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Pospobneno inmeezposany cucmemy niompumxu Qyuxuyionyeanms
MennonacoCcH020 eHepzonoCmaianis Ha 0CHOGL NPOZHO3YBAHH 3MIHU
memnepamypu micueeoi 600u. 3mina eumpamu napu xonaodazenma,
yucaa obepmie enexmpoosuzyta Komnpecopa 6i00yeaemocsa npu eumi-
proeanni memnepamypu xojodazenma Ha 6uxodi i3 Kowndewcamopa,
MUCKY 6UNAPOBYBAHHS, MUCKY KOHOEHCAUIi Ma Hacmomu Hanpyeu.

Buxonano romnuexcne mamemamuune Mmo0eNI06AHHI MENA0-
Hacocnoi cucmemu, wo 6asyemvcs na inmezpoeaniii cucmemi niompum-
Ku po3paody epyumy na pieni 10—8°C. Buznaueno sumpamy xonooazen-
ma, nomydxcHicmo enexmpoosuzynHa Komnpecopa, Hanpyezy, wacmomy
Hanpyeu, wucao obepmie enexmpoosuzyna Komnpecopa, xoediuienm
npoOYyKMUEHOCMI MeNIOHACOCHOT cucmemu 08 6CMAHOBIEHUX PI6HIE
dynxuyionyeanns. Bcmanoeaeno napamempu KOHEEKMUBHOZ0 MENJIO-
06Miny 6 Kxondencamopi, nocmiiini uacy ma xoeivieumu mamemamur-
HUX MoOesnell OUHAMIKU 3MIHU meMnepamypu micyeéoi 600u, sumpamu
napu xonodazenma, uucaa odepmie enexmpoodsuzyna Komnpecopa.

3000ymo pynxuionanvhy ouinky 3minu memnepamypu micuegoi 600u
6 diana3oni 35-55 °C 6npo006iHc 0nanro6ansiozo Ce30Hy, BUmpamu napu
xonodazenma, wucaa o0bepmis enexmpoosuzyna komnpecopa. Busnauenns
niocymro060i pynrxuionanrsnoi inpopmauii nadae mozxicausicno npuiima-
mu HacmynHi 6unepeo’cyroui piueHHs: Ha NIOMPUMKY 3MIHU MUCKY 6Una-
POBYBAHHS W000 3MIHU BUMpaAmMU Napu xoaodazeHma 0as uudpoeozo
YNPAasAiHHA; HA NIOMPUMKY 3MIHU MUCKY GUNAPOBYBAHHS WO00 3MIHU
sumpamu napu x0100azeHma ma Ha IMIHY YACMOMYU HANPY2U W00 3MIHU
uucaa 00epmis eaexmpoosuzyna KoMnpecopa 0Jist 4HacmomHozo YynpaeJiit-
na. Tomy, 3anpononoearno npoeno3yeanns 3mMinu memnepamypu micye-
601 600U Ha 0CHOBI BUMIPIOBAHHS MeMNEPAMYPU X0100A2eHMA HA BUX00]
i3 xondencamopa. Came usa ouinka y CniéeiOHOWENHI 3 BUMIPIOBAHUM
MUCKOM 6UNAPOBYBAHHSL, 6X00UMb 00 CKIAA0Y AHATNIMUMHUX GUIHAMEHD
sumpamu x0100azeHma ma wucia 0depmis eaeKmpoosuzyHa KoMnpeco-
pa. 3000ymms maxoi ouinKu ma 6UMIPIOBAHHA UACMOMU HANPY2U HAOAE
MONCUBICMb YNePedrceHo BNaUCaAmu Ha Y3200HCeHH PYHKUIOHYEAHHS
306HIIHBL020 MA GHYMPIWHL020 KOHMYPIE MENJOHACOCHOT CUCMEMU SIK
npu yupposomy, max i H*acMomHoOMy YynpasaiHHi

Knouoei caosa: mennonacocna cucmema, wacmomue ynpasiinmsi,
yuppose ynpasainns, Muck 6UNapo8y6anHs, muck KoHoeHcauii

u] =,
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1. Introduction

Under conditions for saving natural fuel and decreasing
harmful emissions into the atmosphere, heat pump power
supply with the use of renewable power sources is gaining
further development [1-3]. Thus, for example, the heat
pump, using fermented must as a low-potential energy
source, is recommended in order to maintain the operation
of the biogas plant as a part of a cogeneration power system.
Due to additional biogas production, the proposed technol-
ogy provides an opportunity to increase marketability of
a biogas plant and decrease the cost value of production of
electricity and heat in the range of 20-30 % [3].

The outside air as a low-potential power source is
available in heat pump power supply, but the change of air
temperature in a wide range makes it difficult to maintain
functioning of heat pump systems [1].

A heating system of the soil-water type requires the
construction of special soil heat exchangers for heating
the brine — 30 % ethylene glycol solution that is fed to the
evaporator of a heat pump [2]. A vertical heat exchanger
occupies a smaller area than a horizontal one but requires
additional capital investments for drilling wells. It is possible
to ensure heat extraction within 30—100 W per one meter of
the length of a vertical heat exchanger depending on a soil
type at the depth of 40-150 m, where the soil temperature




is 8—10 °C. The design of a vertical heat exchanger of the
tube-in-tube type is most common. Brine, after transferring
heat to a refrigerant in the evaporator of a heat pump, is fed
by the circulation pump to the soil heat exchanger on one
line, the other line provides a lift of the brine to the evapora-
tor of a heat pump. Improvement of the tools for using the soil
heat discharge is based on the development of new structures
of vertical heat exchangers for the intensification of the heat
exchange process. Thus, for example, in paper [4], the optimal
structural parameters, such as length and diameter, were
established based on mathematical modeling of a specially
developed spiral heat exchanger. In paper [5], it was proposed
to use the foundation for location of spiral heat exchangers
with the purpose of optimization of a heat exchange surface.
Heat pumps of the soil-water type are most common, but
their use should not disturb the natural soil relaxation in the
period when the heating does not function. Thus, an integrat-
ed system of maintaining soil heat discharge within 8-10 °C
during the heating season as part of a dynamic system: ex-
changer-evaporator of the heat pump was proposed for this
purpose. Based on prediction of a change in soil temperature,
changes in brine flow rate were ensured based on the change
of rotation rate of the motor of the circulation pump at mea-
suring the brine temperature at the outlet of the evaporator.
The exact initial and final term of soil heat discharge was
established [6].

Under condition of the change of parameters of renewable
power sources, a relevant task regarding further development
of technologies of heat pump power supply is to maintain
efficiency of heat pump systems based on coordination of
production and power flow rate in terms of energy saving.

