI( R ,9) @ (60) Cai—% ¢
a ‘% Fourier series expansion of interface conditior) @ides
_kr kit Al5 ,+ Al6 , In(r, 68
AL RO+ A2, RS ey Mot A6 o) 0
a+9 1 B+ 2
2 — AVII, r 0o
=2 j Al (R, 8)co k—”(@—aﬁgj do r I 0P
d 7, d 2 =
2 o %
Interface condition (41) gives Al5 1, 9 +AlG K ror (69)
P(-p1,R"+ A2, R™) 6 A
Ho _ 2 k7t dr
== [ AVIl, (r,0)cog —| 6-4 +— ||d@
o a+d dr 7, dr 2
1 . ir ?
,_TZ; I HVe (R’ 8) Sm( np9) @& Fourier series expansion of interface condifié®) gives
g Jo 17
B e i(_l-m"'_lﬂo‘]ﬁr roJ (70)
—C(-A3, R+ M, R™ 63 Ml 2 1, 2

Ho
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g +L

1 2
= {dr HVIIl, (ry,6)d 8

ir 2

_Cli | 1y ?+ o) = (71)
Hy CITy | Iy r
+dr
Eﬁuszvnl (ry,6)co m—”(ﬁ—ﬁ +Ej 6
cr Yy arior cr T2

"2

Some developments of equations (46) to (71) arergin
appendix.

From equations (46)-(71) we can calculate the
coefficients AL, A2,, A3,, Ad,, A5, Ao, A5;m, A6 m, AT,
A9, All,, Al2, ALy, Al2, Al3, Al4,, Al3, Al4)
Ci,Oy Ci,my C]-ir,Oy Clir,ma A15I’,O! A:|-6ir,0a Al5l’,k! Alar,k with a
given number of harmonics for n, m and k.

Spoke-Type PM machine shown in Fig. 6 is a paicul

case of parallel double excitation PM machine. @halytical
developments are the same where subregions VIVdhdre
omitted.

Fig. 6. Studied Spoke-Type PM machine.

IV. RESULTS ANDVALIDATION

The developed exact analytical method based
subdomain model for parallel double excitation &pubke-
Type permanent magnet machines taking into accoatot
and stator slot tooth tips and real structure dapgiece is
used to determine open circuit, armature reactimhan load
magnetic field distribution in the middle of thergap. The
main dimensions and parameters of the studied medie
given in Table I. Then, analytical results are fiedi by finite
element method (FEM) [27]. For the FE simulations, have
used 92882 nodes and 184906 elements.

In order to calculate armature reaction, on load &stor
double excitation magnetic field distribution, statcurrent

density in slots is defined by a matrix connectloetween
phase current and stator slots as

1 0 0-10 0 1 0 0-10
c=s0 01 0 0-120 0 1 0 O0-
0-10 01 0 0-120 0 1

The studied machine is fed by 120° rectangularecuisr and
has an integer number of slot per pole and perepfieable 1).
Stator current densities in slots are defined as

_Ne _
Ji—SC[Im 0 -I,]

(72)

(73)

whereS is the area of slof\; the number of conductors in

slot andl, the stator phase peak current.
Rotor double excitation current density for oneeppéir is
defined as
26 _ Nf I f
St
where N; is the number of conductors in sldf,the DC
excitation current ang the surface of rotor slot.

Analytical calculation of magnetic field can be ddior one
pole pair to minimize the number of harmonics fokrmand m
and to reduce the computation time. It should becdthat the
number of harmonics are defined carefully and idiclg
proper scaling of machine model dimensions to gmidg
results and avoid solution to diverge [22]. Findgement
method which uses a meshed geometry has a limitagtacy
related to the density of the mesh. Analytical saubdin
model based on Fourier theory exhibits a similabjgm. The
inaccuracies of the proposed method are relatéidetdimited
amount of harmonics included in the solution. Whéae
number of harmonic terms increase, the system ot&ns
written in matrix form can be ill-conditioned anget solution
becomes inaccurate. This problem has been redurcedri
calculations by including proper scaling of machimedel
dimensions in radial direction for all regions

r.scal =r realloxc (75)

for a given real radii of the studied machine (Eab| new
scaled radii are given by equation (75).

