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ABSTRACT

Purpose — The most significant point to be introduced in the subdomain technique (i.e., based on the formal resolution of
Maxwell’s equations applied in subdomain) is the local saturation effect. In this paper, the author presents a novel contribution
on improving of this two-dimensional (2-D) technique in polar coordinates by ‘focusing on the local saturation.
Design/methodology/approach — The rotor and the stator regions are divided into elementary subdomains (E-SDs) which are
characterized by general solutions to the first harmonic of magnetostatic Maxwell’s equations. These E-SDs are connected in
the two directions (i.e., r- and G-edges). Newton-Raphson (NR) iterative algorithm is used for nonlinear magnetic field analysis.
Findings — The proposed model is relevant for different types of rotating electrical machines, as an example the semi-analytical
model has been implemented for spoke-type permanent-magnet (PM) machines (STPMMs).The magnetic field calculations
have been performed for nonlinear B(H) curve and compared to nonlinear finite-element method (FEM) predictions. The semi-
analytic results are in good agreement with those obtained numerically, considering both amplitude and waveform.

Originality/value — A new model for full prediction of magnetic field in the rotating electrical machines with the local

saturation effect is presented.

[. INTRODUCTION

In electrical machines design and optimization tools, the most influential parameters are the accuracy compared to test results and
the computation time consumed. As it is well known, the humerical methods (i.e., the finite-element, finite-difference or boundary-
elements analysis) [1]-[2] are very effective with the ability to take various geometries and several parameters such as nonlinear and
nonhomogeneous materials, eddy-current, transient and steady state simulations. In other hand, many different works have been
oriented towards the proposal and improvement of hybrid numerical methods [3]-[4] and (semi-)analytical models [5]-[17], which
are fast and adapted to the first design steps. Subdomains technique is one of the most recent semi-analytical methods for magnetic
field prediction and electromagnetic performance calculation in electrical machines. This method is based principally by the division
of the machines into SDs and defined the solution of magnetostatic Maxwell’s equations for each SD.

The general solutions are deduced by considering the interfaces conditions (ICs) between different regions. The most significant
assumption inthis technique is that the iron parts are considered to be infinitely permeable so that the global/local saturation effect is
neglected. Indeed, this assumption leads to homogeneous boundary condition (BCs) in non-periodic regions (e.g., rotor/stator slot).
The global solutions are obtained by considering only #-edges ICs. Until last year, this technique is used in the modeling of several
types of electrical machines such as [5]-[8] for PM synchronous machines, [9]-[11] for solid or cage rotor induction motors, and [12]-
[13] for reluctance machines. Some comprehensive reviews of magnetic field prediction in electrical machines using SD technique
can be found in [5], [14], and [18]-[19].

Give up nonhomogeneous Neumann BCs and the iron consideration in magnetic field prediction using SD technique in



Cartesian coordinate appeared for the first time by Dubas et al. [14], in which the connection is performed in both directions
(i.e., x- and y-edges). In [15], Roubache et al. proposed SD technique taking into account the iron relative permeability in the
STPMMs. In this paper, the r-edges ICs are performed using Taylor series expansion. Recently, a novel exact approach for air-
or iron-cored coil modeling in polar coordinates is proposed by [16]. In [17], this approach is extended to synchronous electric
machines modeling. Herein, the general solutions of Maxwell’s equations are deduced by applying the principle of
superposition and the SDs connections are carried out in §-edges directions using Fourier series expansion, and in r-edges
directions using new proposed series expansion.

The aim of this paper is to extend the proposed model in [16]-[17] for full prediction of magnetic field in the rotating electrical
machines with the local saturation effect, and introducing for the first time NR iterative algorithm in nonlinear magnetic field
analysis using SD technique.

The first part of this paper presents the principles of the proposed E-SD technique. Then, a more detailed for magnetic field
solutions in the various regions and the adaptation of NR iterative algorithm with the proposed technique are done. Finally, the

obtained results from the developed semi-analytical model are compared to those found by FEM [20].

