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ABSTRACT

This paper attEmpts to describe how finite element field analysis methods are being employed
in the design o€ electrical machines. 1t discusses results and experiences obtained from
\nite e.emernz analysis application to electrical machnies-for liuear and nonlinear electric
and magnetic field problens- in order to gain useful design information from this numerical
analysis tool. 1t presents varioos applications covering magneétic constants describing the
1ic gap flux. slot leakage, leakagc path permeance evaluation, and the detailed studies of
fleld distribation and 1ts effects. This work produces design and performance daca and comp-
Jtation tools which vill help engineers to design highly rated electrical machines capable
of meetirg norral and abnormal operating conditisns reliably and with ecoacmy.

1. INTRODUCTION

Designers [ace an increasingly cifficalt task: to design electrical machines to high perfo-
tmance specifications, being light and small, bu: at the same time havi{ng high efficlency
{low energy consuvmpt:on), being hlgnhly reliable and having a lang service life.

In order ro evaluate the performance with precision, one must accurately and in detail pre-
dict the electromagnetic fietds produced under various operating conditions. Classical anal~
ysis methods and analog techniques have proved unsatisfactory except for simplified geometr-
ical structures and boundary conditions. Therefore, the need for numerical sclutions was
recognized even in the nearly Stages Of the design art. Nevertheless, only the adveat of
large-scale digital) computers has enabled tne development and extensive use of such methods
for solving the field Aistkribution in electrical machines with greac deteril aad accuracy.

The principal numerical methods currently in use fall into three categories, namely :
(1)divided difference schemes, (2)integral equation techniques, and (3)finite element
1ques., Finite element analysis .s one ot the modecn aralysie and design tools which
ractical witrout the availability of hign speed computers, The computation speed a
and the camputation cost reductions of the past Jdacade have 1ncreased the usage of
element analysis rather dramatically. This has been Quite evident from the numbe
publications in the area Df electromagnetic analysis by weans af finite elemen’

The paper presentad is aa extensivn to the autor‘s work($9]. It will inicial®
of the baslc dealgn considerations and there after present selected resulte
a5 well as far nonllnesr analysia cases. It will be shown that the linea®

of use whan the olagaicel analysle can not accurately deacribe the field

The npanlinear analysias wlli give detalled iaslgnt into :the effecta of ¢
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be & basls tor better understanding ot the magnetic field ip electrical machlnes.

The proposed method of analysis hag proved to be sufficlently accurate for design and {9
believed to offer considerable rdvantages in convenience and simplicity of application over
the existing methods,

2. GENERAL CONSIDERATIONS

Electrieal machine Aepign 3eals with the aynthesia of a2 complex mechanical structure which
containe a 3-d{mensional nonlineer magnetic field. The claesical design method syntheaizes
the total golution fram a set of idealizea Subroutines. This process hag the adventage that
the effects ot various design details can be traced through the campbtation and allows to
adjust the details of the design approprlately. One of itas main 3laadvantages ls that che
sub-prcblem solutlons da not consider the total picture. In addltion even the sub~problema
had to be idealiied to facilitate closeo form numerical solutions.

Numerical analysis techniques like finite elements carry the subdivision of the problem
gignificantly further but solve all the sub-problems gimultanecusly. In case of first order
subgaivisjona, thy solution of the magnetic tield in each elemént 18 constant thcoughoat the
element. However, carrying the level of subdivisions into sufficlent detail will make the
total solution of the field problem nearly an exact one. Hence, the accuracy of the finite
element splution is direcrly related to the level of subdivision, especially in those areas
where high field qradients are expected.

Finite element analysis gives rthe complete field solution at cne instant in time and space.
That also jmplies that for example tne fondamental fiux lipkes with the stator windings of
an induction machine from a stngle solution plot is generally not the average a.c flux
measured at the alr gap With search ¢coile. Rotor/stator position effects like Slotting and
slotting related saturaticn can only be found from camparing solutians foc diffecent rotor/
stator positions. In addition, 1f one wants to utilize finite element apalysys results to
improve the magnetic desigr censtants used in the classical design method the problem arises
how to reduce the complete solution to the specitic design parameters. This wack at times
necessltates a review ot the ariginal parameter definition and a possible redfinition.

