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Abstract: The current standard considers the efficiency of electric motors only in terms of power efficiency and does
not pay attention to the so-called economic efficiency - the power factor that affects the loss of electricity in the motor
supply network and depends on its energy excellence. This ill-considered approach to establishing the energy efficiency
class is a significant shortcoming of the European standard and requires its refinement. The single-phase power supply
network in housing and communal services has led to the fact that modern motor compressor units of refrigerators, air
conditioners, etc. are equipped with single-phase asynchronous electric motors. An innovative single-phase asynchronous
AC motor for motor-compressor units of household appliances is considered in the paper. The stator winding of it is
composed of two identical series-connected coils enclosed in half-slots of the stator with a spacious offset of 90°. The
phase shift of the currents in the coils is provided by a capacitor connected in parallel to one of the coils. The proposed
motor is technological in production, has higher specific power and energy efficiency than existing models and meets the
IE-3 class energy efficiency. Equivalent electrical circuit and vector diagram of currents for this motor have been
developed and shown. They are intended for its mathematical simulation, calculation of static operating characteristics,
analysis of dynamic properties at operation in the electric drive system, and also at the level of design work.

Anomauin. Posensinymo 00HO@A3HUL ACUHXPOHHUU OBUSYH 3MIHHO20 CHPYMY MOMOP-KOMAPECOPHUX acpezamis
no6ymogoi mexuixu, 06MOmMKy cmamopa K020 CKIA0EHO 080MA OOHAKOBUMU NOCHIO06HO VEIMKHEHUMU KOMYUWKAMU,
yraadenumu y nie nasie cmamopa iz npocmoposum scyeom 90°. Dazosuii 3cys cmpymic 6 KOMYWKAX 3a6e3nedyemocs
KOHOEHCamopoM, NPUEOHAHUM NAPALebHO 00 00HIET 3 komywok. Takuii 08UcyH € MexXHON0SIMHUM Y UPOOHUYMSI, Mac
guu;l numomy nomy:)fcmcmb i NOKA3HUK enepzemulmoz eqbekmueyocml ma eionosioae Kuacy eHepeemulmoz
egpexmusrnocmi |E-3. Po3pobaeno 11020 3acmynty eleKmpudsy cxemy i eKmMopHy diaepamy cmpymie, siKi npusHayeHi Ons
noby0osu 1020 mMamemamuinoi MOOei, PO3PAXYHKY CHAMUYHUX POOOYUX XAPAKMEPUCIUK, AHANI3Y OUHAMIYHUX
sracmusocmell npu pobomi 8 cucmemi e1eKmponpugoody, a MaKo#C Ha PIGHI NPOEKMHO-KOHCMPYKMOPCLKUX poOim.

Knrwuosi cnosa: Oouoghasnuil acuuxpounuii 08ucyH, eghekmusHicms, 0OMOmMKA cmamopd, 3ACMYNHA CXeMd,
8eKMOpHa diazpama, EMHICMb a30 3CY8HO20 KOHOeHCamopa

Keywords: Single-phase asynchronous motor, efficiency, stator, winding, equivalent electrical circuit, vector
diagram.

1. Introduction

The recession in electrical power production in the public sector of developed countries, due to the rising cost of fuel
or other energy resource by 12.3%, demands the reduction in the number of energy-intensive consumers which are not
related to industry, namely in housing/utilities sector and agricultural one [1-5]. The 20 per cent planned increase in the
cost of electricity until 2040 may lead to the reduction in electricity consumption and to the cost rise of tie-in merchandise
with the included value of electricity [6]. It is possible to balance these consequences in the first approximation by
increasing the efficiency of the used electrical equipment and mainly of electric motors. According to IEA (International
Energy Agency) reports, up to 46% of global electricity consumption is accounted for by electric motor driven systems,
almost 12% of which is accounted in housing/utilities and agricultural sectors [7]. It is globally recognized that the average
efficiency of electric motors is 70%, and therefore increasing the share of their energy-efficient models, as well as the
development and implementation of their new designs will help save energy resource [8-10]. The current standard
considers the efficiency of electric motors only in terms of energy efficiency and does not pay attention to the so-called
economic efficiency - the power factor that affects the loss of electricity in the motor supply network and depends on its
energy excellence. This ill-considered approach to establishing the energy efficiency class is a significant shortcoming of
the European standard and requires its refinement. The concept of energy efficiency development in different countries
[11,12] takes into consideration not only the consumer's interest in having an energy-efficient electric motor, but also the
interest of the electricity producer to produce it with low energy costs, and as for electricity suppliers - to provide electrical
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resource to the consumer with low power losses. The last two conditions are inextricably linked with the economic
performance - the power factor.

