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Abstract: Worldwide research is increasingly focused on the development of adjustable electric drives for ventilation
systems that ensure stable and controllable microclimate parameters while reducing energy and resource
consumption. Ventilation systems are among the most energy-intensive components of industrial and
agricultural facilities, particularly in poultry farming, where continuous air exchange is required to maintain
optimal environmental conditions. In this context, one of the priority scientific and engineering tasks is the
design of automatically controlled multi-speed electric drives based on motors with improved energy
performance that fully meet the operational requirements of fan-type electric drives. This paper presents the
development and analysis of a new pole-changing winding configuration for multi-speed asynchronous
motors intended for ventilation systems. An enhanced Y/YY winding scheme with additional branches is
proposed, enabling more efficient utilization of the motor’s active part and a reduction in copper and insulation
material consumption. Furthermore, a novel 8/4 pole-changing winding based on the method of discretely
defined spatial functions is developed. The proposed approach allows the synthesis of winding schemes with
electromagnetic characteristics close to those of conventional windings while providing improved flexibility
in speed control. The harmonic composition of the magnetomotive force, winding factors, and differential
leakage coefficients are analyzed, confirming the high electromagnetic symmetry and energy efficiency of
the proposed solution. The obtained results demonstrate that the developed winding scheme significantly
improves the performance and energy efficiency of fan-type electric drives and can be effectively applied in
energy-saving ventilation systems.

1 INTRODUCTION automating technological processes, as well as on the
introduction of new technologies into production [1].

In this regard, taking into account the specific features
of technological processes in poultry houses, special
importance is attached to enhancing the energy
efficiency of the microclimate system through the
improvement of ventilation devices with the
application of automatic control.

In this direction, one of the priority tasks is the
development of automatically controlled electric
drives based on multi-speed motors with improved

Worldwide, poultry meat production accounts for
29.3% of the total meat output. In poultry meat
production,  electricity =~ costs  account  for
approximately 12-14% of total expenses. Due to the
high energy consumption in the poultry sector,
special attention is given to energy-saving issues. At
present, developed countries are conducting scientific
research on improving production efficiency and
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energy performance that meet the requirements for
fan drives. At the same time, one of the pressing tasks
is the development of new pole-changing winding
schemes with high electromagnetic properties and
simple manufacturing technology for use in multi-
speed motors [2], [3].

Based on the analysis of energy consumption of
the microclimate system in the broiler shop of LLC
“VARGANZA PARRANDASI”, it was found that
the total annual electricity consumption amounts to
297.084 kWh, including 160.284 kWh by the
ventilation system, 17.280 kWh by the electric
lighting system, 72.000 kWh by the electric heating
system, and 47.520 kWh by the cooling system.
Figure 1 shows the annual electricity consumption
distribution of the microclimate system in the broiler
shop of LLC “VARGANZA PARRANDASI”, where
the ventilation system accounts for the largest share.
Improving its efficiency, namely addressing energy-
saving tasks, has been defined as the primary goal of
the scientific research.

Major electricity consumers of the microclimate system

Cooling system (16%)

54%
| %o
Ventilation system (54%) Heating system (24%)

Lighting system (6%)

Figure 1: Annual electricity consumption of the
microclimate system in the broiler shop of LLC
“VARGANZA PARRANDASTI”.

It is known that a ventilation system with single-
speed fans operating at a speed of 1500 rpm provides
the required air flow velocity at the expense of high
electricity consumption [4], [5]. As can be seen from
Figure 2, the use of multi-speed fans at different
speeds makes it possible to provide the required air
flow velocity with significantly lower electricity
consumption.

As a result of studying the existing ventilation
system at LLC “VARGANZA PARRANDASI”, it
was found that the introduction of fan units equipped
with pole-changing three-speed motors with an
automatic control system, which have lower
operating costs and high efficiency, is considered
appropriate.

Most multi-speed asynchronous motors used in
fans have two or more windings on their stators,
which reduces their weight, size, and energy
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efficiency [4], [6].

Dependence of power consumption on air velocity
for different fan speeds
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Figure 2: Graph of the dependence of the power
consumption of ventilation equipment on the required air
flow velocity in the poultry house.