. METHODOLOGY

The aim of this paper is to propose a general semi-analytical model for full prediction of magnetic field in the rotating
electrical machines. This model takes into account the local saturation effect and gives the magnetic field distribution in all
machine regions (e.g., PMs, slots, teeth, yoke...).

As an example the proposed E-SD technique coupled with NR iterative algorithm for nonlinear magnetic field analysis has been

implemented for STPMM [see Fig. 1]. However, it can be easily implemented for other types of electrical machines, this E-

SD technique in polar coordinates (r, 8) is formulated in magnetic vector potential A; with the following assumptions:

o the end-effects are neglected (i.e., that the magnetic variables are independent of z);
o the stator slots/teeth, the rotor teeth and the PMs have radial sides;
o the current density has only one component along the z-axis;

o the electrical conductivities of materials are assumed to be null;
e the direction of PMs magnetization is supposed purely tangential, i.e., M = {0, My, 0} X
o the E-SDs are considered as isotropic regions;

the iron reluctivity is a function of the mean value of magnetic field B in each E-SD.

The main idea of the proposed model is to mesh the rotor and the stator regions into E-SDs [see Figs. 2.a-2.b]. Then, the general
solution of magnetostatic Maxwell’s equations is taking such as in [16]-[17]. However, the E-SDs must be small enough that the
potential vector variation can be considered as not important. This approximation allows us to consider only the first radial and

tangential harmonics, which makes the desired accuracy related to the number of E-SDs instead of the harmonics number.

It should be noted that the non-saturated regions (e.g., stator slots) are meshed for a programming reason. In fact, this rends
the adjacent E-SDs have the same spatial frequency and the obtained equations from the I1Cs between the different E-SDs will
have the same form [see Appendix B]. Moreover, using the description given in this paper, one can program this model by

associate the E-SDs by more than one harmonic (e.g., two or three harmonics). However, as the aim is to consider the local



saturation, the E-SDs should be small and the high harmonics will be useless. A comparison between the case of one harmonic

and three harmonics is given in Section V.

The mesh in this model is done with simple algorithm by devising the rotor and the stator region in r- and 6-directions. As

examples, a comparison between three different meshes is done in Sect

SDs in the rotor

ion V:

Mesh 1 (M1) : only the stator slots are divided by three in §-direction which give 72 E-SDs in the stator and 24 E-

Mesh 2 (M2) : the rotor teeth are divided by six in 6-direction and the stator slots/teeth and the PMs are divided by

three in r- and d-directions which give 180 E-SDs in the stator and 180 E-SDs in the rotor

stator and 384 E-SDs in the rotor

Mesh 3 (M3) : the stator/rotor slots/teeth/PMs are divided by six in r- and #-direction which give 576 E-SDs in the

Fig. 1. Examples of STPMM
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where Mg = (—1)j -Bym /o With j varying from 1 to 2p poles in which By, is the remanent flux density of PMs, and J; is the
current density in the i*" stator slot with i vary from 1to Qg in which Qg represents the number of stator slots, QJ,, is the jt"
PM region, QL the it" stator slot, Q and Qg are the iron regions in the rotor and the stator regions respectively, g, is the
stator isthmus-opening region, {R,R,,a,a} are the main dimension of Q, and {&,&,,&;,¢,.4,&} are its integration
constants.

Each E-SD is characterized by absolute reluctivity in function of B , this function is obtained from the nonlinear curve using
the analytical model given in [21]:

o(B) = |1 Q 5)

o
H qul(( B/mq) q +aqq)

where B is the mean value of field density in the E-SD [see Appendix C], 4, is the vacuum permeability, and q is an index

and {mq Ny, aq} are the parameters to be optimized using genetic algorithm. The B(H) and u(E) curves used herein and their

corresponding parameters are given in Appendix A. For the paramagnetic regions (i.e., Q},, , Q. , and Qg, ), the reluctivity

is defined as
o(B)= ©
Hy
After defined the solutions in different regions (i.e., rotor, stator, and air-gap), the ICs between the various regions should be
introduced to determine the integration constants. These ICs give nonlinear system equation [see Section I11] which can be solved
using NR iterative algorithm [see Section 1V].
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Fig. 2. Mesh generation of: (a) the rotor and (b) the stator.

