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ANALYSIS OF PROPERTIES OF INDUCTION MACHINE WITH
COMBINED PARALLEL STAR-DELTA STATOR WINDING

ANALIZA WEASCIWOSCI MASZYNY INDUKCYJNEJ Z UZWOJENIEM
STOJANA POLACZONYM GWIAZDA-TROJKAT

Abstract: The paper analyses the properties of a machine with a parallel combined stator winding. The
analysis has been carried out with regard to the numbers of conductors of delta- and star- connected windings.
The paper shows the influence of the ratio of the number of conductors of these windings on the possibility of
suppressing higher spatial harmonics and on the efficiency of the machine. The derived equations of the
machine with the combined stator winding describe the behaviour of the machine both in a steady state and in

transient operating and fault states.

Streszczenie: W artykule przeanalizowano wlasciwosci maszyny z rownoleglym potaczeniem uzwojenia sto-
jana. Analiz¢ prowadzono w zakresie liczby przewodow delta i potaczonego w gwiazde uzwojenia. Przedsta-
wiono wplyw stosunku liczby przewodow tych uzwojen do mozliwos$ci sttumienia wyzszych harmonicznych
przestrzennych i dotyczacych sprawnosci urzadzenia. Pochodne réwnania maszyny z potaczonym uzwojeniem
stojana opisuja zachowanie maszyny, zardwno w stanie ustalonym, nieustalonym oraz podczas awarii.
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1. Introduction

At present, a considerable emphasis is put all
over the world on power reduction. In the field
of electric machines, one of the possibilities of
energy consumption is increasing the efficiency
of electric motors. One of the ways how to
increase the efficiency of induction machines,
which are mostly used electric machines, is the
use of the so-called combined stator winding
[1], [2]. This winding makes it possible to
substantially decrease the content of higher
spatial harmonics of the current layer, magnetic
flux density in the air gap and flux in yoke. The
reduction of the content of higher spatial
harmonics results in decreasing the losses and
thus improving the energy efficiency [3] and
[4]. In the literature, there are mentioned two
basic variants of connection of the combined
winding. These variants are schematically
depicted in Figs. la and 1b. In this paper, the
properties of the combined parallel winding in
Fig. 1b will be analysed.

Fig. 1. Basic variants of combined winding

2. Analysis of parallel winding

According to [1], [2], and [3], the higher space
harmonics of the lowest orders (i.e. orders
5and7) can be eliminated if two basic
conditions are fulfilled. The ratio of the number
of conductors of a single phase of the delta-
connected winding to the number of the
conductors of a single phase of the star-
connected winding must be 43 and the axes of
the two windings must be shifted by 30 electric
degrees in the space of the machine. For the
analysis of this winding, the theory of space
vectors and symmetrical components of
instantaneous values of currents and voltages
has been used. According to [4], a space vector
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of the considered physical quantity (e.g. current
layer, magnetic flux density in air gap, flux in
yoke) is a complex vector lying in the plane
perpendicular to the axis of the machine. The
absolute value of this vector equals or is
proportional to the maximum (amplitude) of
this wave. The position of the vector in the
complex plane corresponds to the position of
this maximum. For example, space vector I, of
the v-th wave of the current layer of one
conductor is, according to [4], defined as

I, = ie® (1)

where i is a conductor current, v is a harmonic
order and o determines the position of a
conductor in the complex plane of the given
harmonic. If there are N, conductors in a slot,
then the vector of the v-th current wave of this
slot 1. Ndv 1S

INd'r' = ﬁrd:-g_i"r‘ﬂ' . (2)
The space vector of the current wave of the
order v of the single phase winding with the

number of slots Q is given by the sum of the
current waves of the individual slots.

