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ARSTPACT :

An accurate knowledge of magnetostatics as well as  other field
distribution in electrical machines is af qreat importance 1n design
optimization. The search activity in the past two decades has
considered the numerical analysis and calcnlation nfé magnetostatic field
in electrical machinery through the solutian aof flaxwell’s equations ,
while taking full account of magnetic saturation. This solution pf field
problea is limited to simple geometric shapes of the region of interest.
Concepts of both scalar ang vector magnetic patential have been used for
computing the magnetostatic fields. Numerical approaches invelving
finite-element method , finite-difference method and integral equation
technique ey he uead to evaluate surhr fields.

In electrical machines , the flux distribution required is that in anc
around current carrying windings, Cansequently the partial differential
equation such as Laplace’s equation for the behaviour of magnetostatic
fields is not valid within current carrying conductors. Within the
conduc tor there is no defintion in the finite-difference mesh. ) S
however possible to derive another potential <function inside the
current~carrying regions which do not satisfy Laplace’s eguation
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throughout tha conductor , but enable the field problem to be solved and
allow calculation of magnetic field strength and flux density. Thece
equations affect a solution of Polesion’s equatiaon which doss hold in-—
side a current—carrying region but only for vector magnetic potentials.

This paper presents the development of finite-di¥fference method for
solving three-dimentinnal scalar magnetostatic potential in and around
current—carrying windings in electrical machines. Consequently, an
appropriate field epurces and thse armature current distributiaon in
slotted sections and overhang regions are easy derjved.

1. INRTRODUCTION :

The flures in the end reqgions of electrical machine are generated by
windings whose end—connections are of complex shape,and these generate a
threedimensional flunx pattern whose computation is of increaging
importance in linear machines and similar cases . The winding Jnrces
can satisfactory be predicted by numerical integration over the current
elements, but this is not well suii=d to the prohlem of Ffield predic-
tion in and around the suvrrounding materials. Differential methods are
then, more convenient , preferably in terms of a scalar function since
th= maagnetic vector potential has three components. In practic, fts
complexity of the end winding and the need to specify three components
af the current density vector makes it difficull to provide & suitably
simplified model to describe the end-uinding ., and hence the gscalar
patential field sources which are derived fram 1t

Far arany purpnses, it is convenient to compute the fields in terms
of travelling waves. The computation of the spurces of each wave
compoment ,in numerical terms, demands firstly i a simple description of
the current diatribytion in the region af current carring winding , such
as slotted sections and the over hang region , Ssecondly 3 an insight
into the various ways which it can be transfarmed.

The paper presents a development of Ffinite difference method for
splving three dimensional scalar magnetostatic potential in and arround
current carrying windings. This development examines the general
problems of trapslating complex current distribution into equivelent
nodal spurces for a numerical scalar potential computation by Finite
di fference method. The method is applied ta linear synchroncus machine
end region and illustrated by field solution.

2, THNE BASIC ANALOGUE OF STMGLE MNODE :

The FDM places the nodes at the corner of cubes , the cube has 1 cm
length. Each of the six elements connected to a Pode is taken to have
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unit permeance unless an iron bpundary is less than | cm distance when
the reluctance is proportionaly small. Jhus, inp Fin.l , the node
potential is given by:

P, * Py 4 Px P4yt Pg Py ~ opo =0 (1}

Where p (s the magnetiuc scalar potential difference between different
points and denotes the magretamotive force which excits between these
points, In the case of a half pole pltch region iIn an electrical
machine , the three dimensional mesh is likely to have several thousands
of branches,therefore it is solved by reprecenting 1t in a computer and
applying a technique khnowp as successive over relaxation {S50P>.
Relaxation af a network consists of treating all nodes in  sequence of
une node at a time. 1f the left hand side of the above eqguation is
evaluated for an arbitrary choise of node pateatials, a guantity not
©qual to zero will most likely result. This is called residual and is
proprtional to the total ¢flux converting on the central node. The
residual at all nodes should fur successive iteration (one calculation
per node for all nodes) be very small compared with flux passing through
any one element (they should ldeally be zera). 1If the potential pg is
ad justed after each iteration the residual ¥for the node can be reducen
Lo zerp. By treating nodes one a time, many times over,the surcessive
ad justments cause the residuals to gradually diffuse around the mesh to
be absorbed by the boundaries of a constant potential. This 1is callen
successive relaxtion. Now the residual R is given by @

R = Py * Py * Px + Py *Pg * By ~ 6pD 2y

Adding a quantity of R/6 may reduce the residual to zero. Adding a
Qquantity oR/6 , 1§ & 1S greater than one , causes a greater change.Where
a affects the convergence of the sulutipn. Higher values of da improve
the rate of convergence, but i+ too larpe a value §s used Instability
and oscillation may result , thereby preventing uvaonvergence may be
obtainen t5).