The single-phase power supply network in housing and communal services has led to the fact that modern motor
compressor units of refrigerators, air conditioners, etc. are equipped with single-phase asynchronous electric motors [13-
15]. The first single-phase asynchronous motor was theoretically grounded and built by Galileo Ferraris in 1888, and only
in 1890 Maurice Hutin and Maurice Leblanc proposed the use of capacitor to shift the phases of the stator winding
currents [16,17]. Since then, the motor has not been fundamentally changed — it has two phases in the stator winding and
a short-circuited rotor.

Single-phase by the name of the power supply source, they are two-phase devices. Their stator has two separate
windings - working and auxiliary (two phases), which are orthogonally placed in the stator, designed to be independently
powered by a single-phase network and magnetically connected. The time shift of currents in them is provided by
artificially different electrical phase resistances, namely: active - due to unequal wire cross-section and reactive inductive
- due to different number of turns or reactive capacitive — by connection of capacitor. Despite the existing types of
compressors, their electric drive includes one of two types of single-phase motors that have the same operating winding
and as the auxiliary one - starting winding (one-phase asynchronous motor - OAM), or as auxiliary one - additional
winding with capacitor (asynchronous condenser motor - ACM). The general view of the motors is shown in Fig.1.

a) b)
Fig.1. Appearance of a single-phase asynchronous motor with starting (a) and additional capacitor (b) windings
The motors differ by the time of auxiliary winding switching on: it is short term of time for the starting winding, and
it is continuous for the additional one. OAM is significantly inferior to ACM in terms of energy efficiency 1) and power

factor Cose . If we consider their joint assessment as energetic one - in the form of composition g =7 - Cose , that is
natural, and, according to the catalog data it is equal to 0,24 < 8 < 0,45 for OAM and 0,45 < 3 < 0,65 for ACM.

Based on this, ACMs have an advantage when used as a drive of compressors [18, 19]. To promote hew models of
compressor equipment on the world market today, stricter requirements are set for the energy efficiency indicator at a
level not lower than S > 0.8, so the work on OAM and ACM further improvement remains relevant.

2. Asynchronous motor single-phase stator and its equivalent circuit
Further improvement of the ACM energy efficiency was made in [20] The ACM was considered as the motor that had
two phases on the stator - working and auxiliary one. The phases were made of winding wire of different cross-section
and they were designed for their independent electrical supply. It was proved that the manufacture of the stator winding
with a winding wire of the same cross section with one working phase, which was cloven into two identical sequentially
turned on coils enclosed in the same number of stator slots with a clear offset of 90°, makes the motor single-phase,
simplifies its manufacture and rises energy efficiency (W/kg) up to the level £ >0.8.
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b)
Fig.2. (a) - General view of the motor of the NKV-10-3-K compressor equipped with SACM,;
(b) - its equivalent circuit without taking into consideration power losses in the magnetic circuit
The time shift of currents in the coils is provided by connecting a capacitor at the time of motor starting in parallel to
one of the two coils of the stator winding to the phase shift one. In this case the need to have the capacitance of the
capacitor four or more times higher, but with an operating voltage twice less, is not a critical obstacle and makes the
proposed engine competitive with existing OAM and ACM. By the way, instead of an AC starting capacitor, the developer
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uses bipolar electrolytic capacitors, which turn off after starting the motor and then the motor operates on a pulsating
magnetic field formed by series-connected operating and phase-shifting coils of the stator winding.