I, =, QNgie/"®, (3)
In this case, the angle a represents the position
of the axis of this winding in the space of the
machine and ., is the winding factor of the v-th
harmonic. The vector of the current wave of the
multi-phase winding is given by the sum of the
vectors of individual windings. As it will be
further shown, higher spatial harmonics have, in
comparison with the fundamental wave, a small
influence on the waveforms of currents and for
the sake of simplicity, they will not be
considered. The fundamental current wave of
the delta-connected winding in Fig. 1 can be
written as

Iys = ksNslias + aizs +a’icg), 4)
Where iy, igs and ics are currents of individual
phases, x; is a winding factor of the
fundamental harmonic, Nz is a number of all
conductors of this winding, given by the
product of the numbers of conductors in one
slot and the number of slots of this winding @ 3.

T
Quantity a is the complex operator ’=". The
expression in the brackets in equation (4) is
proportional to the first symmetrical component
of the stator currents of the winding o, for
which it can be written

iz = la’ra (igs + @ize + atigg). (%)

The axis of the winding star can be generally
shifted by the angle a. The current wave of this
winding is

INJ. = K‘lﬁr‘l{fﬂ + lI-I-FA + l]-:i-m:]ﬂ'i.‘r. (6)
The individual symbols represent similar
quantities as in the case of the winding J. The
first symmetrical component of currents of the
winding delta is

iy =1/ 3 (41 + @iz + aligy)el®. @)

The voltage components u; and u; can be
introduced similarly as it was in the case of
currents. The voltage over a single phase
winding, e.g. the winding of the delta-
connected phase 4, consists of the decrease in
its resistance R;, leakage inductance L,; and the
voltage induced in this winding by the flux in
the yoke @;
2

Usg = Rglag + Los d;f +xzlgRe [?] (8)

The vector @; is given by the sum of flux vectors
induced by the currents of the winding delta

iz = rzNgizLy, )
by the currents of the winding star
P = g Nyig Ly, (10)

and the flux vector excited by the rotor currents.
This vector @y, after the transformation into
stator co-ordinates is

¢_i'ﬁ.1 = mglgig;Ly, (11)

where Iri is the symmetrical component of
rotor currents transformed into  stator
coordinates. The symbol Iy represents the so-
called inductance of a single conductor for the
fundamental harmonic. For the inductance of
one conductor of the harmonic of the order v
can be, according to [7], written

_ MokyDL

L, = (12)

where p is the permeability of vacuum, £ is the
factor of a slot opening, D is the bore of the
stator, / is the active length of iron, ¢ is the
length of an air gap including the Carter factor.
The magnitude of the quantity Lv decreases
with the second power of the order of the
harmonic, i. e., the influence of higher spatial
waves on the current waveforms dramatically
decreases with their order. Equation (8) can be
written for the individual phase windings ¢ and
A. After substitution of equations (9) to (11) for
®; in these equations and after substitution of
symmetrical component for phase voltages and

2méve’
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currents and after manipulations, equations for
the windings delta and star can be written as

] di di ai
ws =Rigigs +Lps 22+ L S5+ L, T2 (13)
g :RGiﬂ + LE% +Lk% +Lk %3 (14)
where
. . HaNy
e =Ll oo (15)
_ KgNg
W = Wy ANy (16)
_ KENg" z
Ris =Ry {m-‘uj ’ an
Ly = 3/ GesNg )Ly, (18)
Ly = Lope + Ln, (19)
_ KgNgh™
Lezg =L (mm) ; (20)
Ls=Log +Ly. 21)
The rotor equation is
_ , digas dig |, dlag
= RdREIEAE +Lgs de + Ly dt + Ly dt
—_,l'd_: {Lﬁai;jﬁ + Lhiﬂ + I‘l":i.lﬁ:]
(22)

where iz;s is the symmetrical component of
rotor currents transformed into the stator co-
coordinate system by multiplying ¢” and rated
to the number of the conductors winding delta
according to equation

. Mg KgNg
Igis = —;KF;,; (23)

In the case of a cage rotor, the number of the
rotor phases my equals the number of bars and
the number of the conductors Ny equals 1. The
symbol p is the angle between the stator and
rotor symmetrical systems. Further,