[ll. MAGNETIC FIELD SOLUTION

In the proposed model the machine is divided into three regions. Fig. 1 shows the machines topologies where: i) Region |
represents the air-gap, ii) Region Il the rotor, and iii) Region I1l the stator.
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After meshing the stator and the rotor region into E-SDs, each E-SD is associated by inner and outer radii, position, opening

width, and absolute reluctivity. The following sub-sections present the general solutions in each region.

A. General solution of Laplace’s equation in region |

In the air-gap (i.e., Region 1), which is an annular domain at r e[Rr; Rs], the solution of Laplace’s equation can be written
as [16]-[17]
A, (r,0) = Aly + A2, In(r)

+§;[A1n (RLJ L A2, [RLJ }in(ne) %)
+§;[A3n (RLJ + A4, (RLJ }cos(n@)

where n is a positive integer, and Alo — A4, are the integration constants in Region I.

The field vectors B = {Br; By: 0} and H = {Hr; Hp; 0} in these regions are coupled by
H, =B,/ ®)
B. General Solution of Laplace’s/Poisson’s Equations in Region 11
The rotor region (i.e., Region 1) is divided into E-SDs as it shown in Fig. 2(a). Each element Q‘,‘," is characterized by the
parameters {Azpl‘f" o, e, Rrk,RrM} where AP is the particular solution, v}'is the absolute reluctivity, and
{a, .a,Rr, Rrk+1} are the corresponding main dimension. The general solution of A, in this region can be written as [16]-[17]

f= B 4 BE In(r) + AP
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C. General solution of Laplace’s/Poisson’s equations in region 111
The stator region (i.e., Region Il1) is divided into E-SDs as it shown in Fig. 2(b). Each element Q‘f,’ll is characterized by the
parameters {Azp,.k." o B, Rsk,Rsk+1} where A"K' is the particular solution, u,k,',' is the absolute reluctivity and

{,B, b, Rs,, Rsk+1} are the corresponding main dimension. The general solution of A, in this region can be written as [16]-[17]
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The field vectors B = {Br; By: 0} and H = {Hr; Hp; 0} in these regions are coupled by

HE = Uk,IBIinI (12)

It should be noted that the r- and 8-components of B are deduced from A, by

0 0.
=22 ang B == with = 0,0 (13)
r oo or

IV. ICS AND NR ITERATIVE ALGORITHM

The integration constants in (7), (9), and (11) can be determined by solving the following nonlinear system equations

obtained from the 1Cs between the various regions [see Appendix B], viz.,

f(X)=[M(X)]X+Y =0 (14)
where
'An AL AL ]
0 AZ 0
0 0 A%
M (X ) = A41 A42 (brotor ) A43 (cstator) (15)
O A52 (brotor) 0
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T
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y=[r' T * rtr°or (17)
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It should be noted that the first three lines of sub-matrices in the matrix M correspond to ICs of A, where the equations are

independent to the absolute reluctivity of materials. However, the other sub-matrices are corresponding to ICs of H;; at surface.

These later are depending to the absolute reluctivity of materials which are also related to the unknowns vector X.

The Jacobian matrix of f(X)can be written for the k™ iteration as

JE(X*) =[M(X*)]+[A] X" (21)
where
K 0 0
0 0 0
0 0 0
[A] = 0 aAAZ/abrotor 8A43/acstator (22)
0 aASZ /abrotor O
_0 0 6A63/6bstator |

The description of dA*/6b™" and dA*/oc™™ is given in Appendix C.
Using the well-known NR iterative formula the solution at each iteration is given as:

Xt 3k g XK (23)
where J* is the Jacobian matrix, and f* = [M (X")] X 4Y .