3. PRACTICAL ASPECTS

There are numerous difficulties whleh can arise wnen first applying finite element metheds
tc rotating machine problems, Lt is frequently necessary tg compramise, while maintaining
an acceptable level of accuracy. The follewlng points, some of which are obvious, wight
serve as a useful guide:

(1)Model planning, before buiiding the model, careful th Qught should be given to all the
alternative geometries, excltatiors and materials, to be ctudied. Same simplifying dec-
isions have to be made to Lanore unimportant details such as the insulaticn between iron
and copper, in most of the electsamagnetic studies. This obviously dose not apply to ther-
mal problems. It is at this stage that high field strength regions should be anticipated
and tinely diacratised accordingly. A special study Las shuwn that a cruds discretisation
in the air gap and tooth tap region, can lead to overestimation of the cap mmf. This is
ma1nly due to cversimplification of the tooth fringing field,

(2) Representation of thin layers, sucn as unwanted gaps at jains, insulation in thermal
problema, etc. In arder ro avoid aiscretisazion of a larye nun>er of elenents, having tad
aspect ratios, it 15 often possible, with care, to arbitrarily increase the thickness and
the permeability, in proportion., This need not affect the field in the regions of interes:
Thie ls only permissible where tne fliux llnes are mainly prependiculac to the thir layer.

(3)Theoretically, slotted regions can frequently be madelled aa howogernwous, anlsgtreplc
regions. 1n a tooth/slot recion, where the flux 1ines are mainly radlal, an equivalent
magnetisation carve may be defined, where:

aegxa.(t—s)/t +_0 H. (s/v)

where B : equivalent flux density over Slot prtch

cq
B real flux density in the teoth

: magnetic fleld intensity
s : slot width ¢ * slot pltch P

permeability

=
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1f7¢h2 slot sides are paca_lel, a good approximation canm be cbtalned by ueing '¢'-at 1/1 of
thc slot depth from the narrowest end cf the tooth. The above approximation can only be
used where the main poinc of interest is not ln the slotted reglan.

(4)A§ustmant of axial length. The vacious parts of the machine have to be Treferred to a
common reference _ength, since this assumption is inhetent in any 2-D flux plot.

o The equivalent magnetisation curve im simply:

Beq = B, ( iron length/reference length )

Thie adiustment ensures that the mmf along tha replon is exact, but the B values have to be

rescaled. The most convenlent choice of reference length ls the axiel length of the air

gap modlfied for ducts and fringing. This aveids havlng dummy alr permesbilitles diffexent

from unlty.

{5)Boundaries. Many problems in the x~y plane have readily ldentlfiable boundarles of flux
llnes or symmetry lines. Where this is difflcult to achieve, within a pole pitch,
becance of a non-inteqral (no. of slots/no. of poles) valuve, {t le poseible to replace
the actual slotting with an equivalent slotting havlng approximately the same nunber of
slots a5 the original, but with an iptegral pumber per pole. The radial dimens.ons of
the replacement should be the same as thoee of the reel slotting, but the circumferential
dimentions scaled to pive the same propnrtions of iron to condoctot at any radiuvelf}.

(6§)Equivalent excitation. Equivalent slatting leads naturally to the idea of equivalent
excitation. For exanple, for an a.c machine the analysis need only be conducted for the
fundamental eurrent loading.

(7)Leakage in a direction normal to the plane of interest can be allowed for by artificially
increasing the permeability or the 2-D 1eakage path. This has to bLe done carefully, but
experience has shown that it can be very successful,

(B)Checking of results. 2 visual inspection of a simple flux plot, car be ar invaluable
indicator of the ccrrectress of macerial and excitation settings. Another obvious method
LS to check the mnf/({integral 4 dl) ratio. 1f the highly saturated reglons are not pro-
perly discreticed, this ratio can be tar from unity. A plot cf 4 along a critical path
of high saturation, or emall gaps, can be highly revealing. Flux density distribution
curves can be useful in siowing 1f field copcentrations aprear where expected. Their
abeence could be due agaxn tp poor dlscretisation. Care should always be taken to ensore
that contour paths lie in a definite region, rather thar on a boundary, where amdiquities
Arise. It )& also useful to be able to check materlal propertiea and excitation levels.

4.STATEMENT OF PROBLEM

The basic problen of the flux distribution in the crass section aof an electrical machine ie
solved by the following elliptic equation:

D 1YA » 1%h
—_—— + =—|— ——2|= =
-E(,u )xz’ W u )y) J:
where .
Az t magnetic vector patentlal normal to the aection
Jz : current density vector nofmal to the section

This equation 15 reformulated by Galerkin weighted resldual procedure, and first-order
trlangvlar elements are used to discretize the Field region. Applying the Galerkin procedure
over each element 1n tucn ytelds a set of rinear simultaneous equations, which is solved
using a preconditioned conjugate grasdienc method. The resulting magnetic vector potencial are
used to detarmine the s.ot Leakage inauctancé, a8 explained ln the Appendlx.