Therefore, such motor is a single-phase asynchronous capacitor motor (SACM) by design, but this motor is
schematically converted to two-phase at start-up time. The general view of SACM, made on the basis of standard
compressor unit motor, is shown in Fig.2 (a).

The equivalent scheme of any engine is the basis for building its mathematical model for static performance
calculating, to compare them with similar prototypes of the motor, to calculate and analyze the dynamic characteristics
of the electric drive system where it will work, as well as at the beginning of the design process. Even today, it is
impossible to find in scientific sources any adequate alternative schemes of OAM and ACM by which it would be possible
to study them and, especially, in dynamics. The explanation of this state of affairs can be found in the inherent significant
difference between two phases of the stator winding. In any case, it is believed that the motor operates only on a pulsating
magnetic field formed by the working phase, and the starting or additional phases in the equivalent circuit are absent.
This approach corresponds to the alternate circuit of a three-phase asynchronous motor with symmetrical phases.
However, since the SACM proposed in [13,18] has only one phase and its halves are symmetrical and are sequentially
turned on to the power supply, it becomes possible to create an adequate equivalent circuit for it, Fig. 2 (b).

3. The capacitance of the phase shifter coil of the sacm stator winding and vector diagram of its currents

To the effective starting and operating conditions of the SACM must correspond the time angle of the current shift

IS and |52 - between the operating and phase shift sections of the stator winding. It is achieved by turning on the

capacitor C in parallel to any half of the stator winding, Fig.2 (b). The best angle of current shift is equal to a quarter of
the period in time or 90° on the currents diagram, Fig.3 (a). This is due to the orthogonal location of the winding halves
in the stator bore. In the vector diagram of currents, shown in Fig.3 (a), it corresponds to the identity

Ic -1

900 = P2 +a =gy + arctg(&} 1)
s2a

In which |32a, | s2¢ - active and reactive inductive components of full current |52 in the phase shifting part of

the stator winding, (P52 - total current shift angle | g2 relative to the voltage U 52 = U C , applied to the phase shifting
part of the winding. Transforming equation, (1) we obtain

0 lc —IsoL
tg(go —Psp ): — S &)
Is2a
where the reactive capacitive current in the branch with a capacitor is
Ic = Usz
Xc

active and reactive inductive components of full current | g2 are

Is2 Xs2o
|52a:_2 Uso, and I = > Usa,
s2 Zsz

in which I52, Xg24 - active and reactive inductive resistances of the phase-shifting part of the stator winding.
Making their substitutions in (2), we obtain:

IC_ISZL (r522+xs22 — X5, Xc) 0 X
= z o¢/ —tg| 90° —arctg 2=
I g g : ®3)

XTI l,
whence the capacitive resistance of the branch with the capacitor is

s2a c's2

2 2
52 + X505

Xc = X . 4
X525 + g2 -tg(QOO —arctg ~529 ]
I's2
The capacitance of the capacitor, which will correspond to the rotating magnetic field when starting SACM, will be
10°
C=—(uF). (5)
o X (1F)

C
Equations (1) and (2), used at the beginning of the calculation of the capacitive resistance of the capacitor, correspond
to the vector diagram of currents and voltages shown in Fig.3 (a). The vector diagram is constructed under the condition
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that the capacitive current IC is opposite to the reactive inductive current | g2 of the phase-shifting part of the winding,
and its active resistance I's2 does not depend on the capacitance

of the capacitor, i.e. |52a = idem But, if we numerically investigate the equation of impedance of the phase-shifting
part of the stator winding (6)

__ Moo - JX + Xooo - X — fio + X200 =r + j)( , (6)
=n H n n
l, + J(XSZO' - Xc) JrSiZ_ X525 -1
X Xe

in which I}, - active and ]X;, - reactive components of full resistance Z ,, , it is easy to determine the existence of a

link between the resistances of the phase-shifting part of the stator winding and the condenser capacitance.