In order to improve the convergence, the nonlinear iteration was decelerated by applying an under relaxation factor ¢ as
follows:

X*t= XK g( X - XK) (24)

The usual NR iterative algorithm can be obtained for e=1. Herein, the value of ¢ is changed according [22] in such a way to
reduce the norm of residual vector || f || , Where ¢ is divided by two until the following condition is satisfied

|| f k+1

<[] 25)

The initial vector X° is defined as X° = —[M (O)TY , and then the iterative procedure continues until the desired global

convergence criteria”f“||/||Y||S10’3 which is enough to make the residual vector f* negligible compared to the second

member Y . Fig. 3 shows the flowchart for the NR iterative algorithm.



X =-[M(0)]"Y

@ £ =[M(X*)]X°+Y

3°=[M(X)]+[A]X°

N|
v

[ XK gk gk, xk ]

e=1
"v
[ Xk+1=Xk+5(Xk+17Xk)
v

828/2 [ fk+1=[M(Xk+l):|xk+1+Y

e

Yes

H f k+1
M

[ Jk+1:[M(Xk+l):|+[A]Xk+1 ] NO L Yes

A

End

Fig. 3. Flowchart for NR iterative algorithm.

V. RESULTS AND VALIDATION

The developed semi-analytical method with the local saturation effect is used to determine the magnetic field in all regions of
the machines. The main dimensions and parameters of the studied machine are given in Table I. Then, semi-analytic results are
verified by FEM [20]. To find agreeable results, we have used sufficient maximum segments in arcs drawing and automatic mesh
generation, which gives 17,708 nodes and 35,231 elements. The simulation consumes around 8 sec.

In Fig. 4, a comparison between the numerical results and the semi-analytical predictions for on load condition are shown in terms
of magnitude of B in the middle of the air-gap (i.e., Region I) for three different meshes and tow case: i) one r- and &-harmonic are
associated for each E-SD and ii) three r- and 6-harmonics are associated for each E-SD. It can be seen that the semi-analytic model
converge to the solution given by FEM however the time simulation become important for fin mesh (i.e., mesh (M3)). In the case of
three harmonics per E-SD, the computation time augments nevertheless the accuracy don’t affect so match, this refer to the local
saturation of the iron which need the augmentation of the number of E-SDs more than the number of the harmonics. It should be
noted that the RMS error is calculated as

N ) )
Error = \/Z(Bﬂﬁgm -y )’ / N, @7)

m=1

where N . =500 is the number of points along the tangential.

Figs. 5-7 present the r- and @-components of B in the circles placed at the middle of the: i) air-gap ii) outer rotor bridge, and iii)
stator yoke for on load condition. The results are good with agreeable error. The oscillation seen in Figs. 6a is explained by the nature

of the solution proposed in the E-SDs which is sinus in terms of radial components.



TABLE |. Parameters of studied machine.

Symbol

Parameters

Value

Brm

Remanent flux density of PMs
Relative permeability of PMs
Number of conductors per stator slot
Peak phase current
Number of stator slots
Stator slot-opening
Stator isthmus-opening
PM-opening
Number of pole pairs
Radius of the external stator surface
External radius of stator slot
Internal radius of stator slot
Radius of the internal stator surface
Radius of the external rotor surface
External radius of the PMs
Internal radius of the PMs
Radius of the rotor inner surface
Axial length

Mechanical pulse of synchronism

12T
1
200
5-20 A
6
30 deg.
10 deg
18 deg.
2
67 mm
60.3 mm
48 mm
45.3 mm
44.8 mm
43.8' mm
23 mm
22 mm
63 mm
1,500 rpm

The obtained relative permeability from the developed semi-analytical model is compared to that found by FEM in Fig. 8 good

agreements are obtained. One can see the high saturation of the machine especially in the stator yoke and the rotor bridge where the

relative permeability is less than 50.

Another presentation of obtaining results is shown in Fig. 9, where the magnitude of B in all machines regions is plotted, the

comparison between analytical and numerical results improve the model accuracy regarding the local saturation which can be

observed in inner/outer rotor bridge, stator yoke, and partial part of stator/rotor teeth.

