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Introduction

Slot-shaped nature of magnetic circuit of stator and
rotor of alternating-current machines, uneven distribution
of their windings and other factors form conditions for
creation of non-sinusoidal rotating magnetic fields. Such
instantaneous functions of periodic rotating magneto-
motive force which are not distributed according to the
sinusoidal law may be expanded into its rotating space
harmonics. Each space harmonic of this rotating magneto-
motive force induce harmonics of electromotive force of
the same order in the windings of stator and rotor, the sum
of which constitutes the curves of non-sinusoidal electro-
motive force.

To achieve the distribution of rotating magnetomotive
forceinthe air gap of electric machines and the form of the
curve of electromotive force induced in the windings as
close as possible to sinusoidal, some certain measures are
taken: the span of the windings is shortened (y < 1),
windings are distributed (q > 1), skewed slots are made in
the magnetic circuit [1 - 2]. All these measures reduce the
harmonics of rotating magnetomotive forces and induced
electromotive forces. The reduction of these variable
magnitudes is expressed using winding factors
Kwy =Ky, Ky, Kg, , here ky,, — pitch shortening factors;

Kp, — winding distribution factors; kg, — slot skewness

factors; v — number of harmonic number.

Skewed dots of squirrel cage motors are typically
formed in the magnetic circuits of rotors, and straight ones
are made in magnetic circuits of stator. Therefore in all
these cases dot skewness factors of three-phase windings
laid into the slots of stator are kg, =1.

Not al mentioned measures can be applied to
improve the shape of the curves of rotating magnetomotive
forces of al types of the three-phase windings and the
shapes of electromotive forces. None of the measures is
suitable for single-layer concentrated three-phase
windings, and for this reason factors of such windings for
all available harmonics of magnetomotive or electromotive
force v areequal to one(kWV = 1).
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Single-layer preformed and concentric three-phase
windings are manufactured as distributed (q >1), but their
spans can be equal only to the pole pitch (y = 17), thus
factors of these windings k,,, match their distribution

factors kp, (Kw, =Kpy )

Two-layer preformed, concentric and single-layer
chain three-phase windings are also manufactured as
distributed (q > 1), furthermore, their span is shortened
(y < 7). Factors of these windings consist of the product of
winding distribution and pitch factors (ky, =kp, Ky, ).

M ethods for deter mination of winding factor s of
alternating-current electric machines

On the basis of earlier proposed thoughts it can be
stated, that winding factors not only assess the reduction of
harmonics of rotating magnetomotive forces and induced
electromotive forces, but aso reflect the relative
magnitudes of amplitude values of the harmonics of these
variable quantities in respect of corresponding amplitudes
of the same harmonics in concentrated three-phase

winding.

Functions of instantaneous periodic rotating
magnetomotive force of concentrated three-phase winding
are square-shaped.

Since this sguare-shaped function is symmetrical
according to the coordinate axes F, X, therefore it has only
uneven space harmonics without multiples of three (Table
1)[3-5].

Table 1. The results of harmonic analysis of instantaneous
rotating magnetomotive force function of concentrated three-

hase winding

v 1 5 7 11 13 17 19
Fiv | 0955 | 01910 | 01364 | 00868 | 00735 | 00562 | 00503
f1y 1 020 | 01429 | 00909 | 00769 | 00588 | 0,0526

In this table v — the number of the harmonic; F;, —
relative amplitude value of the v-th harmonic of the
rotating magnetomotive force; f;, — the relative value of




the v-th harmonic of
force(fy, = Fy, / Fq).

rotating magnetomotive

When electric currents are flowing over single-layer
three-phase chain  windings, it creates rotating
magnetomotive force, for which instantaneous periodic
functions are symmetric in respect of coordinate axes F, x.
Such functions (when their harmonic analysis is
performed) have odd and even harmonics without
multiples of three [4-5]. Therefore winding factors of odd
and even harmonics of magnetomotive or electromotive
force should be determined for the windings of this type

(Fig. 1).
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Fig. 1. Development of eectrical circuit of single-layer three-
phase chain winding, in which g = 2 (a) and the distribution of its
rotating magnetomotive force in the moment of timet =0 (b)

