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Introduction

Large part of electrical energy used is transformed into
mechanical energy in the electric drives of wvarious
machines and devices. Three-phase cage rotor induction
motors are used to transform the energy in these drives
since their construction is simple, they are most reliable
during exploitation, have the least relative weight and are
least expensive. Three-phase stator winding is one of the
most important construction parts of these engines. Main
energy interchange processes take place in this winding
therefore it essentially determined the operation of the
motor.

When electric currents forming the symmetric three-
phase system of the currents flow through the three-phase
winding of induction motor they create non-sinusoidal
magnetic fields which move in space and periodically
change their shape in the course of time. Usually only odd
space harmonics except for the multiples of three exist in
the harmonic spectrum of these non-sinusoidal magnetic
fields.

There are many different constructions of the three-
phase windings of induction motors and each of them have
distinctive parameters [1, 2]. Therefore harmonic spectrum
of the magnetic fields created by these windings and at the
same time the electromagnetic properties differ and they in
turn determine the power indexes and operation quality of
induction motors [3]. Electromagnetic efficiency factor is
used to evaluate electromagnetic properties of three-phase
windings [4].

The aim of this paper is to perform a theoretical
analysis of electromagnetic efficiencies of two types of
three-phase windings and to relate them theoretically and
experimentally to the power indexes of particular induction
motors.

Object of research

Standard dimensioned 1,5 kW three-phase induction
motor with single-layer former winding and the same
motor with stator winding replaced with sinusoidal
winding is investigated in this work. Common parameters
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of stator for both motors are the following: number of
phases m = 3; number of stator magnetic circuit slots Z =
= 24; number of poles 2p = 2; number of pole and phase
slots g =2Z/(2p m)=24/(2-3)=4;polepitch 1=2Z/2p=
=24 /2 =12; slot span expressed in electrical degrees
a=360p /Z==2360 -1/24 = 15". The relative magnitude
of number of turns of any coil for the single-layer former
winding sections with four coils is Ny =1/¢g=1/4=0,25.
Relative magnitudes of number of turns of any section in
sinusoidal winding calculated according corresponding
formulas [4] are obtained: N3, =0,1114; N3, =0,1862;

N33 =0,13165; N34 =0,06815.
Distribution of elements of the analyzed windings is
given in Tables 1 and 2.

Table 1. Distribution of elements of single-layer former three-
hase winding

Phase alteration Ul W2 V1 U2 W1 V2
Number of coils
. . 4 4 4 4 4 4
in a section
1;2; 5;6; 9; 10; 13; 14; 17, 18; 21;22
Slot No. 34 | 78 | 1512 | 1si16 | 19:20 | 23;24

Table 2. Distribution of elements of sinusoidal three-phase
winding

Phase alteration Ul W2 \2! U2 Wi V2
Nu.mber of coils 4 4 4 4 4 4
1n a section
1;2; 5; 6; 9; 10; 13; 14 17,18 21;22
SlotNo. |2 | 3:4 7,8 | 11,12 | 1516 | 19,20 | 23;24
. 10; 11 14; 15 18; 19 22;23 2;3; 6; 7,
Z 12; 13 16; 17 20; 21 24; 1 4;5 8;9

Relative magnitudes of the instantaneous values of
electric currents in both windings in time moment ¢ = 0 are

iy =sin120° = 0,866 ; iy =sin240° =
Conditional magnetomotive force changes

iy =sin0° =0;
=-0,866 .