Ras = Ry —(222) (24)

b Mg “KgNg

where Ry is the resistance of a single rotor
phase. The total inductance of the rotor Lgs is

Los = Lpgs + Lg, (25)

o

where L,z;s is a leakage inductance of the rotor
Lsp rated to the number of conductors of the
winding delta

Logs = Lyg —("f—"f] (26)

FRE mp kg Ng
The torques generated by the winding delta and
star are

Ts = 6pLyReljizig;s]. (27)

Ty = 6pLyReljijigas] (28)

The resulting torque 7 is given by the sum of
the torques Ts and 7). The motion equation is

e | »
—2=1r-m). (29)

where ®,, is the mechanical angular speed. The
symbol J is the inertia torque and 7; is the load
torque.

3. Experimental machine

The experimental induction machine has been
designed and produced in cooperation with the
ATAS elektromotory Nachod a.s. The stator
combined two-pole winding of this machine is
formed by three windings with 159 conductors
in a slot and three windings with 92 conductors
in a slot. The number of slots of the stator is 24.
Each winding is distributed in four slots. The
winding with 159 conductors in a slot is a delta-
connected winding. The remaining three
windings are star-connected windings. The
beginnings and ends of all the windings are
connected to the terminals. This makes it
possible to realize the connection of the two
fundamental variants of the combined winding.
The delta-connected windings are designed for
the voltage of 100 V, the star-connected
windings for the voltage of 57.5 V. The
nominal frequency is 50 Hz. The total reactance
of the delta-connected winding X;=193.77 Q,
the leakage reactance X,;=8.07Q and the
resistance R;=19.6 Q. The parameters of the
star-connected winding are X, =65.73 Q,
X;=2.77Q and R, =6.8Q. The Ileakage
reactance and the rotor resistance rated to the
number of conductors of the winding delta are
Xors=14.5 Q and Rzs = 8.11 Q. The number of
slots per pole and phase of the delta winding as
well as the star winding are 2. That means, both
the windings have the same winding factors.
The factors of the winding of the order 1 —13
are in Table 1.

Table 1.
Y 1 5 7 11 13
K, | 0991 |0.793 | 0.609 | 0.131 | 0.131

For comparison, in Table 2, there are shown the
winding factors of the two-pole three-phase
machine with the stator with 24 stator slots.

Table 2.
v 1 5 7 11 13
., | 0.958 |0.205 | 0.158 | 0.126 | 0.126

4. Examples of results of simulation and
conclusion

On the basis of equations (13), (14), (22), (27),
(28) and (29), a numerical model of an
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induction machine with the parallel combined
stator winding has been set forth. The results of
simulations of the experimental machine loaded
by the torque 7;= 0,525 Nm are in Figs. 2 — 12.
Figure 2 shows two periods of terminal
voltages. In Fig. 3, there are phase currents of
the star winding in a steady state, in Fig. 4,
there are currents of the delta winding.
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Fig. 2. Terminal voltages
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Fig. 3. Currents of winding star
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In Fig. 5, there are currents flowing to the stator
from the feeding source. The magnitude of
currents of the source is 1.39 A, of the currents
of the winding star is 0.675 A and the winding
delta is 0.395 A.
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Fig. 4. Currents of winding delta
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Fig. 5. Terminal currents

The waveforms in Figs. 2—-4 are in good
accordance with measurement. In Fig. 6, there
are shown the waveforms of the real part a and
of the imaginary part B of the vector of the
current wave Iy;; of the currents of the star
winding and in Fig. 7, there are components of
the vector Iy;;.
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Fig. 6. Real and imaginary part of Iy,

The final current wave I; is given by the sum
of the waves generated by the winding star and
the winding delta. Its components are in Fig. 8.
The components of the waves of the fifth
harmonic of particular windings and the
components of the resulting wave Iys are in
Figs. 9-11. The current waves of the fifth
harmonic are given by the relations