.
3. CURPENT DISTPIBUTION :

A useful method 1s described by Carpenter [41 where the electric
circuits (the current carrying region) and the magnetic circuits (the
comnlete filed including the space inside the conductor) are initially
torn apart., This is illustrated for a rectangular conductor (Fig 2a) as
$0llows,

E. ‘f'T
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(a) The conductur 1s torn from the mesh circut analogue in the down-—
ward direction.

{p) Branch sources Of potential are i1nserted, which have been broken
in the tearing proress , egua) to the ampere conductor which bave
passed through the branch. The path of withdrawn of any vonductor
is arbitrary , see Fiq.2b.

(¢) The branch sources are converted ta their ®Nartan eguivalents (Fig
3a and 3b)., The flux source values are sSimply added ta the residual
caleulated at the node during relaxation. Jhe conductor has
collapsed to $rom a current sheet on the iron surface and the Dbranch
sources bave been retained to dafine the fixed potentials.

{d} The relaxation process is then executed resulting in a non—zero
divergence field solution. (The splution 1is valid everywhere except
within the aoriginal conductor section).

(e) The Introduction of +4lux sourcre oabviously created a field of
non-zero divergence, The potential +function now defined within
the conductor represents a fleld which is grossly distorted.

The tield outside the region converted by flux sources 1is correctly
detined by tbhe normal magnetostatic potentlal function but within the
conductor, torrective fields of opposite oivergence must be added to
thase calculated from the function. This complementary field is defined
by branch sources as shown in Fig 4. This method was used simply to
represent the field and armature windings=. 1In the case of the latter
the winding is simplified to a thick current sheet with components in
axial (»x) and transverse (y) darections. The currents are assumed to be
uniformly distributed ip the (2) direction for depth of the winding. It
ts not possible to defink separate current distributions ¢or the top and
pottom layers of the winding without both destroying the symmetry and
the need 4or a mesh of twire the size. The winding is withdrawn From
the mesh by collapsing the end turas (aver—-hang) into the sides of the
centre 1imb (F{g S5a,5b) thus forming current. sheets along the slot ends
rather 1ike the end rings af a sguirrel cage rotor. Flux sources appear
on the upper and lower surface of the winding. The complementary field
is applied between the two layers of flux sources and has a component in

the 1 direction only. The magnitudes of flux source are derived as

folloms:
o

3. 1. Magneto Molive Fucce iR Slatled Seclions :

The armature winding 15 represented by a thick current sheet,
assuming that current is uniformly distributed in the (2) direction. I¥
the winging Has short chorded coils of pitch € sy the Odisplacement
between the two peaks of current Inading in the top layer apd bottaom



E. 80 S,A, El-Drieny, M.M.I. El-Shamoty, and A.R,A,' Amin

n .L;L'

. — I el

\Tl‘i’i‘\‘iiilﬁx\\ <

N\
N\
g
%
N
\
N
\

Fig: (343 : tlarton equivalenl, of branch
SQUrtRp,

Fig.€aL> ; Mransh sourcas  replaced by
eruivaleal wnndel sources.

EANNE

N

F
AANSNANNANANN

Figi (4) : The cowplewpnlary field having
,apposite divergence.

il 131

|

R

LI ST




Fanaoura Engineering Journal ,MEJ, Vol, 14 , Ro.' 1 , June 1969 B, 81

X
y
4
/’ ’ I, .
/ /
g . _Z,J e
/7 , y ,
d \\\\JL’ Y
/ / ’
s NN\ SR
- Vd
i ! \ o,
: \ —) )/
i
' \\\\3_ ————-__.______1;//
S A\
Fig. (5a) : Arnmalure winding as a Lhick correnl sheel.

y

S
2
i \\\; /.

N/

Current sheels Flux soures sheets

Fig.(5h) : Lnd Lurns collafsed Lo form nurrenl sheets and nodals

flux sbuvces inseried,



E. 82 S.A. El-Drieny, M,M,I, El-Shamoty, and A RJAY Amin

layer windings will be 2
4 = q (1- (cplp) ) 3)
Where Cp is coil pitch , p is pale pitch.