Limiting the number of harmonics for limiting
computational time will lead to inaccurate fieldligmns,
especially for PM machines where airgap lengtmisls PM
subregion with high height and small thickness dmigh
number of subregions with different spatial frecquies. For
the studied parallel double excitation PM machthe,number
(?rtn subregions is equal to 50. To obtain an accursgnetic
ield solution,xc = 1.45with the number of harmonics 250 for
n and 80 form andk. An optimum number of harmonics and
scaling factor with limiting computational time cée found
with using for example, different harmonics for afl the 8
regions. Of course, the number of harmonics inaihgap and
PM should be high but the number of harmonics & ribn
magnetic region VI can be small.

Figs. 7 to 14 show a comparison between analytcal
FEM open circuit, armature reaction and on load me&g
field distribution results in the middle of the gap of parallel
double excitation PM machine accounting for todgs tand
real structure of polar piece. The results are xoekent

[-1 -1 1 1] (74)

fnr
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agreement. This type of PM machines has a smalhetayc
to pole pitch ratio (0.2) and a very high heigh®.@mm) in

comparison with radial surface mounted and inset PM

machines which present a small PM height and higtthw
Analytical method based on subdomain model giveegy v
good accuracy even when PM subregion is deep.gs. Fito
12, radial and tangential flux density in the maldif the
airgap is given for 3 conditions: Permanent magrétse;
stator currents alone and rotor excitation currehbse. The
radial and tangential flux density distribution fon-load
condition is shown in Figs. 13 and 14. The maclsnied by
120° rectangular stator current and we considep#imanent
magnets and rotor DC current acting together. Hifsand 16
show the flux lines obtained by FEM due to rotocitation
current and stator currents. We can observe thanalytical
results are in very good agreement with those onbéthiby
FEM. In Figs. 17 to 20, we show radial and tangeritiix
densities for on load condition in the cases whbkeshybrid
PM machine has stator and rotor slots fed by ctumed PM
does not exist and only stator slots are fed and &M
considered. Those two cases represent the cormbribuf
permanent magnet and rotor excitation current t@negc
field on load. In control process of magnetic fiegfdthe air
gap, current excitation can be set to zero to dserenagnetic
field. It is important to note here that the reswdte obtained
for a recoil relative permeability of permanent megequal to
unity, but the method take into account the eftdaton unity
permeability. Figs. 21 to 26 show open circuit, atume
reaction and on load radial and tangential fluxsitgnin the
middle of airgap in integer slot winding Spoke-Typév
machine accounting for tooth tips and real struectoir polar
piece. All analytical results are in very good a&gnent with

those obtained by FEM, which confirm the accurady o

analytical subdomain model in predictions of thypet of

permanent magnet machines even when a PM subrégion

very deep with small thickness and with taking iattcount
tooth tips and real structure of polar piece. FAg. shows
magnetic field on load obtained by FEM in Spoke-@ypM
machine.

TABLE |

PARAMETERSOF STUDIED PARALLEL DOUBLE EXCITATION AND SPOKE-TYPE
PERMANENT-MAGNET MOTOR

Parameter Symbol Valug and
unit
Magnet remanence (Ferrite) B, 04T
Relative recoil permeability of magnet y7 1
Number of conductors per stator slot Nc 12
Peak phase current Im 125A
DC excitation current It 5A
Number of conductors per rotor slot Nt 10
Number of stator slots Qs 12
Stator slot opening width c 14°
Rotor slot opening width o 14°
Number of pole pairs p 2
Number of rotor excitation slots [\ 8
External radius of rotor slot ro 40.8 mm
Internal radius of rotor slot ry 27.8 mm
External radius of magnet ra 40 mm
Internal radius of stator slot rs 49 mm
External radius of stator slot ra 58 mm
Rotor slot opening width dr 8°
Magnet slot opening width b 12°
Stator slot opening width d 8°
Radius of the external stator surface R, 70 mm

Radius of the stator outer surface Rs 45 mm
Radius of the rotor inner surface at the R, 44.8 mm
magnet surface '
Radius of the rotor inner surface at the R 15 mm
magnet bottom
Air-gap length g 0.2 mm
Height of a magnet hm 29.8 mm
Height of stator slot hs 9 mm
Stack length Ly 57 mm
Magnet arc to pole pitch ratio a 0.2
Rotor speed wrm 157 rd/s

05 . . . : :

: : | ° FEM
0.4™ | —— Analytical {
|
03F——~f 7199 -r-——f———17-—~ R E T -
|
0.27 [ o N R S (R A 1]
R N Y,—S—YSYSYSYSYS]T]—
E o
o