S.APPLICATION EXMMPLES

To llluttrate somec of the points mentionea abave, ana to shcw the types of problem which may
now be easily tac<led, examplegs are given below.

S.1 LINEAR ARALYSIS EXAMPLES

1t has been mentioned before that most emphasis 18 placed upon nonlinear finite element ana-
lyala. This of course I8 fully justlfied alnce nonlinear Field dietrlbution le most Alffi-
cuvlt to Bnalyze using classical methode. However, it 19 felt thet linear finite element
analveie i3 quite usefu) also since 1t allowa us to Aeparate out the geametry effects quite
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well. A simple example is the semiclosed slot shown in flg.(l). The classical analysis as
found 1n textbooks{10,11] deffnes the geometric boundary lines for the reactance calculaciop
as shown on the left. Area 5 {8 only consldered for large air gaps. Finite element anal-
ysis can not nandle the geometric boundary lines very well and the flux line boundaries
shown on the right of fiq.(l) are tne cnes to be used for its analysis{2].

The finite element flux Aistribution plots for the single slot model, at different levels
of excitationa, are shown in figq.(2a&b). The study of tlux plets for the single slot ana-
lysis, shows that, if one follows classical analyses methods, some of the flux entering the
tooth top in Area 4 in case of small air gaps does not really represent leakage flux.
Pinite element analysls results based upon the flux line boundary area subdivision will
show negative values for the area 5 for small air gap to siot pitch ratios reflecting the
above mentioned fact. Fig.(2) presents the taotal slot leakage {nductance for a memiclosed
Blot as a function of the slot opening to slot pitch vatio calculated fram finite element
analysis and according to the textpook formulas. It is concluded that the difference
becween the classical analysis ana finite element analysis is mainly found in the flux
distribution in the slot opening area.

A second machine area to which finite elements can easily he applied relates to the slotting
effects. In the classical analysis and for the same excatation, the reduction of average
flux density in the air gap because of slotting is taken into consideration by the Carter's
coefficient. Carter's[l2] analysis 1s based upon an infimte slot pitch and only congiders
the average flux density. Finite elementanalysis has been shown to produce the same result
as Carter's analysis lor the same cases. Fig. (4) compares the coefficient relating the max-
imum air gap flux density to the average value for single sided slotted air gap as calculated
from Carter's (12) and finite element analysis. Carter considers basically z very deep slaot.
Finrte element analysis can take any slot depth. The finite element analys:is has been util-
i2ed to study the eftects af the slot opening to slot pitch ratic and the air gap length to
slot pitch rat1o upon the average air gap flux density coefficient and the fundamental flux
density coefficient (hase=maximum flux density in gap) as shown in fiqures (3) and (6).

At large relative slot openirngs and air gaps one has to define what constitutes the max.imum
flux density in the gap since the radial flux density component changes appreciably as one
traverses from the rotor to the seator snrface.

5.2 NONLINEAR MACHINE ANALYSIS

As nas been mentioned before the greatest value of the finite element method lies in its
capability to accurately predict magnetic fields i1n a structure which contains nonlinear
magnetic materials. This is an area in which both the classical analysts and the imagin—
ative faculty of the mind easily lead to misconceptions, At fivst, the single Blot anal-
ysis shall be diacussed again.

The same slot as shown in tig.(l) has been amalyzed with saturable iron of finite initial
permeability. The first thing to be noted is a rednction in leakage {nductances as compared
to the previous analysis with constant infinite permeability even at unsaturated conditions.
This is obviously due to the fact that a certain amount of magnetisation i5s necessary to
drive the flux through the iron. In other words the slot walls are not equipotential lines
anymore. This effect becomes stronger as saturation increaseS. The inductances calculated
as before are shown Ln fig.{7) as a function of the excitation in the slot. It is easily
tound that tne main reason for the decrsase of the leakage lnductance Ls the saturation in
the tooth.