14 the peak current loading i Sn s then the current distribution in the
slatted region is made up pf two cosponents:

(i) due Lo upper sloL econductors ;

0 X S 1)

J"(x) = — - cos( D T)

Cii) due Lo lower 2lolL canduclors j§

-~

Joptx) = —9— cos("; + _52_) )

The total current loading is the sum of the previous two components and
ls given by

3, 0 =3, - cos—9— . cos% &)

Hence, the magneto motive force ;a.a.f., of the slotted section {s given

bY»

F_ (x)

! Js(x).du

F_ (x) = 30 R cos—%— 1 cns-‘-‘%-.dx

-
J_P

l:ns—az— 8in “"; (7

Assuming,

SD.p/n a 100 units
For the Jdirect axis armature field with its peak m.a.¥, coincides with
the pole centre (x = 1) and varying sinusoidally to zero m.m.f. at the
half pole pitch mesh (x=p/2 + 1) . The FDM solution represented aver a
quarter of a full m.m.f. wave. For the direct axis, the m.m.f. equation
is 3

Fg (x) = 100 . cosB— . sin 2.5 +1)—0) 1
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For gquadrature axis field, with 2zerp a.a-f., corresponding to the pale
centra (x = 1} and varying sinuspidaliy to a peak wa.8.f, at the hal+t
pole pltch (% = p/2 + 1), the m.m.¥. wquation 1g &

- $ n -
Fe i) 100 . COB—my— . s!n—p-—( X~ 1) 9)

2. 2. Magmneto Molive Force in Overhang Section !

In the overhang the top layer conductors will be angled forwards
(+ve » direction) and the bottom layer conductor will bhe angled
backwards with respect to the axis (x) of the stator .

At a point p(x,y) in the overhang (see Fig &a) the top layer produces
the f0lioming currents,

J

1

J

v sl (x — a) 10)

J =J

x s {x ~ a) cot 6 - (S 8D

and the bottom layer will contributes

J,o=d o (2 + a) (12)

J =J52 (x + a) cat ¢ - (U3

Where , cat @ = I:pll’wa and -_ is the overhang length .

a=ycot g = y.cp l2"a

The current dictributions are theraforet

A

J
_ o x _
dy (tsy) = ——- cost04~ - —— TE— )
o

]
’TC“‘T’T**—H:%‘ (14)
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~

J_c nyC
— _a i _ 4
dy e,y) = T;Lcm(? - _E;L)
Jc nyC
- (e wx ]
T;L Cnﬁ(—p— + - + 1%%) (13}
\
- A F nyC nx
Jy (n,y) Jo- cus(T + .2;;%) cos 5 “1s

3 C nyC
= [=) [ nx
I, tx,y) = _ﬁ:’—- silnl— + _2_—:;_)51:1 = “u7”

These expressions may be checked by calculating div J and equating it to
zera.
2 I (x,¥) a Jy(u.y)

div J r + 7y

2 J_{x,y) J C nyC,
x 2] n ;8
—_— " QZEE -5 5“1(2 + 7‘_‘_‘%) . COsS(nX/p)

3 J_ (x,Y) C nyC

. sin(2+ ""ap) . cos{nx/p)

!
:

3 I, (x,y) a Jyll,y)

Hence, T + Ty

Hence, div J = 0 , satisfied.

If, as shown Iln F1g.4b. the overhang is collapsed to form a thin sheet
on the sides af the care, the branch potential source which must appear
along AB, must be equal to the ampere turns which have cut the line AB.

1) 3 “
a Jc a nyC
. s
Fo 00,y =£ I, t,y) .0y = ng;smﬂ',"{ s1n(-2—+z“_al;_).dy

nyC C.m
a X [ _ [}
= _‘I'I_L gln_p_ [I:OS(T + ﬁ.a%) cos (T + -9'1__ ) ]

since 6  n (1 = Cp/p ) the last term is zero, hence the m.m.¥. in the
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overhang saction is given by )

-~

Jc'p nyC
[} 13}
Fo O,y) = = cosl(—— + 2__“%_ ) sinfo- . as)

If wubstituted by equatian (7) (nto Eg. (18), hence |

Fs(-) a nyC (19
F (-y)-—g—l:os(—z—o ) 0 < < wa
o ’ l:l:ls—z— -io ’ y

1f y=0 then Fj (x,y) = F_ (x)
1€ y=, then F_ (x,y) =0
The nodal flux sources appearing on the surface planes are §

FD(x,y)/(zz - zl) far plane 12 (20)

—FD(l,y)/hz - 21) for plane Zl 21)

For the part of the armature winding between the core and the first
bend, flux sources using the potential Fs(x) are used.

