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A Multislice Coupled Finite-Element Method With
Uneven Slice Length Division for the Simulation
Study of Electric Machines

W. N. Fu, S. L. Ho, H. L. Li, and H. C. Wong

Abstract—To consider the changes of the magnetic field along the stranded windings and solid conductors in the magnetic field
the axial direction when simulating the operations of electric ma- as well as the external circuits are connected by circuits which
chines, a multislice circuit-field coupled finite element method is are governed by the Kirchhoff's laws.
presented. The formulations reported allow unequal division of the
axial length of the motor in the multislice model. The proposed cir- .
cuit-field coupled technique provides a simple, general, and yet sys- A- 1N the Airgap and the Iron Cores

tematic way to couple arbitrary circuits with the magnetic field. Using the aforementioned assumptions, the field equation
Index Terms—Coupled method, electric machine, finite element, €Xpressed in the 2-D Cartesian coordinates in regions without
multislice method. source current and permanent magnets (PM) is
= A
I. INTRODUCTION X;Zm [V -(vVAR) +o 3 ;" =0 (1)

N ORDER to consider skewed rotor slots in the simulation ) ) )
studies of induction motors using time stepping finite-elevhereA., is the axial component of the magnetic vector poten-
ment method (FEM), a two-dimensional (2-D) multislice moddial in themth shce,u_ is the reluctivity of the material, andis
has been developed [1]. A set of nonskewed 2-D models, edbf electric conductivity.
corresponding to a section taken at different positions along the o
axis of the machine, is used to model the skewed rotor. TRe IN the Stranded Windings
2-D FEM equations of each slice are then coupled together andn the armature winding where the current density is uniform,
solved simultaneously. This model was further refined by the atire field equation is
thorsin [2]. To consider the interbar currents in the skewed rotor "
bars, a multislice-network-coupled FEM has also been proposed Z
[3]. However, in all these formulations the axial length of each
slice along the motor axis has to be equal.
Besides considering skewed slots, the model is also ideaMberei., is the winding current5,, is the total cross-sectional
deal with motors with insignificant axial changes in the magarea of one turn on one coil side of theh slice (5,,, between
netic field. adjacent slices can differ slightly), arid,, is the polarity ¢-1
This paper describes the necessary formulae to address@he 1) to represent either the forward paths or return paths. The
multislice FEM formulations with nonuniform slice lengthswinding circuit equation of one branch is
along the axial direction. The geometrical shape of the cross di,
sections of each slice can also be different if the changes e+ Rytw + Lo——

: . : 7 dt
are small. The merit of the proposed method is that arbitrary

connected stranded windings, solid conductors, and exterff&l€reR. is the total winding resistance,, is the inductance of
circuits can be directly coupled readily. the end windings, and,, is the branch voltage of the winding.

The induced electromotive force (e.m.f.) in the winding is

lem
S

[lmv (VAR - iw| =0 )

m=1

= Uw 3)

[l. BASIC EQUATIONS IN THE FIELD REGIONS MoKk 9 A
- o - . = L " dQ). 4
In multislice FEM, the motor is divided axially intdf slices, ¢ mz_:l Sm //Q ot
and the axial length of each slicelisio, . . ., l5;. In each slice,

the magnetic vector potential has an axial component only. Allf (2) and (3) are directly coupled together, the coefficient
matrix of the system equations will become asymmetrical in

the nodal analysis. Consequently, an additional unknown in the
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wherei* is simply written asi,,, the superscripk is the step circuit, the free divergence of the current density is satisfied by
numberlin the time stepping process and the step Aize= the Kirchhoff’s law [3].
tF — ¥~ . Substituting the above equation into (3), one has

( €+ Uy + jifu 1) [ll. SUBSYSTEM EQUATIONS IN THE FIELD REGIONS

o = (Ry + E) ' ©6) The potential can be expressed as the sum of the shape func-

Substituting (6) into (2), the field equation is tions multiplied with the nodal potential

M e
Z lmv . (VVAm)+ Kulm T e— Kulm 7 uﬂ;| Anl = Z Ni ($7 y)AmL (14)
Sm (Ru+55) S (Rut55) -

m=1
M as there ard/, nodes in the element anyd; is the shape func-
= Z Kw—lmLU ;#=1_ (7) tion. Using the Galerkin Method, one obtains the integral equa-
= S (Rw + 52) At hu tions of the field problems. In the airgap and iron cores associ-
Substituting (4) and (6) into (3), the branch equation is ated with (1), one has
M
Kl // 0A, 1 // ON; 0 ON; 0
mzzl Sm(Ryw +%2) JJq Ot (R + £2) ;1 ox 0z 7T oy ay”
: Ly k—1 M,
=y — 7y - 8
AH(R, + %2) ®) ZNAmJ-i-aNaZNAmJ dQ = 0.
Equation (4) can also be written as j=1
1 (15)
- Z // + L) e=0. In the stranded windings associated with (7), one has
m= 1 At w At