Different performances versus rotor position are presented in Figs. 10-12. The simulation is done with two different initial rotor

position values, viz., 6,59 = 0 atno-loadand 6,59 = 7/ 2p atfull-load, and different value of supply current (0, 10, and 20 A). Fig. 10

shows the cogging torque for no-load condition, and the electromagnetic torque for on load condition. For the no-/full-load condition,

the induced magnetic flux linkage per phase and the back-EMF or voltage are given in Figs. 11-12.The obtained results confirm the

accuracy of the proposed semi-analytical model considering both amplitude and waveform.
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Fig. 5. Waveform of B in the middle of the air-gap for on load condition 1=20 A: (a) r- and (b) 8-component.
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VI. CONCLUSION

In this paper, we have proposed an improved semi-analytical model based on the 2-D subdomain technique in polar
coordinates (r,0) for the rotating electrical machine. The model has been applied to the STPMM. In this approach, the rotor
and the stator regions are divided into E-SDs which are characterized by general solutions to the first harmonic of magnetostatic
Maxwell’s equations. The ICs are performed in both directions (i.e., r- and 6-edges). The local saturation effect has been taken
into account in the electromagnetic modeling. NR iterative algorithm has been used for nonlinear magnetic field analysis.

In addition to considering local saturation, one of the largest advantages of the discussed approach is its compatibility with
various geometries, viz., with(out) bridge, with(out) semi-closed, one(double) layer..., the only change to make is the particular
solution association for each E-SD.

In comparison with numerical method, the 2-D semi-analytical results are in good agreement with the ones obtained by 2-D
FEM. However, the obtained of accuracy results need computation time more than FEM. Therefore, future research should

focus on the optimization of the proposed maodel.

APPENDIX A

The B(H) and u(E) curves for the ferromagnetic material (i.e., type of steel M27_24G) used in this proposed model are shown

in Fig. A-1. The specific parameters used herein are shown in Table A-I.

2

16r

12

B(T)

0.8

0.4

) 5 10 i 20 o 04 08 12 16 2
H (KA/m) B(T)

@) (b)

Fig. A-1. (a) B(H) and (b) u(B) curve.

TABLE A-l. PARAMETERS FOR RELUCTIVITY CURVE FIT EQUATION

q Mg Nq aq
1 1.8874 15.0467 | 1.001

2 2.1440 65.8347 | 1.0006
3 1.9433 99.9533 | 1.0005
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APPENDIX B
e Magnetic vector potential ICs:

The sub-matrices {All;Alz;AB;rl} are defined from the ICs between Region I, Il and Il at r =R, and r =Ry as:

|
A (Re.0) = A (R.,0) (B-1)
A (R, 0) = Ay (R, 0) (B-2)
Fourier series expansion of (B-1) gives
1 a|+%|
B+ By In(R )+ AL = [ A (R.0)-do (B-3)
| au—%‘
a|+%'
BXIR% 4 B IR _2 I A, (Rr,¢9)co{9rI [a—al +%ﬂd0 (B-4)
a
1 oq—a'?
Fourier series expansion of (B-2) gives
1 A +%
cl'+c' In(R)+ AN == [ A, (R,,6)do (B-5)
R b N
ﬁl*z
CHR% 4+ CLIR =H J A, (RS,G)COS{SSI (0—& +Elﬂd9 (B-6)
b
/}I,,l
2

The sub-matrices { AZZ;FZ} are defined from the ICs between the E-SDs in Region 1T in addition to Dirichlet’s BC at I = Riy

as:
ki: (Rrk+1’9) = kﬁlYI (Rrk+119) (B'7)
a a,
ot [r!al +E|] = ki:+l(raa|+1 —%j (B-8)
i (Rin:0) =0 (B-9)

Fourier series expansion of (B-7) gives

B +B5" In(Rr,y)| | B™ +By™ In(Rr,,,)

+ APk = 4 APK+LI (B-10)
IR, " R
B'RR, + BIRR 4 = B RR + BIHIRR (B-11)

