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When considering common methods of calculating thend turn reactance of concentrated modular windingssignificant effects are seen
due to the presence of core iron that are not accated for in many methods. Experimental study and 30Finite Element work is carried
out to accurately model end turn reactance. A meth of accurately predicting end turn reactance withsignificantly reduced solving
and modeling time is developed and tested againskmerimental results. A parameterized equation is ten developed allowing the
calculation of end turn reactance for any concentried modular winding configuration within the proscribed limits. Finally, a method of
reducing end turn reactance through the use of comentric coils is developed.

Index Terms —Leakage Inductance, End Turn, Conceaied Winding

|. INTRODUCTION

The common method [1] for calculating end turn ictdmce
of concentrated modular windings involves removithge
machine core from the problem and forming air-coceds
from the two end regions of the machine coils. Témults of
this calculation can vary considerably from the uesl
obtained experimentally due to the presence ofctre iron.
Lawrenson developed approximate methods for matifyihe
inductance to allow for the iron in the case ofidbgenerator
[2]. It is the objective of this paper to use 3D2® finite  element modelling using the MEGA package was peréat
element modelling to calculate the end turn leakage® accurately model the end turn inductance of the
inductance accurately for concentrated and modmiiladings, concentrated coils. 3 phase sets of coils were, @sagloying
including the presence of the core. These windargsin use a periodic boundary at each end of the model irerotd

for permanent magnet machines [3] and are propdsed simulate the behaviour of a true continuous stafidris
special linear induction motors [4]. allowed the model to take into account mutual indoce
effects between the end turns of the coils, as wasllself
inductance effects.

Firstly, 3D finite element models were produced thé
simplified end turns as used in the analytical méth

Application of this method to concentrated coil maes
showed significant differences between machine dtahce
calculated using the methods above, and machineiadce
measured experimentally.

I1l. 3D FINITE ELEMENT MODELLING METHODS
To resolve the differences between methods, 3D te-ini

Il. CURRENTANALYTICAL METHODS
Current literature on end turn leakage inductance f
concentrated coils [1] [5] [6] uses a simple methwahlecting

the presence of core iron. This method simpliffesriacetrack
shaped coil structure of Fig. 1a to that of an amakircle
composed purely of the end windings Fig. 1b. Thisutar

end winding section is then solved using conveition

inductance formulae.

Fig. 1. S|mp||f|cat|on of concentrated coil to iacalar or oval coil made up
of the end sections.

described above and the inductance of these weslatdd.
A second method of calculating end turn inductamees
employed, using several full 3D stator models of/iray core
widths [7] Fig. 2. For convenience these were linedorm.

Fig. 2. A 3D Finite Element model of a concentiiaténding stator.



The stator inductance measured from the termiraigpeises
several parts including end turn leakage, slot dgakand
magnetising inductance components. It can be shthah
whereas all other
proportional to core width, end turn leakage indace is
constant. Therefore, if the terminal inductancesseferal
otherwise identical machines of varying core wicdhe
plotted, referring this plot to zero core width lwiield a value
for end turn leakage inductance per coil as shawFig. 3.
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Fig. 3. Experimental results with and without ircore, Iron cored coil 3D
FE results, air cored end turn coil (as in Fig3D) FE results and results of
2D-3D iron cored FE method.
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V. DIFFERENCES
The main reason for the differences between expariah and
FE results and the simple analytical method [1]the

inductance components are djrectlpresence of Iron [2]. The analytical method makes

allowances for the presence of iron, where this basn
shown experimentally to have a significant effect the
measured end turn inductance. The three machinesrgihg
core width have been tested experimentally with aittout
iron cores, and their inductance referenced baclkto Fig. 3.
This shows an obvious and significant difference ¢ the
presence of an iron core.

VI. A NEw SIMPLE METHOD

A simpler method has also been developed. A full BB
model can accurately model all aspects of a statoluding

all inductances. A 2D FE model can accurately maqaisl
metre depth all stator characteristics whose paemean be
described in two dimensions, and thus is able tmaat for

all stator inductance effects, with the exceptidrend turn
leakage inductance, which is totally neglectedtiy method.
Therefore, if both 2D and 3D FE models are produzased
on the same machine, the difference in inductaretevden
the two must be due mainly to end turn leakage, eaml
therefore be calculated. This method gave valuéisiwiL0%

of the experimental and full 3D results with sigeaiht saving
in computation Fig. 3.

VII. ANALYTICAL PARAMETERISEDMODELLING METHOD
The new simple method developed reduces the comuuta
time, but generating a solution for the end tuduittance of a
given machine still requires significant amounts BE

programming and solve time. Therefore, a simple
arameterised equation based method was soughivéo g

@uick and easy results for end turn inductance.

The parameters of the machine that affected end tur
inductance were first defined as shown in Fig. 5.

IV. EXPERIMENTAL RESULTS

This method and its results have been validate

experimentally, by constructing 3 otherwise idegtic
machines of reducing core width Fig. 4, and reffigrtio zero
core width. These results are also plotted on Bigfor
comparison with the FE values. It will be obseribdt the P
correlation between the results is excellent.
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Fig. 5. Relevant coil dimensions for determiningl durn inductance of a
concentrated coil machine.

The distance between the stack and the inner efddee @oil
was fixed, based on the minimum likely clearanaamfrthe
stack sides (5mm) and the minimum inner bend radius
(2mm). The principal parameters that affect endn tur
inductance are coil width, coil depthd and coil pitchp.