O1F---1-——+-——-F——————-}-- -+ -

02Fr-- - - - T-——-—-rF-=~~—-—-~-7---r~-

03r-- - - -v-—=-—-"fF~-—=—-~-—=-——-7|---~-

04F - ———— -+ —— - - - A

05
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Fig. 7. Radial flux density due to permanent magiate in

parallel double excitation PM machine
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Mechanical degrees
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© FEM
— Analytical ||
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Fig. 12. Tangential flux density due to rotor eatiitn current
alone in parallel double excitation PM machine

Fig. 9. Radial flux density due to stator curreioha in
parallel double excitation PM machine

© FEM
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Fig. 13. Radial flux density on load in paralleluthe

Fig. 10. Tangential flux density due to stator eatralone in

excitation PM machine

parallel double excitation PM machine
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Fig. 14. Tangential flux density on load in parktieuble

Fig. 11. Radial flux density due to rotor excitaticurrent

excitation PM machine

alone in parallel double excitation PM machine
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Fig. 15. Magnetic field due to rotor double exddatcurrent
alone in parallel double excitation PM machine

Fig. 16. Magnetic field on load in parallel doukbecitation
PM machine

Br (T)

Mechanical degrees

Fig. 17. Radial flux density due to rotor excitatiand stator
currents (on load) in parallel double excitation Ridchine

° FEM

— Analytical H

Bt (T)
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Fig. 18. Tangential flux density due to rotor eatiitn and

stator currents (on load) in parallel double exwtaPM
machine

o FEM
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90
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Fig. 19. Radial flux density due to permanent magmel
stator currents (on load) in parallel double exwtaPM
machine

0.25

0.2

0.15

0.1

0.05

Bt (T)

0d

-0.05

-0.1

-0.15

-0.2
0 10 20 30 40 50 60 70 80 90

Mechanical degrees

Fig. 20. Tangential flux density due to permaneagnet and

stator currents (on load) in parallel double exwtaPM
machine
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Development of equation (47) gives:
_mr mr

A5 R+, R
=§2(A7n R").

JJ::sin(an) cos{m?”@— g, +—§D 7
+23 (48,R").

amna

Fig. 27. Magnetic field on load in Spoke-Type PMcdmiae

V. CONCLUSION

9+,
In this paper, we have proposed an improved amalyti . mwi( , a
subdomain model for predicting open circuit, armatu where .[ sm(np@) co ¢ gi+2 &
a

reaction and on-load magnetic field distribution iimeger 9,
stator slot distributed winding parallel double igattion and
Spoke-Type permanent magnet machines. The proposednpa_2 (—1+(—1)m) co{npaj coénpg)
model takes into account the rotor and stator shwish tips

and the shape of polar pieces. The whole domadivised m?7re - p2 na

into eight subregions for parallel double excitatimotor and

six subregions for Spoke-Type permanent magnet mnoto npaz(—l—(—l)”‘) Sin(naj sir( npg)
stator semi-closed slots, rotor semi-closed shitgap, buried 2

tangential permanent magnet and non magnetic ragider 2 — pz P

magnet. Poisson’'s and Laplace’'s equations are dolve 5 -
analytically using themethod of separation of variables.for m - p’rfa#0, and

Analytical results are in excellent agreement wite ones npa 3npa
Cos —npg; +7 Co$ npg +

obtained by FEM. From these results, we have shtiven
accuracy of analytical subdomain model to predieignetic

field accounting for rotor and stator tooth tipsdashape of 4np 4np
polar piece, even when PM subregion is deep witlallsm npa
thickness. asin(—npgj +2j
- for P — p’*a®=0
APPENDIX 2

Fourier series coefficients of general solutiondifferent 9, +§
regions of parallel double excitation and Spokedyp mr( , a
permanent magnet machines are determined by r&sohita and I COS(npﬁ) co a 6 9 +§ @
system of equations as seen above. Some of thasgiats -a

