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1. INTRODUCTION

This paper represents the method of calecnlarion of elecrrical
parameters of large A.C. machine windings for an analytical model
being teveloped for prediciting veltage stresses JIn Iinterturn
insulation of motor winding coils due tn (ncident of steep-
fronted suryes.

Parameters of the model are derived Frmr, ne_ lama
considerarions of coil geometry. The paramet.rs are subsequently
transformed inte a form suitable for input te ElectroMagnetlic
Transient Program (EMTP), in order to determine the time domain
response to an applied surge.

2. STRUCTURE OF WINDING MODEL

Wwindings of large A.C, motors consists of several multiturn coils
connected in series electrically. Each coil is positioned around
rhe stator core iron frame, such that it is embedded in ircon over
two distinicrt regions (termed slat regions), and is suspended in
air over two another regions on either side of the staror (rame
(termed end-winding or overhang regions).

The proposed winding model treats turn conductor within each
such coil section as mutually coupled transmission lines.
Electromagnetic coupling between‘ coil sections is neglected since
presence of stator iron between sections provided effective
shielding at high frequencies: As a result each coil sectlion may
be modeiled independenctly, The mnodel for complete coll s
obtained by stablishing boundary conditions on Individual section
models such that a series electrical connectlion is achieved. _The
model for the complete winding is formed similarly, by connecting
individual coils in series. With this framework established, the
modelling task reduces to one of developing sultable analytical
repiesentation for overhang. and the slot section of winding
colls.

3. MULTICONDUCTOR REPRESENTATION OF COLL WINDINGS

The basis of the model being developed is the representatrion of
winding c0i]l sections as mutually coupled multiconductor
transmission lines. The governing equations for wvoltage and
current on a uniform n-conductor transmission line may be written
in matrix form as :
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where V¥ and I are phasors representing voltages and currents
respectlively at a given point % on the line. V and I are the
vactor matrices of n elements representing, respectively, the
vaoltage and current on the n conductors and the current flowing
in them. Z and Y are n¥n patrices which are represenring series
impedance matrix and shunt admittance matrix respectively.

Each of these equations represents n simultaneous
differential equation.

3ince I are nondiagonal sguare natrices of pgrder nxn, a
direct solucion of these equations is not self evident, The
problem may be sclved by making use ol llnear transformation
defined by :

V= SVUm [2)
Where S is= a nonsingular matrix of order nxnpn and Vv the
transforsmed vector matrix of wvoltage, and wsubstituting in
equation l.a gives
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Wedepohl(1) shows that if the matrix S 1s chosen such that 7
diagonal matrix of the fornm
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Then equation 3 separates into n single gecand order gifterantial
sguations Wwish Ao mutual =ffezt hetwesn them. Bach wvalue of YU
defines the propagation characterlatics of the hypotherlcal
single condusior lings and I3, in fact, the propagetlon copstant
for sach of tze so-called natbral sodes of pulticonductor aystem,

I effect 5 rransforsistian may be made CTyom tHe resl] Jomsan
+ta modal Somain, & solution obtained forf eéach modal component =nd
rhen a roeversd tronsformation made from mpdal]l dosmaln ta fesl
domain. 3

Iz i&= fusthep shown that 'ﬂ’.‘, are the sjgenvalaes pf Tip= nalzid
=¥ and the coicmos of the #atfiz 4 are the glgehvectors.

The walues of Yo are the Propogaticy COTNETARTYS  Or T
indlvidual =oqes, and are complex guantitles of the fotm ' =381,
whare ol s Fre aftepliartion aod the welocity of proapagalan « o 1S
glven by

o i 171

where b l3 the angular Eréguoesncy

4, DETERMINATION OF MCODEL PARAMETERS

In the slot vegion ix Is assumed that the =alol walls act &s flub
bafrietrs At rthe frequencies of lprterest and are at the ground
porential. The resisirivity of the core Iiron and  copper
conpdigtars | {5 1o apd the propagetion modes are assused ro be
TEM. Vpder suchk cooditlonhs Lt ig only necessary to caloulate the
gapacftance matrix and the inductance mATTix can ke rcaleulated
pEling the propesty pher

el

L = Cic Ly

wWwhare [ is the inductance matriz, G is the capacitance 531018
with all Br=1. snd 7 is the propagacion yelocitv of [jdfe

In rhe orerhang region the ground return pach is assumsd o
pe in che Immedlacsly adijacent coill sides in the same laver.