M,

ON; 0
Equations (7)—(9) are the basic equations in the strandgl // 97 On
winding region. The additional unknowa is introduced to m=1

7ma 0 01 ZNA””

make the coefficient matrix of the system equations symmet- N.K
rical. +————F— (e —uy)| dQ
Sm (R’ll) + A_{;)
. In the Solid Conductors N.Kol. L, -
Eddy -current is inevitable in solid conductors. PM can be Z WN w | dSd. (16)

taken as solid conductors with the eddy-current effect being in- m=1"
cluded in the FE solution . The Maxwell’'s equations for thle 1N solid conductor or PM region associated with (10), one has

conductor of thenth slice is M M, M,
JN; 0 - ON; 0 =
M 1 7
A, Im // —v N Ap; + ——v N; A
Z [lmV (vVA,) + ol % —aumn} mX::l Q, | 9z Oz ; jaAmj oy Oy ]2::1 jAmj
m=1 5 M. 0
OMy,y  OMpns 2 AN [ Z
- Z v /j'Ul < L — 8y ) (10) +oNi ot Z NJ Am] N; (lm umn) 749
whereu,,,, is the voltage between the two terminals of itih AN, AN,
conductor of thenth slice, M,,., and M,,,, are, respectively, = Z lm // Vito ( mz 8 - Mmyg) Q. (17)

thex andy components of the magnetization vector (amperes/ m=1 )
meter) in thenth slice,v is the equivalent reluctivity in the PM, ~ Discretising (15)—(17), (8), (9). (12), and coupling them to-
andp, is the permeability of free space. The total current in trgether, the global system matrix equation becomes

nth conductor of thenth slice is Ciy Cia Ci13 Cuy A
. 8Am Umn 0 022 0 0 (&
Tmn = - dQ. 11
‘ “,/ /Q ( o o > @ 1o 0 o 0w
Equation (11) can also be written as, 0 0 0 Cu di‘mn
1 . Dll 0 0 0 dat 0 Pl
_0// —dQ + R o Umn = tmn (12) CL 0 0 0 % 0 0
" o Tler o0 0 of | dwe [T | TP (18)
where the dc resistance of théh conductor of thenth slice is 13 dt oY 3
l 014 0 0 0 du{’lm” 'Lm,n 0
Rn = e (13)

where the first row of the submatrix is the magnetic field equa-
(U ff@n d ) tions, the second row is the additional circuit equations in the
In the PM region, the total curreit,,, in each piece of the PM stranded windings, the third row is the branch equations of the
should be zero. The field equation (10) and branch circuit equsiranded windings, and the last row is the branch equations of
tion (12) are the basic equations in the solid conductors. Sinte solid conductors. The unknowns are the magnetic vector po-
all conductors in each slice will be connected with the externintials [4], the e.m.f. k] in the stranded windings, the voltages

Authorized licensed use limited to: Hong Kong Polytechnic University. Downloaded on March 14, 2009 at 09:33 from IEEE Xplore. Restrictions apply.



1568 IEEE TRANSACTIONS ON MAGNETICS, VOL. 39, NO. 3, MAY 2003

[u.,] of the stranded windings, and the voltages,],] on each In the stranded winding€/>; andCs; areW x W matrices

slice in the solid conductors. diagonal
Chy = [C. C. con Cogry =C 30
The elements of the coefficient matrix are given in the fol- > [Cr2) O 201)] 3 (30)

lowing such that if the elements and nodes are numbered s s is a column matrix witi¥” rows