The use of a single pole-changing winding (PCW)
with two output groups per pole in multi-speed
motors makes it possible to utilize the active part of
the machine more efficiently, save winding copper
and insulation materials, and increase energy
efficiency. This also brings the weight and
dimensions of a multi-speed motor closer to those of
a simple single-speed asynchronous motor [7], [8].

2 METHODS

Pole-changing winding schemes, which are close in
electromagnetic and technological properties to
conventional schemes, can be obtained using the
method of Discrete Specified Spatial Functions
(DSSF). This method was developed by Professor
Kh.G. Karimov and was initially applied to the
construction of matching coils of contactless
asynchronous machines. Later, it was widely used for
the development of pole-changing windings [2], [9].

The method is based on a new principle: two
simple double-layer lap windings are taken, with the
number of pole pairs equal to p: and p2, and the
number of phases equal to m: and mo.

These windings are simultaneously applied in the
process of designing a two-speed winding. In this
case, the scheme for connecting and disconnecting
the winding is not adopted in a ready-made form but
is generated directly during its construction, or it is
selected from a set of previously known basic
schemes, taking into account the distribution of phase
currents along the motor slots for each pole and the
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combination of matching winding phases [9].

For the development of a pole-changing winding
for the motors of electric drives in ventilation systems
of poultry farms, axial fans of the VO-06-300 type are
selected, with the number of stator slots equal to 36,
and with the pole ratio 2pi/2p>=8/4, producing two
speeds, and 2ps=6, producing a third speed. In this
case, for the formation of two speeds, the current
distribution of double-layer stator lap windings is

with additional branches” scheme, in comparison
with the p-=2 pole winding [14].

Figure 3 shows the distribution of coils among the
branches of the basic pole-changing winding (PCW)
scheme “Y/YY with additional branches”.

The synthesis process is based on the principle of
approximating the current distribution and the MMF
pattern of the synthesized winding to the current
distribution and MMF pattern of a typical winding

used, while for the formation of the third speed,
single-layer stator lap windings of the standard design
are applied [10], [11]. On the side of p:=4 pole pairs,
a DSSF 2m-zone winding with the number of stator
slots per pole and phase q:=2 is taken; on the side of
p2=2, an m-zone winding with g>=3; and on the side
of ps=3, a 2m-zone winding with qs=2. Tables 1-3
present the DSSF of the lower layer for each pair of
poles of the 4/3/2 winding, with a spatial shift
between adjacent slots and phases [11]-[13].

As can be seen from the DSSF, the shift angles of
these windings do not differ from those of the
conventional 2m-zone and m-zone windings, i.e., in
all slots the following equality holds: |4¢|=|@normai-
orcaw|=0.

Based on the DSSF of the lower layer of the
windings presented in Tables 1 and 3, the synthesis of
the DSSF for the pi=4 pole winding is carried out in
accordance with the newly developed basic “Y/YY

[14]-[16].

Cl

3

Figure 3: Electrical connection diagram of a pole-changing
stator winding with an 8/4 pole ratio.

Table 1: Lower layer of the DSSF winding for p = 4.