INJ.E- = HAE‘MA{:-.L]. + E!.: :-.F.l + ﬂ-fm:] g_i'E-E’ (30)

Iyss = xgslNglige + @’ige +migg).  (31)

The waveforms of the components of particular

current waves and the final current wave of the

seventh harmonic are in Figs. 12 - 14. For the
current waves Iy;; and Iys, it can be written

INJ.-_' = i‘i"l_—.;ﬁir‘]_'::f‘u + a'fﬂﬂ. + ﬂ-:fm:] é?'i.'_.r:, (32)

Iysy = K57N5(ia5 + aigs + aics). (33)
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Fig. 7. Real and imaginary part of Iys
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Fig. 8. Real and imaginary part of Iy,
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Fig. 9. Real and imaginary part of Iy;s
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Fig. 10. Real and imaginary part of Lyss

It is obvious that neither the fifth nor the
seventh waves are quite eliminated. The fifth
and seventh waves of individual windings star
and delta can mutually eliminate themselves if
the values of corresponding constants in
equations (13) and (14) equal.
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Fig. 11. Real and imaginary part of Iys
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Fig. 12. Real and imaginary part of Iy,
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Fig. 13. Real and imaginary part of Iys;
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Fig. 14. Real and imaginary part of Iy,

That means that besides the ratios of the

number of conductors 43, also the ratio of
leakage inudctances and resistances of the two
windings must equal +/3. The ratio of
conductors of the experimental machine is
1.728. The above mentioned conditions cannot
be completely fulfilled. Due to this fact, the
amplitudes of the vectors of the waves of the
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fundamental harmonic differ and in the space of
the machine, these vectors are mutually shifted.
The final current wave is thus smaller than the
sums of the absolute magnitudes of the waves
of the individual windings. The torque 7 is
0.2547 Nm, the T7; is 0.2705 Nm, the coper
losses in the winding A are P; =9.37 W and the
coper losses P; in the winding delta are
10.01 W. In order to show the influence of the
ratio of the windings on the situation in the
machine, the number of conductors in the slot
of the winding delta is supposed to be decreased
by four conductors. The currents of the source,
the winding star and the winding delta are
similar to waveforms in Figs. 2—-4. The
magnitude of currents of the source has slightly
increased to the value of 1.41 A, the magnitude
of the star currents has decreased to 0.583 A,
and the magnitude of the delta currents has
increased to the value of 0.479 A. The
components of the current waves Iy;;, Iys; and
the resulting wave Iy, are shown in Figs.
15-17.
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Fig. 16. Real and imaginary part of Iys;

The components of the waves Iy;s, Ins; and Iys
are in Figs. 18 — 20. The rise of the magnitude
of the quantities Iys in comparison with the
previous case is considerable. The increase of
magnitude of the current wave Iy; is similar.
The possibility of the suppression of the spatial
harmonics is significantly limited.
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Fig. 17. Real and imaginary part of Iy,
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Fig. 18. Real and imaginary part of Iy;s
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Fig. 19. Real and imaginary part of Iyss
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Fig. 20. Real and imaginary part of Iys

The winding star in this case produces the
torque 7;=0.238 Nm and the torque of the
winding delta is 75 = 0.287 Nm. The difference
of the two values is considerable. The losses in
the winding delta have increased by almost
30 % to the value of 19.99 W. The losses in the
winding star have dropped to 6.98 W. The
results of the analysis and the simulations show
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that the higher spatial harmonics of the orders 5
and 7 will be suppressed if the conditions under
which their current layers generated by the
winding star as well as by the winding delta
mutually eliminate themselves are satisfied.
One of these conditions is that the ratio of the
number of the conductors of the winding delta

and the winding star must be +/3. This condition
cannot be in practice completely fulfilled and
even a small deviation from this value results
not only in a considerable increase of the
resulting current waves of the fifth and the
seventh spatial harmonics but also in
deterioration of the properties of the machine
from the viewpoint of the fundamental
harmonic.
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