It is known that frequency control is based on changing
the rotation rate of a compressor due to a change in supply
voltage frequency but measures the change in pressure of a
refrigerant in the evaporator. Digital regulation of the spiral
compressor is based on modification of the period of compres-
sion of refrigerant vapor based on a specially developed elec-
tromagnetic valve, but also assesses a change in evaporation
pressure. Maintaining the productivity of the heat pump sys-
tem requires ensuring that changes in pressure evaporation
in the evaporator should correspond to a change in pressure
of refrigerant condensation in the condenser, which is diffi-
cult to execute based on measuring a change in refrigerant
pressure in the evaporator.

For this purpose, it is necessary to predict a change in
the temperature of local water when measuring the refrig-
erant temperature at the outlet of the condenser. Making
advancing decisions on a change in refrigerant flow rate and
the number of rotations of the motor of a compressor when
measuring evaporation pressure, condensation pressure and
voltage frequency will ensure a compliance of a change in
evaporation pressure in the evaporator with a change in re-
frigerant condensation pressure in the condenser.

2. Literature review and problem statement

The known methods of improvement of heat pump
systems — economic, exergy, thermal economy — allow
determining the optimal operating conditions at the static
level, which complicates the coordination of production and
energy consumption under operation conditions. Thus, in
paper [7], a comparative analysis of the energy and exergy
methods in terms of optimization of performance coefficient

of the heat pump system was made. The preference was given
to the exergy method based on assessment of the influence
of refrigerant flow rate on the power of the compressor. In
paper [8], the authors performed mathematical modeling
of components of the heat pump system regarding further
modeling at the level of the heat pump system, but at the
static level. Moreover, the dynamic approach to mathemati-
cal modeling of the heat pump system was considered in this
paper, but only for the purpose of optimization of designing
heat pump systems and stabilization of control systems.
Paper [9] focuses on the dynamic approach to optimization
of heat pump systems. The impact of intensification of heat
exchange on the performance of the heat pump system, but
with the use of mathematical models with concentrated
parameters, was established. Assessment of a change in pa-
rameters only in time does not provide the possibility of pre-
dicting changes of parameters of the technological process.

Due to complexity of the analysis of heat pump systems
at the static level regarding the performance optimization,
the authors propose the use of combined systems of heat
pump power supply with connection, for example, of photo
cells [10]. The influence of a change of solar radiation on
maintaining the power of a compressor regarding a decrease
in the term of using an external electric network, also at the
static level, was described in paper [10]. The technological
scheme of heat pump power supply regarding the use of a
heat pump heater from a solar engine was proposed in pa-
per [11]. The possibility to raise the suction pressure of a
compressor and increase the efficiency of operation of the
heat pump system with the use of energy and exergy meth-
ods, also at the static level, was determined. In addition to
the static models, the models [12] that set the goal of control
of heat pump systems with the use of intelligent networks are
also known. But the means, proposed in this work, require
measurement of process parameters. This approach cannot
be used for making advancing decisions to maintain the op-
eration of heat pump systems.

According to the technological scheme, it is possible to
separate two circuits of heat pump power supply: external
and internal. The external circuit provides extraction of heat
from a low-potential power source regarding evaporation of
the refrigerant in the evaporator of the heat pump. The in-
ternal circuit is made up from the evaporator, the compressor
and the condenser. It is the evaporator and the condenser,
located in the internal circuit, which are connecting elements
of the external and internal circuits. A change in vapor flow
rate that is fed to suction in the compressor of the heat pump
depends both on a change in parameters of a low-potential
power source and changes in flow rate. There are various
means to maintain the performance of heat pump systems
in terms of the impact on the compressor operation. Thus,
the cyclic mode applies the on-off principle, which requires
additional electricity consumption to start the compressor.
Frequency control is based on changing compressor rotation
rate due to a change in supply voltage frequency regarding
changes in performance but measures only a change in refrig-
erant pressure in the evaporator. Digital control of the spiral
compressor is based on the modification in the period of time
of refrigerant vapor compression based of a specially devel-
oped electromagnetic valve in respect to the axial alignment
of spirals, but it also assesses a change in evaporation pres-
sure. Maintaining the performance of the heat pump system
requires ensuring the compliance of a change in evaporation
pressure in the evaporator with a change in refrigerant con-



densation pressure in the condenser of the heat pump. With
the view to energy saving, maintaining of functioning of
heat pump power supply should be based on prediction of
a change in local water temperature when measuring the
temperature the refrigerant at the outlet of the condenser. It
is necessary to make advancing decisions regarding a change
in refrigerant flow rate and rotation rate of the compressor
motor when measuring evaporation pressure, condensation
pressure and voltage frequency when it comes to both fre-
quency and digital control. This substantiates the need for
research in this direction.

3. The aim and objectives of the study

The aim of present research is to develop the energy-sav-
ing technology of maintaining functioning of heat pump
power supply as a component of the technological system.

The set goal will be accomplished if the following tasks
are solved:

— substantiation of the necessity of analytical estimates
of a change in the local water temperature, refrigerant vapor
flow rate. the number of rotations of the compressor motor
regarding making advancing decisions on a change in perfor-
mance of the heat pump system;

— measuring the refrigerant temperature at the outlet of
the condenser, evaporation pressure, condensation pressure,
and voltage frequency;

— development of the structural scheme and integrated
mathematical and logical modeling as for obtaining the
reference and functional estimation of a change in the local
water temperature, refrigerant vapor flow rate, the number
of rotations of the compressor motor;

— to offer an integrated system of maintaining functioning
of the heat pump power supply at the decision-making level.

4. Materials and methods of the study regarding
maintaining the functioning of heat pump power supply

4. 1. Mathematical substantiation of the architecture
of the technological system

Based on the methodological and mathematical substan-
tiation of the architecture of technological systems [13, 14],
the architecture of the technological system of functioning
of heat pump power supply was proposed. Its basis is the
integrated dynamic subsystem, which includes the following
dynamic systems: the soil heat exchanger — evaporator, the
evaporator — compressor, the compressor — condenser. Other
units that are the parts of the technological system are the
units of charge, discharge and the unit of functional evalu-
ation of efficiency coefficient, which are in the coordinated
interaction with the dynamic subsystem (Fig. 1).

Using formula (1), mathematical substantiation of the
architecture of the technological system of heat pump power
supply functioning was described:
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where TSFHP(7) is the technological system of functioning
of heat pump power supply; IDS(t) is the integrated dynamic
subsystem (the soil heat exchanger — evaporator; evapora-
tor — compressor; compressor — condenser); PIDS(t), PB(t)
are the properties of the elements of the integrated dynamic
subsystem, and of units of the technological subsystem, re-
spectively; T is the time, s; z is the length coordinate, m; x(t)
is the impacts; f(t) is the diagnosed parameters; K(t) is the
coefficients of mathematical description; y(t, z) is the output
parameters; d(t) is the dynamic parameters; Z(t), R(t) are
the logical relations in IDS(t), TSFHP(t), respectively.