2134|156 9 [1011]12]13]14[15[16|17|18]19]20(21[22|23| 24 36 slots
alajla|b|b|b|c|c|c|lala|a|b|b|b|lc|c|c|ala|a|lb|b]| b|..|c pr=4
0°] 0°] 0°] 0°]60°60° 60°[60°]120912011209120118011809180(1802402240124012403003003009 300°| ... B00] shift angle
o{ojojojojofojojojojoj0j0j0j0O|J0O]OJO]O]J]O[O]JO]O] O]...]0 |Ag|
Table 2: Lower layer of the DSSF winding for p = 3.
1234516789 [10]11[12]13[14]15]16/17|18[19]20]|21|22]23|24 36 slots
d|d|e|e|f|f|d|d|e|e|f|f]|d|d|e|le|[f|f|d|d|e|e|f|f]|.|T p3=3
0°]0°]0°] 0° [240°240°240924091209120°120%120% 0° | 0° | 0° | 0° 240°240°240°240%1209120°12091209 ... [1209 shift angle
0{0j0joj0jo0f0j0O]0O]O]J]O]J]OJO|O]O]O]O]O]JOJOJO|JO]O]O]...]10 |Ag|
Table 3: Lower layer of the DSSF winding for p = 2.
1[2]3[4[5]6] 789 [10]11]12]13[14]15]16/17|18[19]20]|21|22]23]24 36 slots
d|d|d|e|e|e | f|f|f|d|d|d]|e|le|le|f|[f|f|d|d|d|e|e|e]...|T p2=2
0°]0°]0°] 0° [2409240°240924091209120°12091209 0° | 0° | 0° | 0° 240°240°240°240%1209120°12091209 ... [1209 shift angle
0{0j0jojo0ojo0ofo0j0]0O]0O]JO]JOJOJO]O]O]O]O]JOJOJO|JO]O]O]...]10 |Ag|
Table 4: DSSF of the lower layers with consideration of coil outputs into additional branches.
11231456789 |10[11[12[13[14[15[16]|17]18]19]|20]21]22{23|24 36| slots
x|ala|x|b|b|x|clc|x|a|a|x|b|b|x|c|c|x|a]a]|x ...l c| pr4
d{d|d|e|el]e|[f|f|f|d|d|[d]e|e|le|f|f|f|d|d|d]e]e|le]|...[f]| p=2
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Figure 4: A detailed schematic diagram of a pole-changing winding with an 8/4 pole ratio.

Figure 4 illustrates the detailed schematic of the
pole-changing winding with an 8/4 pole ratio.

The winding obtained as a result of the synthesis
is brought to the basic scheme “YY/Y with additional
branches”, and the cells with coils connected to the
additional branches are marked with the symbol (x)
(Table 4)

According to the obtained DSSF, the coils are
distributed across the branches and a connection
scheme of the PCW is constructed, where branches
Al, A2, A3 correspond to the first phase, branches
B1, B2, B3 to the second phase, and branches C1, C2,
C3 to the third phase [11].

In section A1, the coils numbered 11, 12, 29, and
30 are connected in series.

Section A2 is divided into two parts: A2.1, which
includes coils 1 and 10, and A2.2, which includes
coils 19 and 28. The coils in each subgroup are
connected in parallel.

In section A3, the coils numbered 2, 3, 20, and 21
are connected in series.

In section B1, the coils numbered 5, 6, 23, and 24
are connected in series.

Section B2 is divided into two parts: B2.1, which
includes coils 13 and 4, and B2.2, which includes
coils 31 and 22. The coils in each subgroup are
connected in parallel.

In section B3, the coils numbered 14, 15, 32, and
33 are connected in series.

In section C1, the coils numbered 17, 18, 35, and
36 are connected in series.

Section C2 is divided into two parts: C2.1, which
includes coils 7 and 16, and C2.2, which includes
coils 25 and 34. The coils in each subgroup are
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connected in parallel.

In section C3, the coils numbered 8, 9, 26, and 27
are connected in series.

When the three-phase power supply is connected
to terminals A, B, and C (while terminals D, E, and F
remain open and the contacts of the contactor are
disconnected), an eight-pole rotating magnetic field is
generated in the air gap. The circuit includes 24 coils;
in each phase, the EMF vectors have equal amplitudes
and are phase-shifted by 120°, which ensures that the
winding for 2p: = 8 poles is completely symmetrical
with respect to the power supply.

When the three-phase power supply is connected
to terminals D, E, and F (while terminals A, B, and C
are open and the contactor contacts are closed), a six-
pole rotating magnetic field is formed in the air gap.
In this configuration, 36 coils are used; in each phase,
the EMF vectors have equal amplitudes and are
phase-shifted by 120°, which provides complete
symmetry of the winding for 2p: = 4 poles relative to
the power supply [11].