Thie behavior suggests that the gingle slot analysis presented only models the conditions
for a machine at no load/or light load at the point of maxamum main flux aensity. It also
polnts right ae the dliemma with this analysis. If we want to model the slot flux distri-
bution correctly, we have to do that for several operating conditions and with boundary
conditiona which introduce ths corrsct saturation daistribution,

Upder 1derlized short circuit condltions a different set of boundary conditlans 5 necessary
since practically no flux crosses tne air gap. Unlike Amin[9] this problem is solved by
adjusting the boundary conditions such that only cross flux exlBts. This is the sitnation
at the center of the phase belt, For the studies reported on here a slightly different set
of bouvngary condltions has been investigaved whlch closely represents the situation at the
phase belt edge, where again no fiux crosses the alr gap but all flux has to come down the
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shatt of the toorh. Fig. (B} shows the slot leakage fnductance under these conditions as a
function of slot excitaticn. Also showr s the slot leakage inductance for the asme slot
undar no load condition2. The tact that the inductance at no 2oad even under unsaturated
conditlors ia siqnificantly smaller than at ideal shart circuit can only be explained by
‘*he Fact that because of the small air gap a signifi{cant portion of the Fflux fram the toot!
top crosses to the othec side of the gap, while under short c{rcuit condirions it is not
pernittad to do 90. The same reason also holds for the saturation effect: because of the
emall 2ir gap the tooth starts to saturate at much lower slpt excitation levels than those
necessary to drive the tooth cverhanq and tooth proper Lnto sntura:zfion at the short circuit
case,

Design of electrical machines nas td consider over-sxcltation conditions. Any good teft-
book will point cut that once the teeth sctart saturating part of the main flux trevels
through the alat space rather than :hrough Lthe saturated teeth or In other words, the total
main flux is larger than the spm of the tooth tluxes under one pole pitch. This case can
readily DPe investigated with finite element analysis of the slngle slot. Fig. (9) illustr-
ates how the flux in the slot lpace‘gz, varies with the average flux density in the slot
piteh, Again thls is a3 highly nonl:neaAr relationship and additional eddy current losses
have to be expected in the conductors in the slet. The results shown i1n £ig9.(9) can be
translated inta a Flox versus ampere turns cufve for onae tooth pitch as shown in Fi1g.(13).
Thsse pafricular results are for a parallel sided tooth vith 2 rooth width to tooth pitch
ratio of C,3) . I1f narrower teeth are used, the conrribution of the air space becomes
mare siqaificant.

6. DISCUS5S510N AND CONCLUSION

Several different applications and results of fipmite element analysis have been discussed

in the previous two sectionS. As one has to expect, the lipear apalysis has vielded more
unmeciately userul results Sipce the superposition principle 1s still valid. As has been
shown, linear finite element analysis is quite useful in cases where the boundary condition-
are too complex to be handled by closcd [orm mathematical solutions. In the past, methods
af estimating the parameters and graphica. methods have been employed ta obtain useful
values.
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However, as the Level informatlon to be obtained becames more sophisticated, e.g., the
distribution of the flux, determines the value of the parameter, the classical methods tend
to become less reliable.

The first message from the nonlineat apalysis is that for a real machine most of the design
.constants will be more difficult to establish. The obvious reason is ehat events which the
designer needs to look at ln a decoupled fashion are often closely coupled through the sat-
uration ip the machine. Th{s is guite evident from the aifferent results for the slot lea-
kage inductanpces. It 15 clear fram these results that more worXk la neceasary to obtain
meaningful design data. The results alsoc make it clear that any method ta separate the
varioua effecta chosen in an approximatlon of the real case and as such has to be verified
by tests as to its range of validity,

On the otner hand, the field lnvestigation hss been proven gquite useful and interesting.

It has become clear that any effort to 1dentify apd avoid parasitic losses in any electr-
ical machine will greatly benefit rrom the nonlinear finite element analysia of the magnetic
Fiela distribution, and even though no flnal numbers have been obtajned for the slot leakage
permeances, the studies have indicaled where tooth saturation will occur and how it will
effect the slot Leakage permeance.

The work reported in this paper is pact of an ongoing project to extract useful design data
from flnite element analysis. Although only two-dimensignal finite element fields has been
gained and some useful Adata obtained. The work has also shown what approaches have to be
taken to make this numerical analysis tool more vseful for electrical machine design.
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Appendix : Leakoge inductance calculation

As in tracitional fiux Lleakage calculation methods, it is econvenicnt o partition the

leskage flux into Separate components as follows:

a)Slot leakage inductance: 1t may be evaluated by calculating the energy stored in the s10C
and equating it to the energy stored in an equivalent inductance. Total magnetic energy

stored W =) LJ a dv

Then, the slot leakage reactance
X = 8W- frequency- W/'I2

b)flot rop leakage inductapnce: It 1s evaluated from the tlux that passes over the top of th
conductor, throuvgh the Sslot opening, i.e =hat paases between a and b(fig. (1))

Leop = Real(A, - A) / I

C}Air-gap leakage inductance: It 1is celecnined fram the flux that passes over the top of
the slot, through the air gap, i.e that passes between b and c(fig.(l))
L =Real (A, -
gap eal(h, &c) /1