Dynamic subsystem:
the soil heat exchanger — evaporator;
the evaporator — compressor; the compressor condenser

Fig. 1. The architecture of the technological system of
functioning of heat pump power supply: 1 — charge unit;
2 — unit of functional estimation of performance coefficient;
3 — discharge unit

Indices: i is the number of elements of the technological
system; 0, 1, 2 are the initial stationary mode, external and
internal character of impacts.

4. 2. Mathematical substantiation of maintaining the
functioning of heat pump power supply

The mathematical description (2) of maintaining the
functioning of heat pump power supply, based on mathemat-
ical substantiation of the architecture of technological sys-
tems, methodology of mathematical description of dynamics
of power systems, the method of cause-effect relations graph
was proposed [13, 14]:
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where SFHP(7) is the support of the functioning of heat pump
power supply;

IDS (1) is the integrated dynamic subsystem that includes
the dynamic system: the soil heat exchanger — evaporator, the
evaporator — compressor, the compressor — condenser;

PIDS(t), PB(t) are the properties of the elements of the
integrated dynamic subsystem, of units of the technological
system, respectively;

MMIDS(x, ) is the mathematical modeling of soil tem-
perature dynamics, refrigerant vapor flow consumption, the
number of rotations of the compressor motor, the local water
temperature;



MIIDS(7) is the boundary permissible change in soil tem-
perature, refrigerant vapor flow rate, the number of rotation
of the compressor motor, the local water temperature;

CIDS(t), MDIDS(t), SIDS(7) are the control of working
capacity, decision making, state identification in the dynamic
subsystem, respectively;

LCIDS(t), LMDIDS(t), LSIDS(t) are the logical rela-
tions in CIDS(t), MDIDS(t), SIDS(t), respectively;

FIIDS(7) is the functional summarizing information re-
garding decision making in the dynamic subsystem;

NCF(t), CNCF(t) are the new conditions of functioning,
confirmation of new conditions of functioning from the units
of the technological system;

R(7) is the logical relations between the dynamic subsys-
tem and the units of discharge, charge, functional estimation
of performance coefficient, which are included in the tech-
nological system of functioning of heat pump power supply.

x(T) — impacts;

/(1) — diagnosed parameters;

K(7t) — coefficients of mathematical description;

y(t,2) — output parameters;

d(t) — dynamic parameters;

z — length coordinate, m;

T — time, s. Indices: i is the number of elements of
SFHP(7); 0, 1, 2 are the initial mode, external, internal char-
acter of impacts.

Mathematical descriptions of (1, 2) allow maintaining
functioning of the heat pump power supply using the follow-
ing actions:

— control of working capacity (CIDS(t)) of the dynamic
subsystem: the soil heat exchanger — evaporator, evapora-
tor — compressor, compressor — condenser based on math-
ematical (MMIDS(t,2)) and logical (LCIDS(t)) modeling
regarding obtaining the reference (MIIDS(t)) estimation of
a change in soil temperature, refrigerant flow rate, the num-
ber of rotations of the electric motor of the compressor, local
water temperature;

— control of working capacity (CIDS(t)) of the dynamic
subsystem: the soil heat exchanger — evaporator, evapora-
tor — compressor, compressor — condenser based on math-
ematical (MMIDS(t,z)) and logical (LCIDS(t)) modeling
regarding obtaining the functional (FIIDS (t)) estimation of
a change in soil temperature, refrigerant flow rate, the num-
ber of rotations of the electric motor of the compressor, local
water temperature;

— decision making (MDIDS (1)) with the use of function-
al information (FIIDS (t)), obtained based on logical model-
ing of obtained (LMDIDS (1)),

— decision making on a change of voltage frequency with
the use of the functional estimation of a change in soil tem-
perature, refrigerant flow rate, the number of rotations of the
electric motor of the compressor, local water temperature
(FIIDS(v));

— identification (SIDS(t)) of new conditions of func-
tioning heat pump power supply (NCF(t)) based on logical
modeling (LSIDS (1)) and confirmation of new conditions of
functioning based on (R(t)) from the units of the technolog-
ical system.

4. 3. Mathematical modeling of dynamics of change in
the local water temperature

According to formulas (1), (2), it was proposed to predict
changes in local water temperature when measuring the
refrigerant temperature at the outlet of the condenser of the

heat pump. Transfer function for the channel: “local water
temperature — refrigerant flow rate” was obtained as a result
of solving the system of nonlinear differential equations. A
change in the local water temperature both in time and along
the condenser length coordinate at a change in refrigerant
flow rate is represented as follows:
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where a is the heat transfer coefficient, kW/(m?K); C is the
specific thermal capacity, kJ/(kg-K); G is the substance flow
rate, kg/s; g is the specific weight of substance, kg/m; % is the
specific surface, m?/m; ¢, 0, o are the temperatures of local
water, distribution wall, refrigerant, K; z is the coordinate of
the condenser length, m; Ty, T,, are the time constants, that
characterize thermal accumulating capacity of local water,
metal, s; m is the indicator of dependence of heat transfer
coefficient on flow rate; v is the time, s; .S is the Laplace
transform parameter; S=wyj; o is the frequency, 1/s.

Indices: 0 is the original stationary mode; 1 is the inlet to
the condenser; w is the internal flow — local water; m is the
metal wall; r is the external flow — refrigerant.

Transfer function for the channel: “local water tempera-
ture — refrigerant vapor flow rate” was obtained based on the
solution of the system of nonlinear differential equations us-
ing the Laplace transform. A system of differential equations
includes the equation of state as an assessment of a physical
model of the dynamic system: compressor — condenser of
the heat pump. The system of differential equations also
includes the equation of energy of transferring and receiving
media — the refrigerant and local water, respectively, and the
equation of thermal balance for the wall of the condenser.

The equation of energy of the receiving medium was
developed with representation of a change on the local water
temperature both in time and along the spatial coordinate,
which coincides with the direction of the flow of medium
motion. The equation of energy of transferring medium
includes coefficient K,, which assesses a change in the tem-
perature of the refrigerant at the outlet of the condenser of
the heat pump that is measured.