To determine the amplitude values of the higher
harmonics of the resulting PCW scheme, the
following expressions were derived based on the
MMF waveform [17], [18].

for 2p1=8 poles:

21 3
Eon = E(Esinv 10°+§sinv 30°+ sinv 50°
+§sinv 70° —
—%sinv 110° — sinv 130°—§sinv 150° —

~sinv170°) (1)
for 2ps = 6 poles:
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Fym = = (sinv30° + 2sinv 45° + sinv 75°), (2)

for 2p2 = 4 poles:

41 3 3
m H(ES”W27 +§smv45 +Esmv63

(€)

The values of the winding factors and the
amplitude of each harmonic, taking these factors into
account, are presented in Table 5.

The differential leakage
determined  using  the
(Fig. 5) [10], [18].

+%sinv 81°).

coefficients
Gorges

were
diagram

Figure 5: Gorges diagram of windings for a three-speed

As can be seen from the MMF waveform, with a
coil pitch of y=5, the amplitude value of the
fundamental harmonic on the side of p=4 poles is
vi=97.7% of the total harmonic, while the higher-
order harmonic components are minimal (even
harmonics are absent). The shape of the Gorges
diagram is close to a circle, and the value of the
differential leakage coefficient is 6o=5.9% [10, 19].
On the side of p=2 poles, the amplitude value of the
fundamental harmonic is vi=97.87% of the total
harmonic, the higher-order harmonic components are
minimal (even harmonics are absent), the Gorges
diagram is very close to a circle, and the value of the
differential leakage coefficient is co=1.5% [10], [19],
[20].

The analysis shows (Fig. 6) that, for the pole-
changing winding based on the “Y/YY scheme with
additional branches,” when the number of pole pairs
is p=4 and the winding pitch is y=5, the amplitude of
the fundamental harmonic is relatively high,
accounting for 97.7% of the total harmonic content,

hile higher- h i t
motor: a) for 2p=8; b) for 2p=6; c) for 2p=4. while  higher-order harmonic components  are
minimal and even harmonics are absent.
Table 5: Harmonic composition of the PCW with a pole ratio of 8/4 at different coil pitches.
Fuw/Fy,%, taking into account & Fu/Fy,%
v p=8 p=4 p=8 p=4
y=4 y=5 y=6 y=4 y=5 y=6 y=4 y=5 y=6 y=4 y=5 y=6
11977 | 917 91.12 91.8 97.87 92.4 100.0 100.0 100.0 100.0 100.0 100.0
31000 ]| 0.00 0.00 0.00 0.00 0.00 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000
51028 ] 0.28 0.37 0.27 1.51 0.65 0.291 | 0.291 | 0.683 | 0.291 1.546 1.028
71 L12] 1.12 7.20 1.69 0.02 0.54 1.145 1.145 | 9.494 1.837 | 0.017 | 0.584
9 10.00 | 0.00 0.00 0.00 0.00 0.00 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000
11]071 ] 071 5.81 0.67 0.02 0.29 0.729 | 0.729 | 6.041 0.729 | 0.016 | 0.310
13] 011 | 0.11 0.21 0.10 0.58 0.37 0.112 | 0.112 | 0.263 | 0.112 | 0.595 | 0.395
151 0.00 | 0.00 0.00 0.00 0.00 0.00 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000
Fvm/F) %

100

80

60

40

20

O — —
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my=4 my=5 my=6

Figure 6: Harmonic spectrum of the magnetomotive force for p=4.
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3 RESEARCH RESULTS

In a narrow sense, the performance characteristic of
an asynchronous motor is understood as the
dependence of the rotational speed or slip on the
given power. In a broader sense, it includes a
number of other parameters important for operation,
such as the input power, current, efficiency, and
power factor, measured at constant supply voltage
and frequency.

The operational characteristics of the electric
motor were obtained directly under load conditions
for pole numbers p1=2, p>=3, and ps=4 (Tables 6-8).

Table 6: Data on the operating characteristics for the pi=2
pole configuration.

No P n i cosQ n M
| kW rpm A % Nm
1 | 0.15 | 1475 1.2 0.27 64 0.9
2 0.2 1472 | 1.25 0.34 70 1.1
3 0.3 1470 | 1.32 0.41 77.5 2
4 0.5 1467 | 145 0.59 83 3.1
5 1075 | 1460 1.8 0.75 855 | 4.8
6 1 1456 | 2.1 0.81 854 | 6.5
7 1.25 | 1452 | 2.6 0.87 | 842 8.1
8 1.5 1450 | 3.1 0.9 83.1 9.9
9 1.75 | 1448 | 3.55 091 80.2 | 11.5
10 2 1447 | 42 | 0915 78 13.2

The results of the experimental studies are
presented in Figures 7-8, showing the performance
characteristics of the newly developed three-speed
motor.