The developed of (B-8) gives
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Bk,l+1_Bk,I (Bk,l+1_B;l)|n(r)

kl+1 pkl
Riga | oo+ A, dr
[ A sin| 4, In| —
R L Bsk.l+1r-9r(|+1) + B:,le"gr(lfl) Rrk r

+ BRI BRI

. In(Rr,../Rr,)

: [ By sinh(~4,a ) B¢ sinh(4,a) | =0

The developed of (B-9) gives
M B In(Ry )+ pll| =0

BlIR9,| BlIR e =0

int int

(B-12)

(B-13)

(B-14)

The sub-matrices { A33;F3} are defined from the ICs between the E-SDs in Region III in addition to Dirichlet’s BC at

I =Rey as:

III(RSk+l"9) kﬁlll(RskJrll@)

b
||| (r B+ j ki:rl(r’ﬁm‘%j
AzKIIII( ext ) )=0

Fourier series expansion of (B-15) gives

[Ck" +Cy! In(RSk+l):| [Ckm +Cy In(RsM)]

pk,l pk+1,1
+ m AZ|||

Rs, Rsi41

CL'Rs, +CL'Rs, % = Ci*MRs, +Cf ™' Rs, %
The developed of (B-16) gives
Ck,l+1 _Ck,l (Ck‘l+1 _sz )In(r)
pk,l+1 pk
J~R | ot AT = AR sin{isk I [rj:|dr
Rsy ...+C;'I+1I’ %(141) +C‘l‘<,|+1r*35(\+1) RSk r
A CErH pClp

) In(Rsk;/RSkf) [Cé‘"”sinh(—/lskbl )—Cs'sinh (Ayb )] =0
The developed of (B-17) gives

CleJ "'(:2stI |I’]( ext)+AszII :0

CK IR.95| CK IR 9 =0

ext ext

e Field intensity ICs:

The sub-matrices {A41;A42;A43;1“4} are defined from the I1Cs between Region I, Il and Ill at r =R, and r =R as:
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(B-15)

(B-16)

(B-17)

(B-18)

(B-19)

(B-20)

(B-21)

(B-22)



Hoi (R.0)= o' (R, 0)
Hoi (R, 0)= Hé’:n (Rs,0)

Fourier series expansion of (B-23) gives

ﬂORr 2z =1 a
zz|7?
. Aln & n 1 L (1|+% . )
_ R ) [==> J' Hs' (R, 0)sin(n@)do
HoR; = a
_Azn A=y
— Rr n y Dl|+3
_._n AS"(E] ]_1 {J‘ HS (R 9)cos(n0)d9]
HoRy = a
| —A4, Ay
Fourier series expansion of (B-24) gives
ﬁl**
A2, 1
- => j HEL(R,,0)do
HR 271' =1

2

_A2 R 15 K
PR (==X [ HE (R 0)sin(no)do
HoRs T3 b
,“'7A1n i /ﬁ*g
Rs -] L 7/ﬁ+%
: A4"(Rrj 32 Hz (R.,6)cos(ng)dé
HoR, T4 .
;.'.7A3n B _/ﬁiz

The sub-matrices {A52;r5} are defined from the ICs between the E-SDs in Region Il as:

Hau (Rr,1,0)= H;ﬁll (Rr,1,0)

I a
Hrn["al 2) Hrll+l( '“|+1—%j

Fourier series expansion of (B-31) gives

3
At AnTK at r kLl
J‘z aAz 1l -[2 aAz I
kI
Y -2 or =Ry | =] -2 r=Rii
O 2
I k| k+1,1
aB; aB™
ya2 2
Rr, Rr,

k+1
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(B-23)

(B-24)

(B-25)

(B-26)

(B-27)

(B-28)

(B-29)

(B-30)

(B-31)

(B-32)