4. 4. Mathematical modeling of dynamics of change in
the refrigerant vapor flow rate

According to formulas (1), (2), the estimation of a change
in refrigerant flow rate as for feed to compressor suction
when measuring evaporation pressure at the outlet of the
evaporator and condensing pressure at the outlet of the con-
denser of the heat pump was proposed. For this purpose, the



system of differential equations, which includes the equation
of refrigerant energy, local water, and the equation of ther-
mal balance for the wall of the condenser was supplemented
by equation of refrigerant continuity. The result of solving
the system of differential equations using the Laplace trans-
form is the transfer function for the channel: “flow rate of
refrigerant — refrigerant pressure”, which assesses a change
in flow rate of refrigerant at a change of evaporation pressure
and condensation pressure:
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where a is the heat transfer coefficient, kW/(m2K); p is
the refrigerant pressure, MPa; f; is the intersection for
refrigerant passing, m?; C is the specific thermal capacity,
kJ(kg-K); G is the substance flow rate, kg/s; p is the refrig-
erant density, kg/m?; g is the specific weight of substance,
kg/m; A is the specific surface, m?/m; z is the spatial coordi-
nate of the condenser length, m; T, T}, are the time constants
that characterize thermal accumulating capacity of local wa-
ter, metal, s; S is the parameter of Laplace transform; S=wy;
o is the frequency, 1/s.

Indices: 0 is the original stationary mode; 1 is the inlet to
the condenser; w is the internal flow — local water; m is the
metal wall; r is the external flow — refrigerant.

4. 5. Mathematical modeling of dynamics of change in
the number of rotations of compressor motor

According to formulas (1), (2), estimation of a change in
the number of rotations of the compressor motor of the heat
pump was proposed. Parameters that are measured are the
following: evaporation pressure at the outlet of the evapo-
rator, condensation pressure at the outlet of the condenser
and voltage frequency. The transfer function for the channel:
“the number of rotations of the motor of the heat pump com-
pressor — voltage frequency” takes the following form:
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where a is the heat transfer coefficient, kW/(m%K); p is the
refrigerant pressure, MPa; f; is the intersection for refrig-
erant passing, m?; f is the voltage frequency, Hz; p, is the
number of poles pairs; C is the specific thermal capacity,
kJ/(kg-K); G is the substance flow rate, kg /s; p is the density
of refrigerant, kg/m?; g is the specific weight of substance,
kg/m; & is the specific surface, m?/m; z is the coordinate of
the condenser length, m; T,, T, are the time constants that
characterize thermal accumulating capacity of local water,
metal, s; S is the parameter of Laplace transform; S=wj; o is
the frequency, 1/s.

Indices: 0 is the original stationary mode; 1 is the inlet to
the condenser; w is the internal flow — local water; m is the
metal wall; r is the external flow — refrigerant.

The true part of transfer function (3) regarding estima-
tion of a change in local water temperature was separated:
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Coefficient K, includes the temperature of a separating
wall 6:

0=(o,(0,+06,)/2)+A(t, +1,) / 2) / (o, + A), (7

where oy, 65 are the temperatures of refrigerant at the inlet
and at the outlet of condenser, K, respectively;

A=1/(, /A, +1/0a.), ®)

where § is the thickness of the wall of the condenser, m; o is
the heat transfer coefficient, kW/(m?K); A is the thermal
conductivity of metal of the condenser wall, kW/(m-K); ¢4, t5
are the temperatures of local water at the inlet and outlet of
the condenser, K, respectively. Indices: ris the external flow —
refrigerant; w is the internal flow — local water.

To use the true part of O(®), the following coefficients
were obtained:
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The real part of transfer function (4) concerning evalua-
tion of a change in refrigerant vapor flow rate was separated:
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To use the real part of Oy(w), the following coefficients
were obtained:
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The real part of transfer function (5) regarding evalua-
tion of a change in the number of rotations of the compressor
motor was separated:
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To use the real part of O3(w), the following coefficients
were obtained:
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3. Results of research into technology of maintaining the
functioning of heat pump power supply

According to formulas (1), (2), an integrated mathemat-
ical modeling of the heat pump power supply with the use of
the developed block diagram was performed (Fig. 2).

According to the proposed block diagram (Fig. 2), Ta-
bles 1-3 shows the results of an integrated mathematical
modeling of heat pump power supply. Thermal and physical
properties of refrigerant R 134a were used. Estimation of the
boundary change of the refrigerant temperature at the outlet
of the evaporator of the heat pump was established based on
maintaining soil heat discharge at the level 10-8 °C [6].

Based on the proposed mathematical substantiation of
maintaining functioning of heat pump power supply (1), (2),
the block diagrams (Fig. 3, 4) regarding working capacity
and maintaining the efficiency of the heat pump system was
developed.

The comprehensive integrated system of maintaining
functioning of the heat pump power supply was developed
(Tables 4, 5). The system is based on prediction of a change
in local water temperature regarding a change in refrigerant
vapor flow rate, the number of rotations of the electric mo-
tor of the compressor. Temperature of the refrigerant at the
outlet of the condenser, evaporation pressure, condensation
pressure and voltage frequency are measured continuously.

Source data
Heat pump of type VDE TH of brine-water type;
thermal efficiency, 0;=6,3 kW; consumed electric power,
N~=1,6 kW; U=380 V; /=50 Hz; I-4,8 A;
d~=0,219 m; d=0,180 m; /=945 m

X

B, =T eo+T w+T,w+e, Aan)
C, = A1A§+B1282; = AZB;—AEBQ; (18)
A, +B, A, +B,
L =1-¢"*“ cos(-ED,);
M, =—e%sin(=ED,). (19)

| Integrated system of maintaining soil heat discharge at the level of 10-8 °C |

Implementation of transfer functions (3) to (5),
obtained based on the use of the operational meth-
od for solving the systems of nonlinear differen-
tial equations, maintain the parameter of Laplace
transform —S(S=wyj), where w is the frequency, 1/s.

To transfer from frequency region to time region, ‘

~

Boundary change of #.at the outlet of the
evaporator: 0 °C...(-1,5) °C
Boundary change of parameters:
L.in to the condenser: 45...60 °C;
t,» ou Of the condenser: 35...55 °C

=

X

real parts (6), (12), (16), obtained as a result of
mathematical treatment of transfer functions, were
separated. These parts are included in integrals
(20)—(22), providing the opportunity to obtain
dynamic characteristics of the local water tem-
perature, refrigerant flow rate, the number of rota-

First level: fovp =(-2,5) °C; 1,=45-40,5 °C; 1,=35-40 °C.
Second level: fy,y =(-3) °C; 1,=50-45,5 °C; 1,=35-45 °C.
Third level: fevap =(-3,5) °C; 1,=55-50,5 °C; £,=35-50 °C.
Fourth level: fevp=(—4) °C; 1,=60-55,5 °C; 1,=35-55 °C.

tions of the compressor motor, respectively, using
the reverse Fourier transform.