AF =i"N" in the slots of magnetic circuit of the stator in
time moment ¢ 0 (Tables 3 and 4) are calculated
according to the determined number of coil turns and
relative magnitudes of electric currents by using the
layouts of electric circuits of the analyzed windings.
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Fig. 1. Electrical circuit layout of single-layer former three-phase
winding, with ¢ = 4, (a) and the distribution of their rotating
magnetomotive force in time moment ¢ = 0 (b)

Electric circuit layout of the sinusoidal three-phase
winding is formed according to the data presented in Table
2 (Fig. 2, a).
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Fig. 2. Electrical circuit layout of sinusoidal three-phase
winding, with ¢ = 4, (a) and the distribution of their rotating
magnetomotive force in time moment ¢ = 0 (b)

Table 3. Conditional changes of magnetomotive force in slots of
single-layer former three-phase winding in time moment /= 0

Slot No. 1 2 3 4 5
AF 0 0 0 0 —0,216
Table 3 (continued)
6 7 8 9 10 11 12
-0,216 | 0,216 | 0,216 | —0,216 | 0,216 | —0,216 | —0,216

Table 4. Conditional changes of magnetomotive force in slots of
sinusoidal three-phase winding in time moment ¢ = 0

SlotNo. | 1 2 3 4 [ 5 6
AF 0| —0,059 | 0,114 | -0,1613 | —0,1975 | 0,220
Table 4 (continued)
7 8 9 10 11 12
—0,228 —0,220 —0,1975 —0,1613 —0,1140 —0,0590
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Space distributions of rotating magnetomotive force in
the defined moment of time are determined according to
the results from Tables 3 and 4 (Fig. 1., b and Fig. 2, b).

Research method

On the base of Fig. 1, b and Fig. 2, b, the amplitude
value of rotating magnetomotive force of the v-th harmonic

F,,, is calculated using this analytical expression [4]:

k
Fmv iZF‘” Sin(vﬁi/z); (1)
TV im
here & — number of rectangles forming the half-period of
rotating magnetomotive force; Fj — height of the i-th
rectangle of the stair-shaped magnetomotive force; S, —

width of the i-th rectangle of the stair-shaped
magnetomotive force expressed in electrical degrees of the
fundamental space harmonic; v — number of harmonic.

Then relative magnitudes of harmonics of rotating
magnetomotive force are calculated on the base of results
of harmonic analysis of rotating magnetomotive force
functions (Fig. 1, b and Fig. 2, b) [4]:

So=Fu 1 Fy s )
here F,; — amplitude value of the first (fundamental)
harmonic of rotating magnetomotive force.

Electromagnetic efficiency factors of the considered
three-phase windings are calculated according to this
expression [4]:

kef =1_1 ifvz -1.
v=l

All power indexes of the standard dimensioned
induction motor with single-layer former winding and
motor with stator winding replaced with sinusoidal three-
phase winding are calculated after completing their no-load
and load tests of the motor by using the segregated-losses
method. Respective power indexes of asynchronous motors
are compared under the indicated load.

€)

Research results

According to the expression (1) and determined
parameters of rotating magnetomotive force half-period (k
4; F,, =-02165; F, =-02165; F;, =-0.2165;

F,, =—-02165; B, =165"; f,=135"; B, =105";

B4 =75°) the harmonic analysis of instantaneous rotating

g =—

magnetomotive force function (Fig. 1, b) of single-layer
former three-phase winding (Fig. 1, a) was completed and
relative magnitudes of its space harmonics were calculated
(Table 5).

Table 5. Results of harmonic analysis of the instantaneous
rotating magnetomotive force function of the single-layer former
three-phase winding with ¢ = 4 and relative magnitudes of its
space harmonics

v 1 5 7 11
Fo -0,914 0,0390 0,0210 —-0,0110
fo 1 0,0429 0,0235 0,01197




Table 5 (continued)

Table 8 (continued)

13 17 19 23 25
—0,0090 0,0090 0,0100 —0,0400 0,0370
0,01013 0,00968 0,01129 0,0435 0,0400

According to expression (1) and determined parameters
of rotating magnetomotive force half-period (k= 6; Fj,

=-0,1140; F,, =-0,2203; F;, =-0,1975; F,, =-0,1613;
F;, =-0,1140; F,, =-0,0590;, g, =180"; p, =150°;
py =120°; B, =90°; fBs=60"; B¢ =30") the harmonic
analysis of the instantaneous rotating magnetomotive force
function (Fig. 2, b) of the sinusoidal three-phase winding

(Fig. 2, a) was performed and relative magnitudes of its
space harmonics were calculated (Table 6).