(B-33)



o &

2[ kI aAZr ‘ _aAzrlklu,l

ofofoec2)

o ot oor | o |
a,—? T L]
k.l
v +L Tl
( By B ] Rr (B-34)
T 1 _ O
aRr,

K+l o
+ W gkl _ gkl |Rp-
LRt 4 4 Mt

where

a rk,d
A, {Bsk" sinh {A,k (9 —a +3ﬂ
or 2

(B-35)
+BY sinh[ " (0 o7 —aﬂ}cos[,{m In{ r H
2 Rr,
The developed of (B-32) gives
ok | Bs' cosh(Z,a)) _ By'™ cosh(—4,a, ) (B-36)
U|k| I+ . Bg,l ey Bsk,|+1
The sub-matrices {A63;r6} are defined from the ICs between E-SDs in Region I11 as:
k| k+1,1
Hoin (Rsia:0) = Hair" (R8.1.0) (B-37)
k,I by H k1 b
Hyii (r’ﬂl + 2] Hein' ( P~ +1J (B-38)
Fourier series expansion of (B-37) gives
'Bﬁﬂ r ﬂ'+ﬂ r k+
IZ oA IZ oA
ol b OF or
i\ A r=Rsca |=| A r=Rs,; (B-39)
n b CX! bICk+1,|
! Rsk+l ! Rsk+1
»5|+% Ukl 6Azr ‘ aAZr k+1,1 b
J‘ k|||ll n _ n cos| 9, (G_ﬂl +7|j
6| Om  Or or 2
ﬂr; R,y RSii1
( Uk'y“ c' - c;*lv'JRskil (B-40)
V4 O
+ bRs =0
e[l
1
where
rk,l
6’2’;” = Ay {cg" sinh {Ask (e—p’, +%'H
(B-41)

- +C¥'sinh {lsk (e—ﬂu ‘EH}CO{% " (Rrskﬂ
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The developed of (B-38) gives



k! {CS"" cosh (A,b, )} _ {Cg"“ cosh (=A,b )}

kI k,I+1
...+C6 H.+C5

APPENDIX C

It can be seen from field intensity ICs in rotor region that the sub-matrix A*? (bmtor) can be written as:

: gkl
2
A42(brotor)_brotor: 2k,IUIkI,I é(,lvh,l .
. Bg'l
and
oA | okl dul
abetOf - 2 aBgJ 6 aBgJ
where

okl = f (ET{')

with B} is the mean value of field density in the E-SD Qlﬁ" , iIn which it is approximate as

B \/(Ef‘.'. ED

where

—k,l Rrk+l
BI’” - I I Br“I’drdH
Q?ll Rrk a,i
2
]
—k.l Rrk+1 2 Kl
Bou = _[ _[ Byj r-dr-dé

ki a
Qi R, &
2

with Soi =2y (Rrkz+l —Ri? ) / 2 is the surface of the E-SD Q' .
According to solution given in (8), the expansion of (C-4) and (C-5) gives

—k,l
Bri =

AL CRTILI D)
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(B-42)

(C-1)

(C-2)

(C-3)

(C-4)

(C-5)

(C-6)

(C-7)



Boi = Sl (0,85 +as (B! - B¢ | (C-8)

o
where
2 (Rr1+9" Rr1+‘9")
G 1+ 9, k+l k
-2 1-8, 1-8,
op) =W(Rrk+l ' —Rr ')
Yl
. R
Gs =sinh (A )(e'”(Rrk“/Rrk) +1)1/1”‘—rk2 (C-9)
+ﬁrk
q; =4 (R, —RK)
Rr,
= (1-cosh (A a, ))(e™(Rriea/R%) 4 1) "k
q5 ( ( rk I))( )1"‘/1“(2
Then
—Kkl _—kl =kl _—k|
au,k'" Kl Brii 0Bri Bon 0Ban
Kl =0v B | =kl =kl T =Kkl =k (C-10)
0B, "\ B 0OB. Bn o0B.
where
r — n -1 b
B/m,|" /,_ Un,-L
Q ( / Q) Moo |
o qu:1 m ((B/mq) +aq)
ov(B)= — . (C-11)

: _ [ §=1((§/ mQ)nq +ay )#nq ]2

with the same method the sub-matrices {0A% /6b™ ;0A* /6c™** ;0A% /ac™* | can be calculated.
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