A useful range of parameters was then definedalslaitfor a
range of machines usually encountered in pracGiod.width

Fig. 4. Expeimental concentrated winding lineactiines of varying core
width, with identical end turn dimensions.



w was modelled between 10-120mm, coil demthwas
modelled between 30-50mm and coil pitphbetween 40-
280mm.

The 2D and 3D comparison method described aboveuses
to find values of end turn inductance for approxeha 100
cases throughout the range of parameters. Thegesvalere
then used to develop the parameterised equationfd8]
inductance per turn (1). Within its designed ranggs
equation is able to predict the end turn inductan€ea

machine within 10% of 3D FE results. Despite being

relatively large, this equation also gives resinlta fraction of
the time taken by even the fastest FE solves.
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VIIl. CONCENTRICCONCENTRATEDWINDING STATORS
A method has also been investigated to reduceftaete of
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for the inner coil is stills and the bend radius is still The
coil width for each concentric is nowv¥z The tooth width
between the coils can take any value. The coil pitch of the
outer coil is stillp and the coil pitch of the inner cqi is
equal top —w — 2.
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Fig. 7. Coil dimensions for determining end tunductance of a 2 coil
concentric machine.

An example case is detailed below.

The original coil had the following characteristi€oil pitch
p 71.2mm, coil widthw 20.8 mm, coil deptld 37mm, offset
from stacks 5mm and bend radius2mm.

The end turn inductance per coil of this machinentbfrom
both 3 core full 3D FE and experiment was 0.0032H.

The method detailed in this section was used teldpva 2
coil concentric equivalent machine. The charadiesof this
were: Outer coil pitchp 71.2mm, inner coil pitcip2 40.4mm,

concentrated coils as in Fig. 2 to two or more eotiically
wound distributed coils as in Fig. 6.

Fig. 6. Dual coil concentric winding 3D FE model.

This has the effect of dramatically reducing thelf se
inductance of each coil, whilst including some nalitu
coupling between the two coils, based on the séparand
dimensions of the pair. With careful design, a @untion
such as this can significantly reduce the overalll ¢urn
inductance of a stator.

The end turn inductance of these concentric graigrs be
modelled using the 2D-3D method described abowve,razy
be parameterised using the methods previously ibesicr
Starting from a concentrated coil machine as in Bigeach
coil is divided into two concentric coils as shownFig. 7.
The coil depth of the new coils is stil] the offset from stack

depthd 37mm, offset from stack 5mm and bend radius
2mm.

The end turn inductance per coil of this machirsggng 3 core
results for full 3D FE was 0.00195H, a reductioreird turn
inductance of 40%.

A significant variable in the 2 coil concentric medl is inter-
coil tooth widtht. The greater this value is the less mutual
inductance there will be between the two concemits and
the better the end turn inductance will be. Howgesetitting
the coil into two concentrics also reduces perfarceaby
adding a distribution factor to the overall windirfgctor,
hence reducing it. This distribution factor is teth to
concentric coil separation and hence inter-coithomidtht.

In practice, there is a delicate balance to be dobetween
reducing end turn inductance and limiting the reidunc of
winding factor in order to produce an overall impgEment
using this method.

IX. CONCLUSIONS
Simple analytical methods of end turn leakage itetume
modelling have been found to be inexact when moudgll
planar concentrated iron cored coils. The improwesthod
developed has resulted in a fast and accurate iequtdr
calculating end turn inductance that can be sobmdemely
quickly with modern computer systems. The correfati
between experimental results and 2D finite elenmrestlts
using this method of calculating end turn inductans
excellent. The final figure Fig. 8. shows the fospeed curve
of an offset concentrated winding machine firstlpdalled



with 2D finite elements using the equation devetbpdove
to predict end turn inductance, then with finitereknts using
a value of end turn inductance based on the siipleored
coil method, and finally measured experimentallyngsa
standstill variable frequency method [9].

= Experimental Results
—e— 2D FE with end tumn reactance fromiron core coil method
—a— 2D FE with end tumn reactance fromair cored coil method
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Fig. 8. Force Speed curve showing experimental 2Ddfinite element

results.

It must be noted that although in this case the &md
inductance makes a significant difference to theeral
results, the end turn inductance in terms of oVvémdlictance
is relatively large in this type of linear machirdye to the
relatively narrow core width. In machines of greatere
width, other inductances become dominant and tfectebf
errors in end turn inductance is much less apparent

For example, for the machine of Fig. 8 with a 100mmone
width the error in stall thrust due to an incorrectd turn
inductance value is 46%. With a 500mm core width dfror
in the same machine due to incorrect end turn itzchee is
now only 10%.

APPENDIX
FINITE ELEMENT MODELLING

The 2D and 3D finite element analysis (FE) documérih

this paper was undertaken using the University aithB
MEGA software.

Electromagnetic fields can be modeled using the netg

vector potentialA. The governing equation is:

N A+sTA g (2)

P
m It
where:
mis the permeability in henries/meter
A is the magnetiwector potential in webers/metre
s is the conductivity in siemens/metre

By using the finite element method together with Galerkin
weighted residual procedure this can be transforéul a
system of equations.
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For the modeling of force at a particular plateoedly as seen
in Fig. 7, a Minkowski transform was used to sineléhe

effects of a rotor of constant cross sectional aneaing at
constant velocity past a pair of offset short stafd]. This

technique removes the need for full time-steppddtisms,

allowing simpler and faster solution of each velpgdoint

without compromising accuracy.

The Russell & Norsworthy Factor was used to modify

rotor resistivity in order to simulate the secorydand ring

effects [10].

A view of the stator and rotor mesh that was useshbwn in
Fig. 9.

Fig. 9. The finite element stator and rotor meséduin the models.
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