Table 6. Results of harmonic analysis of the instantaneous
rotating magnetomotive force function of the sinusoidal three-
phase winding with ¢ = 4 and relative magnitudes of its space
harmonics

v 1 S| 7 (11|13 ]17] 19 23 25
Fp, | 0871 1 0 | 0] O 0 0 0 0,0380 | —0,035
1o 1 0|0 O 0 0 0 0,0436 | 0,0402
According to expression (3) the respective

electromagnetic efficiency factors k. of the single layer
former and sinusoidal three-phase windings with g = 4 are
calculated: kepr 0,9139; ke 0,9335.
Electromagnetic efficiency factor of the sinusoidal three-
phase winding is obtained by 2,14 % higher than in case of
single-layer former winding.

Experimental tests of the standard dimensioned asynch-
ronous motor with the researched single-layer former
winding and motor with stator winding replaced with
sinusoidal three-phase winding (under no-load and load
conditions) were performed and power indexes of analyzed
motors were calculated according to received results using
the segregated-losses method [5] (Tables 7 and 8).

Table 7. Experimental and calculation results of the standard
dimensioned asynchronous motor with single-layer former
winding

No I, Py, n, M, P P, n cos ¢
A W | min' | Nm | W w %

1 1,75 | 405 2983 | 0,586 | 315 90 22,2 | 0,351
2 2,03 840 2961 1,93 333 507 60,4 | 0,627
3 2,30 | 1110 | 2945 2,71 361 749 67,5 |1 0,731
4 2,70 | 1410 | 2924 3,61 402 | 1008 | 71,5 | 0,791
5 3,13 | 1725 | 2899 4,50 | 457 | 1268 | 73,5 | 0,835
6 3,65 | 2100 | 2870 5,55 535 | 1565 | 74,5 | 0,872
7 4,13 | 2370 | 2851 6,23 610 | 1760 | 74,3 | 0,869
8 4,98 | 2805 | 2810 7,38 | 741 | 2064 | 73,6 | 0,853
Table 8. Experimental and calculation results of the

asynchronous motor with stator winding replaced with sinusoidal
three-phase winding

No [1, Pl, n, M, P Pz, n Cos ¢
A A\ min? | Nm | , W W %

1 1,80 | 385 | 2948 | 0,83 | 232 | 153 39,7 | 0,324

2 | 220 1215 | 2923 | 3,31 | 298 | 917 75,5 | 0,837

3 | 250 1440 | 2902 | 3,95 | 337 | 1103 | 76,6 | 0,873

4 | 287 1695 | 2882 | 4,65 | 387 | 1308 | 77,2 | 0,895

5 | 3,03 1800 | 2868 | 4,92 [ 419 | 1381 | 76,7 | 0,900
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6 335 | 1995 | 2847 | 545 | 472 | 1523 76,3 | 0,902
7 3,60 | 2145 | 2825 | 5,83 | 522 | 1623 75,7 | 0,903
8 3,95 | 2345 | 2798 | 6,33 | 596 | 1749 74,6 | 0,899
9 4,50 | 2655 | 2756 | 7,08 | 718 | 1937 73,0 | 0,894

In Tables 7 and 8 I; — phase current of stator winding;
P, — consumed power; n — rotational speed of rotor; M —
electromagnetic torque; P — total power losses of motor;
P, —useful power; 5 — efficiency; cos ¢ — power factor.
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Fig. 3. Diagrams of function n = f(P,) of the standard
dimensioned motor ( ) and motor with stator winding
replaced (——-)
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Fig. 4. Diagrams of function cos ¢ = f(P,) of the standard
dimensioned motor (——) and motor with stator winding

replaced (——-)

After comparing experimental and calculation results
under indicated load from Tables 7 and 8 it is received that
in case of asynchronous motor with stator winding
replaced with sinusoidal three-phase winding the phase
current of the stator winding decreased by 6,9 %, power
taken from electric grid decreased by 5,0 %, power losses
decreased by 11,7 %, efficiency factor increased by 2,4 %
and power factor increased by 3,4 %.