4, APPLICATION AND COMPARISON WMTTH TRE EXPLRINENTAL RESULTS : 8

The method 1s elaborated in this paper and iltustrated by

translating complex current distribution of the over-hang sections 1into
fquivalent nodel flux sources appearing on the upper and lower surface
of the winding in the over-hang region. The complamentary field (s
applied between the twn layer of flux sources and has a component only
in the direction perpendicular ta the plane containing the over-bang
winding (Z-direction). This method is applied easy to linear synchro—
naus machine over—hang and il]lustrated by field solutions. The stator
arsature windings are composed of a number of continuously distributed
and uniformly spread coils which span 2/3 of the pole pitch.
The computation of the 4ield due to A.C. windings was carried out
assuming sinusocidal distribution of both armature current and M#.M.F..
In relation to the track poles the windings M.M.F. was regarded as
comprising a direct-axis and quadrature awis sinusoidally distributed
component.
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{a) The arsalure direcl-axis Ffield :

The direct—axis field has the same symmetry ag tha magnetizing field and
feu changes tu the computations were required. The side limbs are set
at zero potential , while along the centre limdb the potential is set to
vary sinusoidally. The peak of the M.M.F. wave (an arbitrary reérence
of 100 units) coincides with the pole centre and the mesh covers one
Quarter of a length. The equation of M.AF. gistriputian at the
argature surface I(s:
n

(<14
and x varies from x = 1 at the puvle centre to x = pp/2 +1{

100 eos( (x=1))

(b) The armalure quadralure a)dis field :

The gQuadrature axis field has a different cymmetry since the track-puole
axis coincides with the zero point of the armature M.M.F. wave. This
means that the pole and Y-1 plane passing through the pale centre must
also be at zero potential. The field becomes almbst entirely awial
since the ¢pole and both side limbs are at zero potentfal. The
distribution ¢ M.M.F. at the armature surface is given hy:

. n _
100 sin( B (x—1))

and x varies from x={ at the pole centre to pp/2 + {.

The mesh covers one quarter of wave length. The compensation of the
overhang turns is treated separately as previocusly explained. The lay-
aut af 3-dimensions for half pole.pitch, Fig.7 , representes the cail
and overhang dimensjons. The ‘llou-chart, Fig.8 , represents the
obtained flux sources due to A.C. windings (n the over-hang and
slotted sect:ons according to the previously analysis.

Laboratory measwrements which are carried on the experimental model,
[6) show for gopd approximation, a reaonable agreements with the
devolped technique represented in this paper. The following table shows
the comparisen between the experimental measurements, computed results ,
and the computed developement FDM of armature +lux/pole 4or 100 AT
execitation.

Experimental Computed Resul ts With Computed Resul ts
Heasurements Considering Flux Sgurces Wi thaut Considering
(Developed Technigue) Flux Saources
3.1 x 1072 qub. 3.2 x 1072 qwh. 3.4 x 1672 mwb.

Compar{son between the experimental measurements and the two computed
resul ts of armature flux per pole for 100 AT , 10 mm air gap , and pole
depth 20 mm
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S, CONCLUSION :

The finite difference method #or solving three dimentional scalar

aagnetostatic potential in and around current-carrying windings in elec—
trical machines has been developed and presented in this paper.
The armature current distribution and the magnetomotive force M.M.F. in
both the over-hang and slotted sections are derived. The approach
adopted in this paper has been written in Fortran four computer program
and nodal flux spurces appearing on the surface planes aof the over—hang
section are added to the residual during calculation of the nodes
potential af these planes. The approach has been applied to a network
model represents a static linear ﬁynchroﬁous motor excited with opne
hundred of M.M.F. alternating current. The armature flux per pole has
been measured and it has a resaonable agreement with the developement of
finite difference method FDM.
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LIST OF SYNBOLS :

pt = 3.14159

p == pole pitch = ™, -n | G 4

L =31 , in d—axis M.M.F.

d = depth af the over-hang section
llc i= centre of the model

B := effective coxl length

w, 3= over hang tenght

Yo = (B + 1)/2 + M

Ya = H2 - Y3 + |

Vel. 14 , No. 1, June 1989 B, 9%

cp t= coil pitech

= = pA/p

L =M, in g anis H.N.F.
=245 -2
= ,/2+ D

A := total coil length
=-Y4--Y3=\'2—V1
Yo, = (n+l)/2+Hc

Y!=H2—Y4+1

& = displacment between the peaks of current loading = 2¥ = w. (p—Tp)

U =cp/2 8 w/n,

Py ~ 100/cosVY