. ]
are detailed as follows. 2

From equation (46), we get npaz 1+(-7)" Sir(ﬂpﬂj cod np
A51,0+A6j,o|n(R)_M,UoR (A1) __ ( ( )2) 222 . ié g)
1o g+s M’ - p’nfa
=£Z(A7n R®) [ sin(nw) @ npaz(—1+(—1)m)sin( npg) co%ngaj
n=1 a
gj_aE - e - pPrta
9i+,

w 2 2.2 2.2.2
+§ (A9n Rﬂp) J- COS( nrﬂ)d? for mf7r* — p’n“a’# 0and
n=1 a

9]‘5

13

(A-2
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acos(—npq +rm) r{ npg + npaj
_ 2 + where.[ co 6’ g+ d9

2 4dnp g
: 3npa
Sln(npgj + 2p ) 2asin(”mpj co{mTj
+ for mf7r* — p’rfa®=0. = 2a 2
4np m
From equation (48), we have: From equation (51), we have
_km km

(Zp]( -A7,R") (A3) AL3, 1, b +AL4, 1,0 (A6

0

Zpi( As,mRal‘n—:mj,mRT_lj' :—Z( A j

Wolur =1 m=1

Ias,n (npo) CO{T(H— g +_§D o j co{ 6? g+ j o{%(e—gj +_§Dd9

_a

2p AB
—( ! j 10 Ism npd)dé
Woljr j=1 a

I\J

(A5 + A6, In(1,) =M, 1) .

"2 co'{kﬂ 6 g+ ]dﬁ
Equation (49) gives 9
2

[ij( A9, R™) (A-4) .

0 s . - where j Co'{ T 49 g, + ]dﬁ G, and

5[ 5T )

"o, S5 a a

9;+2

jzcos(npﬁ) co{m?”(e— . +§D 9 j co{ 6’ g+ J CO{%T(H g+ jde
_( . ]§A61091+2 __mbza(1+( sm( j co{ j

N\o‘

’ cos( npd)déd -
m[oﬂr =1 R g_J:a S( ) ( m b2+ k2a2
I2
Equation (50) gives mb? a(—]_+( ) sm( mﬂj co{ﬂmbj
AL3, ,+ Al4 , In(r,) AB) - 2 Za
B ﬂ(—m2b2 + K az)
= A5, ,+ A6, o In(r,) =M, .,
o mr v for —m°b’ + k* & # Oand
5 Z( r,* +A6, J N PR, S(—bkm knaj
471k 2b
1 . ( —bkmr+ kar . ( 3bkr+ kar
+—| -bsin| —————— |[+bsin ———
bco{ ‘9 9t ]dg 4k77( ( 2b j r( 2 D

I’\)

for -m?b*+ K& =0.
Development of equation (52) is reduced to

A6, 1 _ Al4,b
r  Holh apy,

(A-7)
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From equation (53), we have From equation (57), we have
1 mr -y .y _kn K
L A5j,m r,? _A6j,mr2a (A-8) Alﬁrk Rndr + A1'6rk %r
Holdy @ 2
L P+ R R"®
_ 2 ( A4, g mir a Cdr —1(A]“R:1 il )
= J' co§ —| 6-g,+_ | |d¢d or
aty I b a 2 Avy k7T
% J' sin(npd) co{ (9 B, + D
2 &k Ky L dr dr
—— > | -A13,r,® +Al4,r, | Ay
aluo o b

+£i(A3n R;p + Mn I?nnp)'

Tofloas Yot Tloo o o7 Pty

R

j cos(npé) co

From equation (54), we have 5. -

A13' ot A14 0 ln( %) (A-9) Devi—:lopment of equation (58) gives
g+ b np p—1+ np-1
g R
——Z(AlhR;HAZ R™) I sin( np) @ ﬂo( i R
-t 1 Bakn o 4
2 = ZF AL3 R, A4, R
1 o gj+5 WO j=1 k=1
DS R [ofle a2
" 9 j sin(npd co{ (9— 9 +—nd9
Equation (55) development gives 9; g b 2
_kn kr
A3, R, + A4, RP (A-10) o+
5 . J —i AL, j sin(npd) do
:BZ(Aln RP+ A2, R"). R
=1 h2
b Ky Ty
Al dr _A']_ r
J' S|n npe co (0 g bj M +§; [ 5r,k R‘n qr,k Rﬂ ]
b b : dr
gj~ 2 B + dr
+23 (A3,RE+ A, RY). ﬂf sin(nee) CO{ aloa *7))“9
n=1 (S
g,+g b Bit—
'[ cos(npd) CO% 5 (9 g+ D @ —Z( j J' sin(npd) d
9;- 2 ir=1 WO g -
From equation (56), we have From equation (59)2 we have
Al5, .+ AlG , In(R)) (A-11) np( A3,RY + A, R™)
/3.r+ﬂ Hy
— 1 - p+ n 2 H kmr kmr
=— A2 P). (7 2p o -7 s
o (AL RY+ A2, R). [ sin( ng) _ 1 Zk—”[msj,kw PP j
/3.,—3 T, Hia b
1 /%ﬁf g,+E - b
+bZ(A3 RP+ M Rnnp) I cog§ np) @ J' cos(npé) co{ . (9 g+ Dd@

n=. b
ﬂ"z 2

15

(A-12)