Fig, 1 snows che codil sides. Since wavelength s comparable
ith the coll side adjacent coll must be cloaed To - allow curtcnts
to £low as In an lefinite plans, The § matrix and hence L marris
are calculated as explalned in egquation &.

. The lomssc gar he gdded to the L and © matrices bur previoss
Hork has shown that such effects are not signiflcent {n whort
time span wWithin whilch the pesk laterturd voltages appesr |2, 3]

For Ehe calculigtion of the admittanée nRtrix Y, the
capacltance s svaluated by appreximating the winding to parallel
plate copayjtors as shoewo Ju Fly. 2 el 3 For slot  reglon god
overhany fegion TeEspectively, Knowing the dielectrie econsgane
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value of =ach insulating layer, capacitaces are calculated from
the equation

G o= fL£= -:- (2)
d

where A is the area normal to the eslectric fleld and 4 is the
thickness of insulation. The conductivity of each insulating
region is given hy :

& - wegtang (10)

whers 8 is the loss angle. Having determined the conductivity af
each Insulating region at agiven frequency, conductances are
calculated [rom -

A
G =0 «-= (t1)
4

The =alues of conductances are extremely low which may be
ignored.

5. SUMMARY OF THE DIGITAL COMPUTER FROGRAM

{i) The input data are read in. This includes the physical
geomatry of the winding of each section. lengrh. conductocr
cross section dimensions, isulation thicknesses, and
dielectric relative permittivities.

{ii}) The matrix € is formed from the geometry of the coil
{111) The matrix L is formed from the equation 8.
(iv) Calculate the value of) and the eigenvector matrix S of

LC.
(v) Form the diagonal Mtria‘lx - A -t
{vi] FOrm the characteristic impedance Z= SYSL.
(vii) Print Z2 in ohms. =\
(viid} Print 5 the real-to-madal and S modal-to-real transforma-
tian matrices and the modal velocities in per unit of
velocity of light.

6, APPLICATION OF THE PROGRAM TO A PRACTICAL CALCULATION

In orcer To demonstrate a practical application of the program,
calculations were done for 3.3.~KV, 1=-MW. 4-pole induction motor.
The coil configuration is shown in Fig. 4.3 The feollowing
constants were assumed in the calculations for Insulating
materials used in the ceil.

{a) Ground jnsulatien (salot region): 8 turns of GM2} sheet
wrapped hot processed, dieslectric constant=4.12.

(b) Ground Insulation (overhang region): flexible TGMT tape,
dlelectric constant = 2,

3t
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e} Enterturn  insulation: 3 layers of aromatlc polynide paper
ipomar), dielerrie constant = 3.8,

&.1 CALCULATED RESULTS

Table (1) wshows the surge impedsnce matrix (upper trilanglel,
real-to=-modal transformation matrix. and nodal welocities Jor
overhang, baottom of siot and top of alot rfegions respectively.
Bacauss of the airgap in the owerhang reglon the First mode bas 4
propagation welocity of 0.9 per unlt. In geasral. the modal
propagation velocities depend eantirely on ths insalnt fen
dinlectric constants. and the highar the dielectiric cohsTancs,
the loker the propagation velocitiss,

The data 9btained [n sscktion 6.] were used to chlcllate the
interturn valtsges berwesn turns I-1, and J0-0 for a line end
coll fed from & matched and the coil was on open ciccult. It =an
be maen that there la close agreemsnt bDetwesn the coalculated
waveforma and the corresponding measured wavelorsms ss shown in Fig.d.

T. CONCLUSIONS

A method has heen described for solving the wave squations in
maching wipdings, The modal parasetsrd by bée used 's calcolats
the interfurn voltege distritutijon in aschline windlogs.

A practical example bas shown class agresment betweoeon
calculated woltage waveforss and The corresponding seasured
wavEiarms,

The author wishes top acknowledge che help and sncouragesment sf
Laurances Seoot and Elecstromotors, Horwliteh UK, and the financial
support of the §.E.R.C, U.K.
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Fig.1 Line end coil
ja)lnitial surpe Jistribution at nose of CoLla
ip) Overnang enviroment of Lline end coil.
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Fig.2 Slot arcanggment

Fig.3 Overnang arcangenent
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