Conclusions

e Electromagnetic properties of the three-phase windings
can be evaluated by performing harmonic analysis of
the rotating magnetomotive force created by them and
by calculating electromagnetic efficiency factors based
on the results of this analysis.
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J. Buk$naitis. Power Indexes of Induction Motors and Electromagnetic Efficiency their Windings // Electronics and Electrical
Engineering. — Kaunas: Technologija, 2010. — No. 4(100). — P. 11-14.

In the paper the standard dimensioned 1,5 kW three-phase induction motor with single-layer former winding and the same motor
with stator winding replaced with sinusoidal winding was analyzed. Electromagnetic features of stator windings of the considered
motors were evaluated on the base of harmonic analysis of rotating magnetomotive forces created by them and by calculating
electromagnetic efficiency factors on the base of the analysis results. It was determined that the electromagnetic efficiency factor of the
single-layer former three-phase winding k.; = 0,9139, and for sinusoidal three-phase winding — k., = 0,9335, i. e. by 2,14 % higher
than the factor of the first winding. All power indexes of standard dimensioned induction motor with single-layer winding and of motor
with stator winding replaced with sinusoidal three-phase winding were calculated after completing no-load and load tests of the motor
and by applying the segregated-losses method. It was found that the phase current of the induction motor with stator winding replaced
with sinusoidal three phase winding under indicated load decreased by 6,9 % , power taken from electric grid decreased by 5,0 %, power
losses decreased by 11,7 %, efficiency factor increased by 2,4 % and power factor increased by 3,4 % compare to the respective power
indexes of the standard dimensioned induction motor under the same load. It was determined that induction motor with three-phase
winding of higher electromagnetic efficiency factor also has better power indexes. Ill. 4, bibl. 5, tabl. 8 (in English; abstracts in English,
Russian and Lithuanian).

1O. BykmnaiiTuc. JHepreTu4ecKre MOKa3aTeJId aCHHXPOHHBIX JBUrartesieil M 3JIeKTPOMAarHuTHas 3(pQeKTUBHOCTL HX 00MOTOK
/ dnexTpoHuKa u aekTpoTexnuka. — Kaynac: Texnonorus, 2010. — Ne 4(100). — C. 11-14.