(A-13)

(A-14)
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b d
gi+= a+—
b AL4,, 2 ? {kn( dj] .
-» ——— | cos|npd)dé cos —| 8-a,+— | |sinnpd) dd
=1 TR o _J:b S( ) a{d d 2 r( )
973 "2
+ M5 RO - AG. R o AL2 “3
"Z;-; 5r,k Rn QF,k m _Z i,0 '[ Sln(nw)dg
=1 0
Bt a7
J‘ COS(an) CO{ (‘9_/8” +%Dd0 From equation (63), we have
gt dr Zp( A3, R" + M, R™) (A-18)
dr 0
A16 0 5 —M—l kiT_l
- - cos(npd) dd AL, R ¢ + A2, R j
;(WORHLL S(nef) fzuo;kzl [ “ “
T2
Equation (60) development is a +§ k7T d
AL, + A2, In(R) ) jd CO{F(H—a’i +ED cognpd) dd
a+d a3
1$ oy e d
=52 (AR + 2,R™) [ sin( ng) & o ALz, "2
=1 o4 -y —=% [ cos(npg)de
: = TR, Ld
a+— "2
1 n 2 From equation (64), we have
"a n:l(Ag” Re+ ,R") | ’ co{ ) ALl o+ A12,, In(r,) )
@,
From equitzion (61), we have =C, +%,UOJi rZIn ( r3) _%/UOJi rs
All, &_F + AL, &F (A-16) 1o mwr -
r,|°¢ r ¢
2 n +=>C.ll2] -2 :
=EZ(A1n@p+A2nF§p)- d; ’ (rj (rJ
n=1
a+d d
" a+—
J' co{k—ﬂ(e—ai +En si(npd) do J'Zco;(m_”(g_a_ +_Cndg
d d 2 C b2
a-9 d
I 2 al _E
+§i(A3n RP+ A4, Knp)- From eq_t;tion (65), w&have
d " AL, @ +ALZ, 1, (AR
"2 (K d 2 SN
.[d CO{F(H—OQ +E]] Coinpe) adg —E(Ci,o +§/'10‘]i Iy |n(r3) Z/Uoji rsj-
e ard
From equation (62), we have 'IZ cos(k—(é?—a +2Dd9
%(—Aln RP*+ A2, R™) (1) o L d 2

00
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d

a,+5

'[ co —(H—ai+£j co E(H—ai +—dj déo
d C 2 d 2

72

Equation (66) is reduced to

2
i(_gﬁgﬂojirgj:_
K\ 2 15 2

From equation (67), we have

_h(m_ﬂ] [f_j +(5J'C
Hy \ Ch, r ry

Al2 ,d
CH 3

(A-21)

(A-22)

d
n2 2 (o
= 2 (_ 2\Oj J' CO{ (g_arl +E]]dg
Cly 3 d C 2
"2
k7T k” L
+_§: Al - A12, 1,
C,UO = d :I'lk 3 2,k 3

a,+5

j co k—”(@—ai+g) co W—W(G—ai +—Cj déo
d d 2 o 2

"2

From equation (68), we have

AL, ,+ AL , In(r,)

1
=Cl, +§IUO‘]fir il ( r0)

(2
1
_Z:u(Jinr ro

GRAN
'[ co{ 6-p, +%]]d0

From equation (69), we have
kmr kmr

AL, 1% + ALG 1"

2 1 1
:a(cj'ir,o-'-ztuOJﬁr r12 |n(r0)_ZﬂOinr rgj-

B+
r 2
'[ co'{k—ﬂ(e—ﬁ" +ﬂjjd9
dr dr 2
/B’lr_?

izc:]_irm (r_ojcr _(r_OJ cr
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Equation (70) is reduced to
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From equation (71), we have
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