M n, L n
Nm % %% A aylimin S

17511001 11 6 11500[ n

801 0,81 4,811200
10 4 601 0,61 3,61 90010
401 041 2,41 600

201 0,21 1,21 300
P, kW

04 08 12 16 20 24 28

Figure 7: The operating characteristics of the new three-
speed motor for the pi=2 pole configuration.

The results of the experimental studies showed
that for the new 4A100S8/6/4 type electric motor,
when operating in the pi=2 pole configuration, the
effective output power reaches P-=1.75 kW, with an
efficiency 1=80.2%, power factor cosg=0.91, stator
current [,=3.55 A, and rotor speed n=1448 rpm.

For the p=3 pole configuration, the effective
output power of the new motor reaches P>=0.9 kW,
with an efficiency n=68%, power factor cos¢=0.64,
stator current [;=3.15 A, and rotor speed n=976 rpm.

Table 7: Data on the operating characteristics for the p,=3
pole configuration.

No P n I COsQ n M
" | kW | rpm A % Nm
1 0.1 996 2.6 0.24 22 1
2 0.2 993 | 2.65 0.29 36
3 0.3 990 | 2.69 0.35 46 2.9
4 0.4 986 | 2.72 0.41 53.8 | 3.95
5 0.5 984 | 2.77 0.46 58.2 4.8
6 0.6 982 | 2.85 0.51 62 5.9
7 0.7 980 | 2.92 0.56 64.1 6.8
8 0.8 978 3 0.6 66.2 7.9
9 0.9 976 | 3.15 0.64 68 9
10 1.2 974 3.5 0.74 70 12
M, 1, n,

n, ’
m % O A ayl/minS

17.511001 11 5 1100

0,045

8071 0,81 4 T 800T

10 1 60106t 3 1600039
T 404 041 2 1 400t
5 | 0,015]
201021 14 200t

03 06 09 12 L5

Figure 8: The operating characteristics of the new three-
speed motor for the p,=3 pole configuration.

Table 8: Data on the operating characteristics for the p;=4
pole configuration.

P, n I COsQ 7 M
Ne kW | rpm A % Nm
1 0.1 745 1.4 0.27 40 1.2
2 0.2 742 | 143 | 0.38 56 2.5
3 0.3 740 1.5 0.48 64 4
4 0.4 736 1.6 0.56 68 5.2
5 0.5 732 | 1.73 | 0.63 68.5 6.5
6 0.6 730 1.9 0.69 | 69.1 7.7
7 0.7 726 2.1 0.73 68 9.4
8 075 | 722 | 225 | 074 | 67.8 9.8
9 0.8 720 24 0.76 66 10.8

For the ps=4 pole configuration, the effective
output power of the new motor reaches P>=0.7 kW,
with an efficiency n1=68%, power factor cosp=0.73,
stator current [,=2.1 A, and rotor speed n =726 rpm.
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4 CONCLUSIONS

Analysis of the poultry farm microclimate system
showed that ventilation equipment consumes up to
54% of the total annual electricity. Therefore,
ventilation drives represent the main reserve for
improving energy efficiency and reducing operating
costs while maintaining required air conditions.
Experimental studies confirmed that the use of
three-speed motors significantly reduces power
consumption. Energy savings reach 74% at 0.5 m/s,
68% at 1.1 m/s, and 52% at 1.5 m/s air velocity. This
proves the effectiveness of multi-speed drives for
agricultural ventilation systems.

A new 8/4 pole-changing winding was
developed based on the improved Y/YY
configuration with additional branches using the
method of Discrete Specified Phase Functions. The
design increases magnetic induction by 19.1%
compared to existing solutions and ensures stable
operation over a wide airflow range (Patent No. IAP
7673).
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