Establishing of such connection and confirming the adequacy of the initiated vector current diagram as it is shown in
Fig.3 (a), was performed through the construction of the resistances diagram and phase shift winding full resistance
numerical calculations performance and its component resistances for SACM sample with single-phase stator winding,
that was made on the basis of ACM motor of the refrigeration compressor unit, which was installed in the household
refrigerator.

According to the tests of idling and short circuit of the manufactured SACM sample, and in accordance with the

substitution scheme in Fig.2, the resistances in Ohms were: X, = 614.1 Xg15 = Xg25 =6, Igg =l52 =9.7,
Xlra =238, I’; =9.9. At the beginning of the increase in the capacitance of the condenser, when its capacitive
resistance X = (the branch is separated), the modulus of full resistance of the stator winding phase-shifting part was
Z, =V9.7% + 62 =11.442, and its phase was ¢, = arctg 9% — 31,749 The graphically constructed diagram

of the resistances of the SACM stator winding, with increasing capacitance of the phase shifting condenser C', is shown
in Fig.4.

w=2rxf ) w=2xf
. - +j =i
17 - .
. h - +Aj E;f ‘\
/ Ul U 524
. | )
. | . “
ITC | 17; . IC
| —;ﬁfsza
l + -
._: +1 D IsZa +17
Usz=Ug 0

\Ni-fsfﬁl-’c
+Aj ;2a

o N, [

Wei =Wy Wsi =Wy
a) b)
Fig.3. Vector diagram of currents and voltages of (a) - two-phase ACM, and (b)- SACM

The diagram shows: the full resistance of the stator winding phase-shifting part Z,,Z,,Z,...= f(Xc )for
several values of the condenser capacitance; full resistance components of the stator winding phase shifting part

lso ,r;z (= JXcC ),(— jXC' ),...,: f (Xc ); phase shift angle @52 ,(plsz ,...= T(Xc ), etc., from which follows the

character of the change of active I}, = f(XC )and reactive X, = f(XC ) resistances of the stator winding phase shift
part. The results of the calculation are shown in Fig.5.
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Fig.4. The diagram of SACM resistances with the phase shifting part of the stator winding, where the
coordinates of the center of the resistance circuit —

(point D) are {22"(:05(/)32; 10}

As follows from the dependence Xn( n ) when the capacitance of the condenser increases from zero to infinity,
which corresponds to the segment (— jXC) in Fig.4, there is a phenomenon of the stator winding phase-shifting part

active resistance increasing within the phase angle 31,74o > @go2 >0 with a simultaneous decrease in reactive
inductive resistance.
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Fig.5. Dependences of the resistance modules of the stator winding phase shifting part r,,X,,Z,, , its argument

(52 and the full resistance of the stator winding Zs =Z4 + Zg, depending on the capacitance C of the

condenser branch
Further increase in the condenser capacitance is accompanied by an asymptotic decrease in the active component of
the resistance of the stator winding phase-shifting part to zero.
As for the full resistance reactive component of the winding phase-shifting coil, after the active resistance reaches the

n
value g2 = 7C03(/7 s2 at point D, the growth of the capacitive component of the reactance is compensated by the

growth of the reactive inductive resistance.

In view of the foregoing, the vector diagram of currents and voltage of the developed motor with stator winding in
which the starting part is provided, differs from one shown in Fig.3 (a) and will look like Fig.3 (b), which should be taken
into consideration when developing SACM mathematical model. Capacitance of the starting condenser of the

investigated motor model is C” = 530,UF , of industrial motor C p = 140,uF at 200 V amplitude of supply voltage.