L §

Determining G, kg/s, N., kW, U, V. f, Hz, n, tpm, COP |

r | Development and implementation: W, _,, W, ., W, |
t,(t,2)=——[0,(0)sin(10 / 0)dw; (20) — ¥ _
2ny Determining of parameters of heat exchange, time constants
and coefficients of transfer functions
175 . £
G (1,2)= %JOZ (0)) sin(to / 0)do; (21) Reference dynamic characteristics, based on 7, o W W
n(t)= G,_(T,Z)Kf(r) — Fig. 2. Block diagram of the integrated mathematic modeling of
heat pump power supply: U — voltage, V; f— voltage frequency, Hz;
1 ° ) _ . o . . .
_ *Jhoa (w)sm(m)/(o)dw, (22) /— current, A; d, d,. external, internal diameter of the soil thermal
2n 0 exchanger, respectively, m; L — length of heat exchanger, m; ¢, t,,

tevap — temperature of refrigerant, local water, refrigerant evaporation,

where t,, is the temperature of local water, K; G,
is the refrigerant flow rate, kg/s; n is the number
of rotations of the electric motor of the compres-
sor, rpm.

respectively, K; ¢ i, t, out — temperature of refrigerant at the inlet, local
water at the outlet, respectively, K; Gr — refrigerant flow rate, kg/s;
n — number of rotation of the electric motor of the compressor, rpm;
COP — coefficient of performance of the heat pump system
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e

Measurement of parameters: pPevap (1), % out (1), Peond (1), AT)

(CT1(1),(x0 (1), %1 (D Pevap. (D), Peond (D)), G (1)(0),2(1)(0), f(D()(+)))), Z¢1 (1),

(CLEOU (OO v (DEEIN), Zo (D),

(CLK (D, (D), K (D)), KD+ ), Zes (D),
(CT,OW (G (D)), (D)), 1, (DN Z,4 (T),

(CTL(D(A(DNAG(7) ] AG, ;1 (D)),
An(T) / Anc,est.f_(z-)(-’_)(_)’
AL(T) [ Al i (D)), Zes (1),

Obtaining summarizing information

Fig. 3. Block diagram of working capacity control of the heat pump system: ¢, ., f,, 0 are the refrigerant temperatures at
the outlet of the condenser, of local water, of separating wall, respectively, K; peyqp., Pcona. are the evaporation pressure,
condensation pressure, respectively, MPa; G, is the refrigerant flow rate, kg/s; f is the voltage frequency, Hz; nis the
number of rotations of the electric motor of the compressor, rpm; CT is the event control; Z is the logic relations; d is the
dynamic parameters; x is the impacts; 7, is the diagnosed parameters; y is the original parameters; K is the coefficients
of mathematical description; COPis the coefficient of efficiency of the heat pump; 1 is the time, Indices: ¢ is the working
capacity control; e is the reference value of a parameter, c. est. f. is the constant, estimated value of the parameter of the
first level of functioning; c. est. up.is the constant, estimated value of the parameter of the upper level of functioning; 0, 1, 2
is the initial stationary mode, external, internal parameters; 3 is the coefficients of equations of dynamics; 4 is the essential
diagnosed parameters; 5 is the dynamic parameters

Table 1 Table 3
Mode parameters of the heat pump system Values of time constants and coefficients of mathematical
Lovels models of dynamics
of func- | G, kg/s | N, kW | U,V f,Hz | n,rpm. | COP Levels of I
tioning function- | Ty, S | Tpny S | Loy, m € H’]" L’ e 4
Level 1 | 0.0368 1.23 | 266.96 | 35.13 | 1053.9 5.13 ing
Level2 100380 | 139 130217 | 398 | 1194 | 453 Level 1 [5361.78 | 23.37 [ 1.5883 | 2.60 | 0.28 | 1.1460 | 0.72
Level3 1 00391 | 155 | 33747 | 4436 | 13308 | 4.06 Level 2 [5.021.60]2098 [ 15523259 0.28 [ 1.1177]0.67
Level 4 | 0.0398 1.73 380 50 1500 3.63 Level 3 4.1411.38 | 18.06 | 1.3570 | 2.57 | 0.28 | 0.9770 | 0.62
Note: G, is the refrigerant flow rate, kg/s; N, is the power of electric Level4 |328]1.90]14.31 |1.1980 | 2.44 | 0.28 | 0.8506 | 0.60

motor of compressor, kW; U is the voltage, V; [ is the voltage frequen-
cy, HZ; n is the number of rotations of electric motor of compressor,
rpm; COP is the coefficient of efficiency of heat pump system

Local water temperature at the established period of
time is determined as follows:

Table 2 twi+1 (T) = twi + ((Atwiﬂ (T) / Atw.f.esl.up. (T) -

Parameters of heat exchange in the composition of

mathematical models of dynamics —AL, (T)/ ALy cestap. (T))(th *tm))’ (23)

; Lev?ls ‘,)f - Paramet;er - where ¢, is the local water temperature, °C; 1, t2 are the initial

unctioning | o, W/(m*K) | ay, W/(m*K) | k W/(m*K) and final values of local water temperature, °C, respectively;

Level 1 1193.16 873.18 496.38 i is the number of levels of functioning; T is the time, s. Index:

Level 2 124517 97235 536.83 c. est. up. is the constant estimated value of the parameter of the
Level 3 1319.06 1129.83 597.21 upper level of functioning.

Thus, for example, in the period of time of 94.5-10°s

Level 4 1467.69 1423.96 706.81 (2625 hours) after the beginning of a heating season, which

Note: a, is the coefficient of convective heat exchange from the re-
frigerant to the wall of condenser, W/(m?K); a, is the coefficient
of convective heat exchange from the condenser wall to local water,
W/(m?-K); k is the heat transfer coefficient, W/(m?-K)

was selected for the city of Kyiv (Ukraine) and is 4,448 hours,
absolute value of local water temperature using formula (23) is:

40.17 °C=39.12 °C+(0.2585-0.2059)(55 °C-35 °C).
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.
| Measurement of parameters: Pevap (T), £ out.(T), Peona (T), fT) |

Peyap (T)Pevap. (T)
PCO!\};-(T)<pCOl\I;. e(T) Yes
SD)elr)

(CL.(r)AG(D)/ AG, . (t) > AG.

= -
oo
. N

(CLNA() [ A (2)> My, (D)) Ay () <1>0).

S ein(?) Frequency control |

(CL) AL (D) [ My (F) > Al cen (F) ] ALy (7)) <1>0). -

(1) AG, 41 (7)) <1>0).

est.f. estl

Digital control

(CL.()AG(D)/ AG, (1) < AG..,, (1) AG. . (£))) <1>0).