by slice, then Py=[Pyuy Pyoy - Pyary]” (31)
A=[4, 4y - Ay]" (19) where
C11 andDq; are :_associated with the field equations Coa(w) =C3(w) = R;LU (32)
Cll(l) 0 0 w + At
0 Cue 0 R — 33
Cpy = ) (20) 0 = N (R + B) 5=
0 0 ' Crian In the solid conductors
L 11(M
11(1) D 0 044(2) 0
Do = 0 11(2) 0 1) Cyy = . (34)
A 0 0 C
0 0 Di1any 44(M)
- where
where each element is .
" ON; ON; ON; ON; _
C o=l rZ23 P22} 40 (22 Ciatmyn = . (35)
11(m)ij //Qme v ( or on + dy Oy ) (22) R
_ Using the backward Euler's method to discretize the time
D (myi =lm //Q o NiNjdS2. (23) variable, one obtains the recurrence formulas ofihestep for
In(22) and (23); = 1,2,...,N. andj = 1,2,...., N.. the time stepping process as follows:
C4» andC5 are associated with the coupling terms betweefC11 + % Cia Ciz3 Cus A
the field and the stranded windings, %f;z Cyy 0 0 .
Ci2 = [012(1) Craz) -+ Craqa ]T =-Ci (24 CTIT? 0 Css 0 oo
C1a(m) hasW columns for théV stranded windings. The ele- Cly 0 0o C Umn
(m) L At 44
ment of theith node and thevth stranded winding is P, 4 D gk—1
Ko 0 1 +T At
Cra(m)iw = —C13(m)iw = — // del’dy 0 &Akil
(m) (m) Som (Rw + %) Q.. = p + Atcg b1 (36)
(25) _Lw P; + EA
C14 is associated with the coupling term between the field tmn %Ak—l
and the solid conductors Multiplying At to the additional equation in the second row and
Craq) 0 0 the branch equations in the third and fourth rows, one obtains the
O = 0 Cla2) 0 (26) following matrix equation with symmetrical coefficients:
14 = Ci1+ % C12 Cr3 Cra A
0 0 014(]\[) ClTZ CQQAt 0 0 e
; CE 0 Cs3At 0 U
C14(m) hasN columns for theV solid conductors. The element 13 33 w
of theith node and theth solid conductor is Cia 0 0 Cuslt Umn
0 Py 4 Bu gkl
Cl4(m)in = —0 Ntdldy (27) 0 CT A,k—l
e = iwae [t part ogarr |- G
The subcolumn matrix on the right-hand side i,:nAt 3 CﬂAI}EI
Pi=[Piqy Py -+ Pianl’ (28)
can be computed as V. COUPLING WITH THE EXTERNAL CIRCUITS
- Kylm Loit™" N.dzd In time domain, the branch equation of the external circuits
s (R + LAt S o, Y can be simplified as
+1 / / vito (M ONi _yp @) dndy (Gl fue] = [i.] + [P.] (38)
Qe dy ! oz ‘ whereu, andi. are, respectively, the branch voltage and current,
n N 0A,, d (29) G, is the matrix of the conductance, af is the column ma-
m¥ c.. = On ¢ trix associated with voltage source, current source as well as the

where the first term is present only in the stranded winding r&21ution from the previous time step (for inductive and capaci-
gion, the second term is present only in the PM, the last termH4 €lements). MultiplyingAt to the two sides of the previous
only found in the Neumann boundaf,., andn in (29) is the €duation gives

outward normal unit vector. [GAL] [ue] = [ie At] + [PoAt] . (39)
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The addition of the external circuit equations into (37) gives 006 N
0.04
Cu+L8L O Cis Cha 0 A ° { ! [ |
ClTQ Ch At 0 0 0 e _ 0.02 } ]
017;3 0 C33 At 0 0 Uy % 0 [ fr—e—t o fire—r
CE, 0 0 CuaAt 0 Unnn g oo
0 0 0 0 GeAtl L u. % oot [
0 Py + Bugkt ' /
0 CT,AF=1 006
— N T pk—1 K
= | iwAt |+ | BAtECRAMT L (40) 008 ; . . . .
’LmnAt Ci,A Time (ms)
Qe Al P.At @
The branch voltage column matrix and the branch current 006
column matrix are i
0.04 -
T L
[up] = [ Umn e ] (41) 002 [
i) =[iw imn dc] - C R W
Using the nodal method, the relationship between the branch® e L
voltageu; and the nodal voltage,, is expressed as oor L
[up] = [ArTLb] [tn] (43) -0.06 i . . ! L
0 1 2 3 4
whereA,,;, = (a;;) is the node-to-branch incidence matrix Time (ms)
+1 if branch j is connected to node (b)
and it is directed away from the node Fig. 1. Phase current of a PM motor. (a) Meaured current. (b) Computed
ai; = 4 —1 if branchj is connected to node current.
and it is directed toward the node
0  ifbranch j is not connected to node sequently, one needs five slices near the end region of the motor
‘ 6. The axial length of each sliceis =1, = I3 =1, =I5 =
[A,p] [4] = 0. (44)  0.041.,1s = 0.81., wherel. is the total axial length of the motor.

Substituting (43) into the system equations (40) and multiplyi
[A,s] to the two sides of the last three rows of (40) as well g
including the relationships (41), (42) and (44), one obtains t
final global equations

ote that if the slice length is uniform, then the slice number
@ould be 25. By using the proposed algorithm, the computing
me can, thus, be reduced significantly. It can also be seen that
the measured and computed phase currents as shown, respec-
tively, in Fig. 1(a) and (b) are virtually identical to each other.

( 011-1'% Cr2 ) ( Ci3 C1a 0 > AT
Ch TO22At 0o 0 o) VI. CONCLUSION
A giTi 8 A 03?(’)At 042 AL 8 a | The proposed multislice FEM for the analysis of the per-
0 o 0 0 G At ormance of elec_trlc ma_cr_unes allows nonum_form axial divi-
Dii ak1 N sion of the motor in multislice models. The arbitrary connected
<P1 +TAtkA stranded windings, solid conductors, and external circuits can
A ClA? be directly coupled with the FEM equations and the coefficient
e )| = AtPs 4+ C{zA! (45)  matrix of the system equations can be kept symmetrical. When
Un, Anp CT, A1 the number of the multislices is equal to one, the deduced formu-
P.At lations become that of the normal 2-D FEM and circuit coupled

where the coefficient matrices are still symmetrical. method.
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