B pabote paccMOTpeHBI 3aBOACKON TpEX(a3HBII aCHHXPOHHBIH JBHraTedb 1,5 KBT MOIIHOCTH C OJHOCIOHHON IIaOIOHHOW U Takoi
JKe MePEeMOTaHHbIH JBUraTellb ¢ CHHYCOMIAJIbHON CTaTOPHOH 0OMOTKOI. DIeKTpOMarHuTHbIE CBOMCTBa TpEX(ha3HbIX 0OMOTOK CTaToOpa
pPAcCMOTPEHHBIX JBHTaTeNel pPAacCMOTPEHbl MpPH HCIOIHEHWH TapMOHMYECKOTO aHalM3a HX CO3JaHHOM  Bpamiaromencs
MAarHUTOJABIKYILEH CHIION M MPH BBIYMCICHUH 1O €ro pe3ysibTaTaM KO3 QHIUEHTH IEKTPOMAarHuTHOH 3¢ ¢extuBHOCTH. [lomydeHo,
YTO NPH OJHOCIOWHOW IAGIOHHON TpéxdazHoi 0OMOTKEe KOI(D(UIMEHT 3IEKTPOMATHUTHOW 3(PQPEKTUBHOCTH SBISETCS PAaBHBIM
0,9139, a mpu cunycoinanbHOil Tpéxdasznoit oomoTke — 0,9335, T. e. Ha 2,14 % Bbime koddduimenTa nepBoit oOMOTKH. Bce
SHEpreTHYEeCKUe IT0Ka3aTed 3aBOJCKOI0 aCHHXPOHHOTO U INEPEeMOTAHHOIO IBHTATENEH PacCUMTaHBI IIPU BBHINOJIHEHUHM WCHBITAHUN
XOJIOCTOTO XOJa M Harpy3k, TakKe IpPH IPUMEHEHHHM METOJ OTHENBHBIX IoTepeil MomHocTh. [lomydeHo, YTO mepeMOTaHHOTrO
ACHHXPOHHOTO JIBUTATelsl C CHHYCOMIAIBHON TpEX(a3HoH 0OMOTKOH IpU HOMHMHAJIBGHON Harpy3ku ()a3oBBIil TOK CTaTOPHONH OOMOTKH
yMeHbIImIcs Ha 6,9 % , moTpebiasemMas MOITHOCTh YMEHBIIMIACH HA 5 % , TOTEPU MOIIHOCTH yMeHbIIMuch Ha 11,7 % , koaddunuent
TOJIE3HOTO JeHCTBUS yBenuuuics Ha 2,4 % , a ko3 uIMeHT MOIHOCTH yBenuumics Ha 3,4 % ™o CpaBHEHHIO C COOTBETCTBYIOLIIMMH
SHEPreTHYECKUMHU TI0Ka3aTeqsIMH 3a00ACKOTO JBUraTeNs. YCTaHOBIEHO, YTO ACHHXPOHHBIC [BUTAaTeNlM, UMEIOIHe TpEXQasHbie
0OMOTKH € TIOBBIIICHHBIMH KO3 PHUIIMEHTaMH 3JIEKTPOMarHuTHO! 3¢ (hEeKTHBHOCTH, UMEIOT U JTyUIIe SHEPreTHIeCKue moKa3areny. M.
4, 6u6n. 5, Tabxa. 8 (Ha aHTTIHICKOM SI3bIKe; pedepaThl Ha aHTTHICKOM, PyCCKOM H JIATOBCKOM $3.).

J. BukSnaitis. Asinchroniniy varikliy energiniai rodikliai ir jy apvijy elektromagnetinis efektyvumas // Elektronika ir
elektrotechnika. — Kaunas: Technologija, 2010. — Nr. 4(100). — P. 11-14.

Darbe i$nagrinétas gamyklinis trifazis asinchroninis 1,5 kW galios variklis su viensluoksne formine apvija ir toks pat pervyniotas
variklis su sinusine statoriaus apvija. Nagrinéjamy varikliy trifaziy statoriaus apvijy elektromagnetinés savybés jvertintos atlikus ju
kuriamy sukamyjy magnetovary harmoning analiz¢ ir pagal jos rezultatus apskaiiavus elektromagnetinio efektyvumo koeficientus.
Atlikus $iy apviju teorinius tyrimus, nustatyta, kad viensluoksnés forminés trifazés apvijos elektromagnetinio efektyvumo
koeficientas k. = = 0,9139, o sinusinés trifazés apvijos — k.p = 0,9335, t. y. 2,14 % didesnis uz pirmosios apvijos §j koeficienta.
Gamyklinio asinchroninio variklio su viensluoksne formine apvija ir pervynioto variklio su sinusine trifaze apvija visi energetiniai
rodikliai apskaiciuoti atlikus ju tusciosios veikos ir apkrovos bandymus bei panaudojus atskiry galios nuostoliy metoda. Taip pat
nustatyta, kad pervynioto asinchroninio variklio su sinusine trifaze apvija statoriaus apvijos faziné srové, esant nurodytajai apkrovai
sumazéjo 6,9 % , imama i§ tinklo galia sumazéjo 5,0 %, galios nuostoliai sumazéjo 11,7 %, naudingumo koeficientas padidéjo 2,4 % ir
galios koeficientas padidéjo 3,4 % , palyginti su gamyklinio asinchroninio variklio atitinkamais energiniais rodikliais. Nustatyta, kad
asinchroninio variklio, kurio trifazés apvijos elektromagnetinio efektyvumo koeficientas didesnis, geresni ir energiniai rodikliai. Il. 4,
bibl. 5, lent. 8 (angly kalba; santraukos angly, rusy ir lietuviy k.).
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