.

estl

est.f.
pcvap(‘[):pcvap ¢i-1 (T)

i

(CL()NUT) [ AN, o (7) <A o (7) ] Ao 1 (7)) <1>0).

SO eia(v) Frequency control |

’* (CTL AL (2) ] Al iy (F) <AL i (B) ] ALy (7)) < 1> 0).

Digital control

=|| COP(t)=COP, (1) |'<

i 5

Maintaining efficiency of heat pump power supply

Fig. 4. Block diagram of maintaining efficiency of heat pump power supply: ¢
out, fw are the refrigerant temperatures at the outlet of the condenser, of local
water, respectively, K; pevap., Pcond. are the evaporation pressure, condensation

pressure, respectively, MPa; G, is the refrigerant flow rate, kg /s; f is the
voltage frequency, Hz; nis the number of rotations of the electric motor of the
compressor, rpm; COP is the coefficient of efficiency of the heat pump system;
1is the time, Indices: e is the reference value of the parameter; c. est. f. is the

constant, estimated value of the parameter of the first level of functioning; c.
est. up. is the constant, estimated value of the parameter of the upper level of

functioning; I., n. I. are the level, new level of parameters, respectively

A change in local water temperature, °C

My (T) =n; +((Ani+1 (T) /AN (T) -

—An, (T)/Anc.m-/ (’C))(ﬂz 7n1))’

(25)

where 7 is the number of rotations of the
electric motor of the compressor, rpm; 74,
ny are the initial and final values of the
number of rotations of the electric motor
of the compressor, rpm, respectively; i is
the number of levels of functioning of the
heat pump power supply; T is the time, s.
Index: c. est. f. is the constant estimated
value of the parameter of the first level of
functioning.

Thus, for example, in the period of
time of 94,5-105 s (2625 hours) after the
beginning of a heating season, which was
selected for the city of Kyiv (Ukraine)
and is 4448 hours, absolute values of re-
frigerant flow rate, of number of rotations
of the electric motor of the compressor
with the use of formulas (24), (25) are:

0.0373 kg /s=0.0369 kg /s+(0.9610—
~0.8291)(0.0398 kg /5—0.0368 kg /s),

1184 rpm=1136.7 rpm+(0.9395—
—0.8334)(1500 rpm—1053.9 rpm).

Graphic dependence of a change in
local water temperature within the heat-
ing period regarding making decisions on
the change in efficiency of the heat pump
power supply is shown in Fig. 5.

Thus, for example, in the period of time
94.510° s (2625 hours) regarding heating
local water from 40.17 °C to 45.36 °C at
digital control, it is necessary to make the
advancing decision to increase refrigerant
flow rate up to the level of 0.0373 kg/s.
Frequency control needs making addition-
al decision to increase voltage frequency
by 13.2 %, to increase the number of rota-
tions of the electric motor of the compres-
sor up to the level of 1184 rpm.

P

4

/

Refrigerant flow rate in the established period of time is >
determined as follows: 53
51

G.i(1)=G,+((AG..,(7) / AG, . (1)~ 49

47

~AG,(1)/ AG, . ; (1))(G,-G))), (24) s

43
where G is the refrigerant flow rate, kg/s; Gy, Gy is the initial 4l

/

and final values of refrigerant flow rate, kg/s, respectively

1

Time, 10° s

39
(Table 5); i is the number of levels of functioning of heat 37
pump power supply; T is the time, s. Index: c. est. f. is the 35

constant estimated value of the parameter of the first level

of functioning

The number of rotations of the electric motor of the
compressor in the established period of time is determined
as follows:

1 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17

Fig. 5. Maintaining efficiency of heat pump power supply,
where 1, 2, 3, 4 are the first, second, third and fourth levels
of functioning, respectively



Table 4

Integrated system of maintaining a change in the
local water temperature

Table 5

Integrated system of a change in refrigerant flow rate and the number of
rotations of the compressor

: Time, . AG(T)/ An(t)/ G(1), | n(),
Time, . At -
line A Change mn At (T[)/ LD, T, 10°s A Change n parameters AG st (T) | Ang st (T) kg/s rpm
) w. C. est. up. o
10°s parameters 1) ¢ Pevap=0.266 MPa;
0 Peond=1.008 MPa; 1 1 0.0368 | 1053.9
trin=45°C; f=35.13Hz
0 ty o =39.55°C; 0 35 pcvap:O~265 MPa;
/=35.13 Hz 10.5 Deond=1.009 MPa; 0.9979 09815 | 0.0368 | 1062.1
trin:45 OC; f:3455 Hz
10.5 trout.=39.55°C; 0.0086 35.17 Pevap=0.265 MPa;
/=34.55 Hz 21 Peond=1.012 MPa; 0.9932 0.9605 0.03681 | 1071.5
[=3397 Hz
trin=45°C; 4.0 =39.6 °C;
21 /=33.97 Hz 0.0218 35.43 Pevap=0.2645 MPa;
31.5 Peond=1.014 MPa; 0.9899 0.9505 0.03682 | 1076
31.5 trin:45 :%’3%3();:1397 C7 0.0489 35.97 f=3338 Hz
J=33.38 Hz Pevap=0.264 MPa;
by in=45°C; 42 Peond=1.016 MPa; 0.9866 0.9341 0.03683 | 1083.3
42 trous=39.8°C; 00744 | 36.48 /=328 Hz
/=328 Hz Pevap=0.2635 MPa;
52.5 Peond=1.019 MPa; 0.9820 0.9005 0.03684 | 1098.3
trin=45 OC; trouz.=39-9 OC; con : ’
52.5 /3221 Hy 0.1007 37.01 I ?:)2226131:;P
o, o, Pevap=V. a;
63 trin=45°C; 00t =40 °C; 0.1270 37.54 63 Peond=1.022 MPa; 0.9775 0.8988 0.03685 | 1099.1
/=31.63 Hz /=31.63 Hz
trin=45 °C; ty 0 =40.1°C; Pevap=0.2625 MPa;
735 /=31.05 Iz 0.1533 | 38.07 73.5 Peond=1.028 MPa; 0.9686 0.8567 | 0.03688 | 1117.9
- - =31.05 Hz
84 t”"_4i,=%’0t’40g‘ﬁ§0'3 Gl 02059 | 39.12 Pevap—0.262 MPa;
: 84 Peond=1.034 MPa; 0.9610 0.8334 0.0369 | 1136.7
Making decision on /=30.46 Hz
a change in voltage . ..
94.5 frequency: 0.2585 40.17 Mhaklng dcc1?10n ofn a
/=398 Hz, change in voltage fre-
; ’ 94.5 quency;/=39.8 Hz; 0.8291 0.9395 0.0373 | 1184
£ in=45°C; £, g =40.5°C 261 MPa,
evap™ V- )
. =500°C: = oC: =1.1851 MP.
105 |20 _%’7t%“5fH44'2 Gl 03282 | 4156 Peond=1.1851 MPa
Jf=37.52 Hz Pevap=0.260 MPa;
Making decision on 105 Peond=1.325 MPa; 0.7945 0.7685 | 0.0376 | 1260.3
a change in voltage /=37.52 Hz
115.5 frequency: 0.5184 45.36 Making decision on a
[=44.36 Hz; change in voltage fre-
trin=50°C; ty 01, =45°C 115.5 quency: f=44.36 Hz; 0.7841 0.9297 0.0378 | 1317.9
Pevap=0.258 MPa;
ti=55°C; -
126 £ out=50.1°C; 07865 | 50.73 Peond=1.3391 MPa
/=30.46 Hz Pevap=0.254 MPa;
i d 126 Peond=1.4298 MPa; 0.7285 0.8005 0.038 | 1406.9
Making decision on /=30.46 Hz
a change in voltage Making decision on
136.5 fri%‘geg?yf 09283 | 53.57 a change in voltage
L‘f-i*GO oé. 136.5 frequency: /=50 Hz; 0.7262 0 0.038 1500
. rm:55 10’C pevap=0~252 MPa;
rout. Y- pcond=1~5206 MPa
tin=60°C; =0.252 MPa;
147 in 0.9821 54.65 Pevap g
trow=55.4°C; [=50 Hz 147 Deond=1.5206 MPa; 0 0 0.0398 | 1500
=50 H
1575 trin=60°C; | 55 300
’ Ly out.=55.5 OC;f:.SO Hz pevap=0-252 MPa;
157.5 Peond=1.5206 MPa; 0 0 0.0398 | 1500
161.6 £rin=60°C; 1 55 /=50 Hz
troue=55.5°C; f=50 Hz pe=0252 MPa;
evap . 3
Note: tyin, by our, L are the refrigerant temperature at the 161.6 Peond=1.5206 M Pa; 0 0 0.0398 | 1500