A single-layer three-phase chain winding, for which
2p =2, q=2;, y=>5isanayzed (Fig. 1). Harmonic
analysis of the instantaneous stair-shaped rotating
magnetomotive force functions of these windings in
respect of asymmetric coordinate axes is performed
according to the following analytical expressions[3-5]:
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here k — number of rectangles in the half-period of the
rotating magnetomotive force; F,, ; — height of the i-th
rectangle of stair-shaped magnetomotive force half-period;
B i — width of the i-th rectangle of the stair-shaped
magnetomotive force, expressed in electric degrees of the
fundamental space harmonic; y; — the asymmetry of the -
th rectangle of the half-period of stair-shaped
magnetomotive force in respect of reference axis,
expressed in electrical degrees of the fundamental space

harmonic; v — number of the order of odd harmonics; v~
— number of the order of even harmonics.

According to expressions (1) and (2) and predefined
parameters of the half-period of rotating magnetomotive
force (Fig. 1, b) (k= 2; F,1=0433; F,,=0,433; B1=
=150°; B , = 60°) its harmonic analysis was accomplished
(Table 2).

Table 2. Harmonic analysis results of the rotating magnetomotive
force function of the single-layer three-phase chain winding

v 1 2 4 5 7 8
F,, | 0799 | -011% | -01034 | 00428 | 00306 | 0,057
T, 1 01494 | 01294 | 00536 | 00383 | 0,0647

Table 2 (continued)
10 11 13 14 16 17 19

00726 | -0,0614 | 0,01705 | 00258 | -0,0126 | -0,0113

00909 [ 00769 | 00213 | 00323 | 00158 | 0,0141

0,0239
0,0299

Single-layer chain three-phase winding is also
distributed and short-span winding, additionaly by
considering that in this winding the sections in the group
are spaced apart in two slot spans (2a = 27/(3q)), the
following analytical expression was derived to determine

its winding factors:
S n[v ﬂj sin| v ry
3 60
szv = kpv kyv = . ©)
gsn|v Tz
3q

Winding factors calculated according
expression are presented in Table 3.

to this

Table 3. Factors of single-layer three-phase chain winding, for
whichq= 2; y=5

v 1 2 4 5 7 8
Ky, | 08365 0,250 0,433 0,224 0,224 0,433

Table 3 (continued)
[ 120 [ 11 ] 13 [ 14 [ 16 [ 17 | 19 ]
[ 0250 | 08365 [ 08365 | 0250 [ 0433 | 0224 | 0224 |

Factors of the analyzed single-layer three-phase chain
winding can be calculated according to formula (4), i.e. on
the basis of dataindicated in Tables 1 and 2:

szv = F2v /Flv . (4)
Calculation results are given in Table 4.

Table 4. Factors of single-layer three-phase chain winding for
whichq =2; y=5

v 1 2 4 5 7 8
Kev | 08365 w o 0,224 0,224 w
Table 4 (continued)
10 11 13 14 16 17 19
) 08365 | 0,8365 ) ) 0,224 0,224

Since even harmonics of the rotating magnetomotive
force of single-layer concentrated three-phase winding are
equal to zero, thus winding factors of even harmonics in
Table 4 calculated according to formula (4) are obtained as



indefinite. Winding factors of odd harmonics in Table 4
are obtained the same asin Table 3.

What is the possible way to avoid the uncertainty of
the winding factors of even harmonics calculated by the
second method? For this purpose a two-layer preformed
fractional-slot winding is selected for the further analysis
(Fig. 2, @), parameters of whichare: 2p=2; q=1/2; =
=390=372, y=2, a=nx/lt=120° This winding has
lengthened span and the relative quantity of the effective
conductors in its slot is N3, = Ny, /q=1/(1/2)=2, and
the relative quantity of the number of turns in one section
N3 =Ny /2=2/2=1. The later quantity is obtained

equal to the relative quantity of number of turns of one
section of concentrated three-phase winding [5].

a)

b)
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Fig. 2. Development of electrical circuit of two-layer preformed
fractional three-phase winding, in which q = /2 (a) and the
distribution of its rotating magnetomotive force in the moment of
timet=0(b)

The ingtantaneous function of the rotating
magnetomotive force of the considered winding in certain
moments of time, e. g. t =0, is square-shaped, same as for
the concentrated three-phase winding. But this function is
asymmetric in respect of coordinate axes (Fig. 2, b).
According to expressions (1) and (2) and predefined
parameters of the half-period of rotating magnetomotive
force (Fig. 2, b) (k =1; F,=0,866; § =120° y =-30°)
its harmonic analysis was carried out (Table 5).