4. Conclusions

1. The reduction of electricity consumption in the housing/utilities and agro-industrial sectors of the economy at the
current level is associated with the use of adjustable electric drive with the use of frequency converters, three-phase
asynchronous and synchronous motors with permanent magnets. This choice is based on the assumption that OAM and
ACM have reached energy efficiency parameters limits. But from the “Electric machines” general course it is known that
three-phase low-power asynchronous motors are inferior to their single-phase counterparts in terms of energy efficiency.
Moreover, in case of frequency converter damage, the use of the electric drive becomes impossible for a long time.
Therefore, it is desirable to use the motor, which could operate both from the frequency converter and by direct connection
to the mains. To make it possible, the motor winding must be symmetrical, which corresponds to SACM.
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2. Performed by comparison, testing of SACM, made on the basis of ACM and installed into the NKV 10-3-K motor
compressor unit, proved that at the boiling point of freon -20°C refrigeration capacity of compressors was the same and
amounted to 183.2 W, the active power consumption of the motors is almost the same - 123.1 W in the industrial sample
and 120.6 W in the new one, and the current consumed from electrical grid is 0.63 A in the industrial sample and 0.55
A in the new one.

The given figures indicate that the advantage is on the side of the new motor model. The conducted testing indicates
on higher power efficiency of the new motor, lower losses and higher power factor, and, consequently, its power
efficiency class is higher than IE3.

3. The developed circuit diagram and vector diagram of currents will be useful in compiling the equations of SACM
electrical equilibrium to build its mathematical model for performance characteristics calculating both in statics and
dynamics.

Abbreviations
OAM - one-phase asynchronous motor
ACM - asynchronous condenser motor
SACM - single-phase asynchronous capacitor motor

Nomenclature

|52 - full current in the phase shifting part of the stator winding
C - capacitor

|32a - active inductive components of full current
| s2¢ - reactive inductive components of full current
(g2 - total current shift angle | g2 relative to the voltage U 52 = U C
fsz - active inductive resistance of the phase-shifting part of the stator winding

Xg24 - reactive inductive resistance of the phase-shifting part of the stator winding
Cosg - power factor
I - energy efficiency

IC - capacitive current in the branch with a capacitor
| s2L - reactive inductive current

I, - active components of full resistance

an - reactive components of full resistance

;n - full resistance

X, - capacitive resistance
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Anomayin: B cmpyxmypi ecenepyiouux nomydcrnocmei O6’conanoi emepeocucmemu Yrpainu enepeobioxu
mennoearekmpocmanyiv (TEC) nomyocnicmio 200 i 300 MBm necymv ochogne HagawmadsjiceuHs 015 3a0e3nedenis
banancy 00608020 epapixa eneKmpoHaA8aHmMadicelts 8 Hanienikogomy peacumi. B 2022 poyi yi enepeobaoxu 6yau 00Hier0
3 OCHOGHUX Yinell paKemHux amax 3 Memol po30AraHCy8amHs enepeocucmemu. Asapitine GIOKMIOUEHHI OOHUX
eHep200I0Ki68 MAE KOMNEHCYBAMUCA NOMYHCHICIIO THWMUX, 8 NPOMUNIEHCHOMY BUNAOKY 8NPOBAONCYIOMbC ABAPIUHI
BIOKNIOUEHHS. eNeKMPONOCMAYAHHA cnodcusayie. I[lumanna nioguweHHs MAHeBpOBUX MONCIUBOCMEU  ICHYIOUUX
eHep20010Ki6 cbo200Hi cmoimb éxkpati 2ocmpo. Komnoazpezamam TEC npumamanti 3MiHu OUHAMIYHUX XAPAKMEPUCTIUK
npu 3MmiHI peoicumy ix pobomu. Tomy 00 cucmem pe2ylio8aHHs SUCYBAIOMbCA NIOBUUIEHI GUMOSU 00 SKOCMI
@yuxyionysanns i 3anacie cmitikocmi. Cmammsa Micmume auaniz cy4acHux po3pooox 6 oonacmi cunmesy pooacmuux i
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