inlet of the condenser, at the outlet of the condenser,
local water temperature, respectively, °C; [ is the voltage
Jrequency, Hz; T is the time, s. Index:c. est. up. is the con-
stant estimated value of the parameter of the upper level
of functioning

/=50 Hz

Note: Gris the refrigerant flow rate. kg/s; n is the number of rotations of the electric
motor of the compressor, rpm; pevap. is the evaporation pressure, MPa; pcond. is the
condensation pressure, MPa; [ is the voltage frequency, Hz; T is the time, s. Index: c.
est. [.is the constant estimated value of the parameter of the first level of functioning



Such actions will make it possible to increase vapor com-
pression in the compressor by increasing the vapor tempera-
ture at the inlet to the condenser up to the level of 50 °C. Cor-
rectness of subsequent local water heating is proved by the use
of an integrated system of maintaining the discharge of soil,
the temperature of which in this period of time is 9.21 °C [6].

6. Discussion of results of studying the energy-saving
technology for maintaining the functioning of heat pump
power supply

The integrated system of maintaining the efficiency
of the heat pump power supply based on coordination of
power production and consumption under power saving
conditions.

During control of heat pump power supply, measurement
of refrigerant pressure in the heat pump evaporator is usually
used. But the use of such measurement is substantiated only
under condition of evaluation of a change in refrigerant tem-
perature and under condition when coordination of power
production and consumption is not considered. When trying
to go beyond these limits in order to enhance the efficiency
of the heat pump power supply, the on-off functioning mode
is used. When using frequency or digital control, an addi-
tional complication of electric circuits is used. There occur
objective difficulties, associated with considerable costs of
both electrical energy for starting processes and additional
capital investments. The way of overcoming these difficul-
ties is presented. It is based on the fact that prediction of
a change in local water temperature with measurement of
the refrigerant temperature at the outlet of the condenser
of the heat pump was proposed. This estimation in the ratio
of the measured evaporation pressure is a part of the pro-
posed analytical determining of the refrigerant flow rate
as for the digital control and the number of rotations of the
electric motor of the compressor for frequency control. This
estimation provides an opportunity to influence in advance
the coordination of functioning of the external and internal
circuits of the heat pump system, i.e. energy production
and consumption. The outcome of the conducted research
is the results of a comprehensive mathematical and logical
modeling of the heat pump power supply using the boundary
change in refrigerant temperature at the outlet of the heat
pump evaporator, determined on the basis of the integrated
system of maintaining soil heat discharge at the level of
10-8 °C. Thus, we established the relationship of a change
in refrigerant evaporation temperature in the evaporator as
a part of the internal circuit of the heat pump system and an
external circuit as for maintaining of a change in soil tem-
perature within the heating period.

Making advancing decisions on a change in vapor flow
rate, influencing the action of an electromagnetic valve for
digital control, allows ensuring a change of compression of
refrigerant suction steam into the compressor and a change
in compression of vapor injection into the condenser. Mak-
ing advancing decisions to change voltage frequency as for a
change of the number of rotations of the electric motor of the
compressor also allows setting the compliance of compres-
sion of vapor suction with a change in injection compression
at frequency control. Establishment new vapor parameters
regarding the transition to a new level of operation main-
tains the new coefficient of efficiency of the heat pump
system. The results of the study are the continuation of the

research in the direction of coordination of production and
energy flow rate [3, 6, 13, 14]. The presented results can be
used in the development of intelligent systems of functioning
of controllers of heat pump systems with both frequency
and digital control. The development of this research is the
planned testing of the research under the conditions of using
heat pump systems of different types and different capacities
as a part of the proposed technological system. This is due
to the use of different sources of low-potential energy for
determining various means of maintaining of a change of
parameters during the technological process as, for example,
in energy saving technology of biogas production based on
the heat pump power supply, the energy source for which is
fermented must [3]. When using heat pump systems of var-
ious power and improving intelligent systems of controllers
functioning, it is necessary to establish the means of control:
frequency or digital, in order not to cause unnecessary addi-
tional capital investment.

7. Conclusions

1. Prediction of a change in local water temperature at
measuring the refrigerant temperature at the outlet of the
condenser was proposed. Making advancing decisions on
changing the refrigerant flow rate and the number of rota-
tions of the electric motor of the compressor at measuring
evaporation pressure, condensation pressure and voltage
frequency ensures compliance of a change in evaporation
pressure in the evaporator with a change in refrigerant con-
densation in the condenser.