Table 5. Harmonic analysis results of the rotating magnetomotive
force function of the two-layer preformed fractional-slot three-
phase winding, for which q = 1/2

1 2 4

v 5 7 8
Fa, 0827 | -04135 | 0207 0,654 | -0,1181 | 0,1034
fa, 1 0,50 0,250 0,20 0,1429 0,125

Table5 (continued)

10 11 13 14 16 17 19
-0,0827 | 00752 | 00636 | -0,0591 | 0,0517 [ 0,0486 | -0,0436
0,10 00909 | 00769 | 0,0714 | 00625 | 00588 | 0,0526
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From the results of harmonic analysis presented in
Table 5 it can be stated, that relative quantities f;, of odd
harmonics of rotating magnetomotive force of two-layer
preformed fractional-dot three-phase winding with g = 1/2
are equal to relative quantities of respective odd harmonics
of rotating magnetomotive force of concentrated three-
phase winding (Table 1). By considering this fact, winding
factors of single-layer three-phase chain winding can be
determined by using datadivenin Tables 2 and 5:

wi fa /Ty (9
Winding factors calculated according to formula (5)
are summarized in Table 6.

Table 6. Factors of single-layer three-phase chain winding, for
whichq =2; y=5
v 1

2 4 5 7 8

Kev | 08365 0,250 0,433 0,224 0,224 0,433
Table 6 (continued)
[ 10 [ 12 ] 183 [ 14 T 16 [ 17 | 19 ]
[ 0250 | 08365 [ 08365 | 0250 | 0433 | 0224 | 07224 |

Data given in Table 6 obtained after performing
calculations according to expression (5) coincides with
resultsindicated in Table 3.

Analytical expression can not be used to determine
winding factors of two-layer preformed fractional three-
phase windings, since numbers of sections forming the
section groups of these windings are not equa to the
number of pole and phase dots g. This problem is solved
on the basis of expression (5) by deriving the following
formula:

_ P fiy

l:11 f3v

=ky,1 fiv 1 f5,; (6)

w; v

here kyy,, — winding factor of the v-th harmonic of thei-

th two-layer preformed fractional three-phase winding; Fi;
— relative amplitude value of the first harmonic of rotating
magnetomotive force of the i-th two-layer preformed
fractional three-phase winding; F;; — relative amplitude
value of the first harmonic of rotating magnetomotive
force of the concentrated three-phase winding; f;, — relative
quantity of the v-th harmonic of rotating magnetomotive
force of the i-th two-layer preformed fractional three-phase
winding; f;, — relative quantity of v-th harmonic of
rotating magnetomotive force of the two-layer preformed
fractional three-phase winding for which g = 1/2.

Due to the lengthened pitch winding factors of the
considered two-layer preformed fractional (q = 1/2) three-
phase winding are not equal to one, as in case of
concentrated three-phase winding. According to expression
(6) winding factors of al harmonics are of the same value
and equal to 0,866 (k,,, =0,866).

Conclusions

1. Winding factors of various types of three-phase
windings (except for two-layer preformed fractional-slot
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Methods for determination of winding factors of alternating-current electric machines are discussed. It was shown, that single-layer
concentrated and two-layer preformed fractional (q = 1/2) three-phase windings are similar in their nature, since their relative quantities
of respective v-th odd harmonics of rotating magnetomotive forces are equal, even though factors of all harmonics of the first winding
are equal to one, and due to the lengthening of the second winding span become equa to 0,866. It was proved by theoretical
calculations, that winding factors of odd and even harmonics of single-layer three-phase chain-winding can be determined not only
according to newly created analytical expression, which assesses distribution of this winding and pitch shortening factor, but aso by
using harmonic analysis results of instantaneous functions of rotating magnetomotive force of this winding and two-layer preformed
fractional-slot (q = 1/2) three-phase winding. Winding factors of respective harmonics calculated by both methods are equal. I11. 2, bibl.
5 (in English; summariesin English, Russian and Lithuanian).