2. The comprehensive mathematical modeling of the heat
pump system, based on an integrated system of maintaining
the soil heat discharge at the level of 10—8 °C. The boundary
change of the refrigerant temperature at the outlet of the
evaporator was established: 0 °C...(—1,5) °C. Mode parame-
ters of the heat pump system, parameters of heat exchange
in the condenser, time constants and coefficients of mathe-
matical models of dynamics for the established levels of func-
tioning were determined. The standard dynamic estimations
of a change in local water temperature, refrigerant vapor
flow rate, the number of rotations of the electric motor of the
compressor were obtained. Logical modeling of control of
working capacity of the heat pump system, which follows the
causation principle, was performed.

The logical unit has the components that evaluate: a
change of refrigerant temperature at the outlet of the con-
denser, evaporation pressure, condensation pressure, voltage
frequency that are measured; a change in the temperature
of the condenser wall; a change of coefficients of mathemat-
ical models of dynamics, »,, K5, K; a change in local water
temperature, refrigerant flow rate, the number of rotations
of the electric motor of the compressor; a change of dynamic
parameters; the resulting unit of working capacity control for
obtaining a functional estimation of a change of local water
temperature, refrigerant vapor flow rate, the number of rota-
tions of the electric motor of the compressor.

3. Maintaining the functioning of the heat pump power
supply for prediction of a change in local water temperature
at continuous measurement of the refrigerant temperature
at the outlet of the condenser, evaporation pressure, con-
densation pressure and voltage frequency was proposed.
Maintaining a change in performance of the heat and pump
system is based on a comparison of evaporation pressure,



condensation pressure, voltage frequency that are measured  flow rate for digital control: to maintain a change in evap-
with the reference values. Determining of summarizing oration pressure as for a change of refrigerant vapor flow
functional information provides an opportunity to make rate and a change of voltage frequency as for a change of the
the following advancing decisions: to maintain a change in ~ number of rotations of the electric motor of the compressor
evaporation pressure as for a change in refrigerant vapor  for frequency control.
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Hocnidxceno enaue ycmanoeéxu nadpomop-
HUX eleMeHmi6 Y 6uensdi cmamopHoi emyaxu 3
N063008HCHIMU NPAMUMU NA3AMU HAOD NEPeOSKII0-
YEHUM KOJECOM HA XAPAKMEPUCMUKU MOOETbHO-
20 wWHeK0606i0uenmpo6ozo cmynens. Ilposedeno
Qdisuunuii excnepumenm 3 BUKOPUCMAHHAM NIA-
HYeanHsa 0N eupiulenHs npobdiemu onmumizauii
2e0MeMPUUHUX NAPAMEMPI8 CMAMOPHOT 6MYJIKU
3 N063006XCHIMU NPAMUMU naA3amu 8 Oazamoax-
mopHil 3a0aui nokpaweHHs KasimauiiHo-epo3iii-
HUX XAPaKxmepucmux wHex0608i0UeHmposozo cmy-
nems 3a 00nOM02010 HAOPOMOpHUX enemenmis. byno
eusnaueno cnexmp 36y0xCYIOUUX MACIOM KOIUBANHD
00CN103#CY8aH020 WHEKOBOBIOUEHMPOBOZO Cmyne-
Hs 610 KAGIMAUIUHUX NPOUECi8 0 MONCAUBOCTME
8UKOPUCMAHHS napamempa cmiukocmi 00 Kasima-
uitinoi epo3sii y saxocmi napamempa onmumizauii.
Excnepumenmanvnum wasaxom 6uHaueHo onmu-
MANLHI POIMIpU HAOPOMOPHOT 6MYAKU 00CHIONHCY-
68aH020 WHEK060810UeHMP06020 cmynens: Z=32,
b=14, 1,=20, 1,=20. Ile do3s0aun0 noxpawumu xasi-
MayiiHo-epo3iiti AKOCMI WHEK0806I0UEHMPOB020
cmynens 6e3 3minu e2abapumnux po3mipie ma me
nozipwumu HAnipHi ma enepzemuyuHi Xapaxmepu-
cmuxu. Ilposedeno dodamrxoeuii izuunuil excne-
pumenm 3a 00NOMO2010 ATLMEPHAMUBHO20 MEMO-
0y 6uU3HAUEHHS KABIMAUIUHO-ePO3IUHUX AKOCMEl
0Nt ni0meepoyceHnss OmMpuUManux y 00CAL0HCEHHT
pe3ynvmamis 3a60Ku 3ACMOCYB8AHHIO HAOPOMOpP-
HUX eJleMeHmMi8 Y WHEK0806I0UEHMPOBOMY CMYyneHi.
Buxopucmanns nadpomopHux enemenmie y ckaaoi
WHEK0B808I0UEHMPOBUX CcMYNnenié 3a3zeuyuail obme-
Jcyeanoca nuwe nompebamu nidsuwenns xKasima-
yilHux axocmei cmynens. B pamxax docnioncenns,
w0 onucano 6 danii cmammi, 3anpPonoHOBAHO BUKO-
pucmanna uboz20 enemenmy 0nsa Gopomvou 3 neea-
mueHuMu Hacaioxamu xaeimauiiunoi eposii. byaa
niomeeporHceHa MONCAUBICMb MAK020 BUKOPUCTAH -
HA ma po3pobaeni HayK080-MemoouuHi pexomen-
dauii w000 npoexmyeaHHs HAOPOMOPHUX eJe-
MeHmig Y CKAa0i WHEK0808I0UEeHMPOB020 CIMYNEHsL.
Bnposgaodicenns yoockoHaleHUX nepuux wHexo-
806I0UEHMPOBUX CMYNEHIE 3 HAOPOMOPHUMU ele-
MeHmamu 6 iCHYui KOHCMPYKUii 6i0ueHmposux
Hacocié 00360aumov 30iavwumu Hapoodimxy 0o 6io0-
MOBU, WO AKMYANLHO O 6CIX 2any3eU NPOMUCTO-
eocmi, 0e 8UKOPUCMOBYIOMBCS 8L0UEHMPOBI HACOCU

Knouoei caosa: sidyenmposuil nacoc, wHexo-
80610UEeHMPOBUI CMYNiHL, HAOPOMOPHI eJleMeHmu,
Kasimayiiino-epo3iiini xapaxmepucmuxu
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1. Introduction

Today one of the main problems is a lack of energy resourc-
es. Therefore, one of the main tasks of Ukraine and the world
is to reduce inefficient energy consumption significantly. It is
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well known that pumps are used almost in all industries, and
according to various estimates consume from 20 % to 25 % of
all electricity produced in the world, and in some industries,
this value can range to 50 % [1]. One indicator of the pump
energy efficiency is the cost of its life cycle, the analysis of