0. Bykmmnaiituc. MeToasl onpenesieHusi KO3GQPUIMEHTOB OOMOTKH 3JeKTPHYECKHX MAIIMH IepeMEeHHOro Toka //
JJIeKTPOHHUKA U dJIeKkTpoTexHuka. — Kaynac: Texnosorus, 2009. — Ne 1 (89). —C. 83-86.

PaccmarpuBatoTcs MeTo/bl onpeieaeHnst 00MOTOUHbBIX KOI(G(UIHMEHTOB 3IEKTPUYECKUX MAIIUH IIepeMeHHOro Toka. [TokazaHo, uTo
OZHOCIOMHAsT COCPENOTOYCHHAs ¥ IBYXCIOiHAs IaGiIOHHAs ¢ APOOHBIM YHCIOM Ma3oB Ha moiioc U dazy (q = 1/2) tpéxdasusie
OOMOTKU SIBISIFOTCST OJIM3KUMHM, BBHIY TOTO YTO UX OTHOCHTEIILHBIC BEJIMYUHBI COOTBETCTBYIONIMX HEUETHBIX TapMOHUK BPAIalOMINXCS
MarHUTOABIDKYIINX CHJI SIBIIIIOTCSI PaBHBIMU, XOTS 0OMOTOUYHBIE KO3()(UIUECHTHI BCEM rapMOHUKAM IIEpBOH OOMOTKHU PaBHBI €AUHHUIIE,
a JIPyroi ¢ mesbplo yMUIMHEHUs mara oOMoTku — paBHBI 0,866. Teoperndeckne pacd€Thl MOKA3alH, YTO KOS(P(PUIMEHTH HEYETHBIX U
YETHBIX TapMOHUK OJHOCIONHOM IemHOi Tpéxda3HoH OOMOTKM MOXHO OINpPEASNIUTh HE TOJBKO II0 HOBOOOpPa30BaHHOMY
AQHAJIMTMYECKOMY BBIPAXKEHHIO, KOTOPHIM OLICHUBACTCA PACIpPEe]ICHUE U YKOPOUCHHE I1ara 3Toif 0OMOTKH, HO M IPH HUCIOJIb30BAHUU
pe3y/bTaTOB TapMOHMYECKOI0 aHAIM3a MCHOBEHHBIX (DYHKLMH BpAILAIOIICHCS MarHUTOABIDKYIIEH cuiibl 00enx oOmorok. Obonmu
METOJaMH PacCYUTaHHbIE OOMOTOYHBIE KO3()(UIMEHTH COOTBETCTBEHHBIX TAPMOHHMK SIBIISIIOTCS OMMHAKOBBIMH. M. 2, 6ubn. 5 (Ha
QHTJIMHACKOM SI3bIKe; pe)epaThl Ha aHTIIMHCKOM, PYCCKOM H JINTOBCKOM 513.).

J. Buksnaitis. Kintamosios srovés elektros masiny apvijos koeficienty nustatymo metodai // Elektronika ir elektrotechnika. —
Kaunas: Technologija, 2009. —Nr. 1 (89). — P. 83-86.

Nagrinéjami kintamosios srovés elektros masiny apvijos koeficienty nustatymo metodai. Parodyta, kad vienduoksné sutelktoji ir
dvisluoksné forminé trupmeniné (q = 1/2) trifazés apvijos yra artimos, nes ju sukamujy magnetovary atitinkamu v-uju nelyginiy
harmoniky santykiniai dydziai yra vienodi, nors visy harmoniky pirmosios apvijos koeficientai yra lygus vienetui, o antrosios dél
apvijos zingsnio pailginimo — lygas 0,866. Teoriniais skaiciavimais jrodyta, kad nelyginiy ir lyginiu harmoniky viensluoksnés
grandininés trifazes apvijos koeficientus galima nustatyti ne tik pagal naujai sudaryta analizing israiska, kuri jvertina sios apvijos
paskirstyma ir zingsnio sutrumpinima, bet ir naudojantis sios apvijos ir dvisluoksnés forminés trupmeninés (q = 1/2) trifazés apvijos
sukamosios magnetovaros akimirkiniy funkciju harmoninés analizés rezultatais. Abiem metodais apskaic¢iuoti atitinkamy harmoniky
apvijos koeficiental yravienodi. Il. 2, bibl. 5 (angly kalba; santraukos angly, rusy ir lietuviy k.).
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