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ABSTRACT

The article considers the construction of an algorithm for estimation the energy efficiency of a ship refrigeration unit using the
minimum required number of sensors. It is established that the existing methods for diagnosing and monitoring the technical
condition of ship refrigeration units are imperfect due to the presence of a large number of sensors and the necessity to suspend the
unit. The choice of the refrigeration coefficient as an indicator of energy efficiency is justified. A method that allows determining the
refrigeration coefficient in real time without the necessity to stop the operation of the ship's refrigeration unit and use pressure
sensors is proposed. For this, the method supposes the calculation of the specific cooling capacity and compressor compression work,
the mechanical power on the shaft and the mass flow rate of the refrigerant. The algorithm for determining the cooling capacity and
compression work using only four temperature sensors is considered. This algorithm supposes the determination of enthalpies at
characteristic points of the refrigeration cycle using the equations of the refrigerant state. A method for evaluating the mechanical
power on the compressor shaft using full order adaptive state observers is proposed. A decision of using the electromagnetic torque
of the compressor motor as a measured quantity is substantiated. A state observer is synthesized using a modal method based on a
linearized model of the electric motor. An expression for calculating the geometric mean root and elements of the observer matrix is
proposed. The resulting observer structure allows constructing it on the basis of a complete mathematical model of the electric motor
and evaluating not only the speed, but also the load torque on the compressor shaft. In the environment of Matlab / Simulink, a
simulation model of the compressor motor state observer is built. The obtained simulation results confirm the efficiency of the
proposed method. An algorithm for determining the electromechanical parameters of a compressor for a given period of time using
three voltage and current sensors is considered. A general algorithm for estimation energy efficiency, which can be the basis for
creating a system for diagnosing and monitoring the technical condition of a ship refrigeration unit, is constructed.
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INTRODUCTION

Development trends of the modern maritime
industry show that the operation of ship mechanisms
and units focuses on the diagnostics and timely
detection of technological equipment malfunctions.

Ship refrigeration units (SRU) are the most
common auxiliary marine power plants and are used
in almost all types of marine and river vessels for
food refrigeration and storage, preparation of cold
water and ice, comfortable and technical air
conditioning, gases liquefaction, carbon dioxide gas
storage and in other applications [1].

Practice request of the modern navy of Ukraine
forms quite strict requirements [2] for the SRU:
besides improving consumer properties, high

production and higher reliability of operation at
variable operating modes are required.

These requirements for energy efficiency and
reliability of SRU cause the need to find new ways
of their technical condition diagnoses and
monitoring.

The greatest effect of SRU faults diagnosing is
achieved by wusing the Fault Detection and
Diagnostics (FDD) approach with applying
specialized microprocessor devices [3, 4]. This
approach involves the use of mathematical models
of diagnosed SRU elements, which allow carrying
out reliable estimation of their functioning basic
parameters.

However, existing models of SRU elements
mostly do not consider heat load fluctuations and the

accuracy of temperature control in refrigerating
chambers (RC), minimal electricity costs for cold

© Bukaros, A., Bukaros, V., Onishchenko, O.,
Sergeiev, V., 2020

mutual influence of the elements on each other. In
addition, there is a technical difficulty in identifying
some important parameters of the SRU technical
condition, such as the load torque on the compressor
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shaft [5]. Existing systems for the diagnostics and
technical conditions monitoring require the
installation of a great number of sensors in the SRU,
which is often technically difficult. All this, as well
as insufficient study of the processes occurring in
the SRU in the variable modes, the absence of
domestic manufacturers of systems for SRU
diagnostics and technical conditions monitoring, the
lack of schematic solutions scrutiny prevents the
implementation of the FDD approach in SRU.

Therefore, the solving of the scientific and
technical problem of improving the diagnostics and
technical condition monitoring means by using the
simulation models of the separate SRU elements is
relevant.

LITERATURE REVIEW

The development of information and
communication technologies caused changes in
approaches to the control algorithms and
architecture of devices for the diagnostics and
technical condition monitoring. In particular, in the
last century, a system for refrigerated containers
monitoring was proposed [6]. It included a data
collection unit installed on each container controlled
by the system and a central microcomputer system
located at the container storage site, such as a
container ship or land terminal. This data
transmission system used only a wired network
which is definitely a disadvantage.

The advent of the global Internet and wireless
data communications has led to the ability of the
SRU technical condition monitoring from anywhere
on the planet. For example, work [7] proposes to use
mobile networks, satellite communications and Wi-
Fi to communicate the diagnostics and monitoring
device of the refrigerator container with the
operator. A GPS sensor is used to locate the
container. Solar batteries are used for autonomous
power supply.

Simultaneously with the development of
technical means, the approaches and algorithms for
SRU diagnostics and technical condition monitoring
are changed. One of the most common approaches is
FDD which involves the use of mathematical
modeling and statistics methods. As stated in the
introduction, the FDD approach has not been widely
used in marine refrigeration. This is also evidenced
by the relatively small number of papers that mainly
consider the mathematical statistics methods in the
construction of FDD systems for the SRU
diagnostics and technical condition monitoring.

In particular, in works [8-9] the system of
monitoring the SRU basic parameters by means of
special radio frequency identification sensors, which
are the so-called RFID tags, is considered. Data
exchange between the information control system

and RFID sensors is based on the extensible markup
language XML. The authors of [10, 11] propose
diagnosing and detecting faults models of ship
refrigerated containers on the basis of machine
learning, which provides a high (over 97 %)
recognition of non-nominal operating modes of the
refrigeration unit.

The above solutions [8, 9], [10, 11] have a
significant drawback. It is the lack of SRU technical
condition prediction and the assessment of its energy
efficiency over the unit life cycle. In addition, the
presence of a great number of sensors to monitor the
SRU parameters significantly raises the system in
price. This is partly solved by the installation of a
modular control, monitoring and diagnostics system,
which exclude the need for additional sensors [12].
However, the installation of such a system is only
possible for refrigerated containers because of their
standardized size, while for refrigerated holds,
storage chambers, air conditioning systems this issue
remains open.

In recent years, SCADA systems are widely
used to optimize the control and prediction of ship
refrigeration equipment failures [13, 14]. Such
systems, in addition to the functions of control,
monitoring and diagnostics, allow to organize an
automated workstation of the SRU operator with a
graphical real-time display of the cooling process,
the possibility of manual intervention in the
operation of any device, storing statistics and
graphical representation of historical trends [15].
The use of SCADA-systems allows fully automating
the processes of SRU control, diagnostics and
technical condition monitoring, but the issues of
energy efficiency and thermodynamic parameters
estimation and reliability of the unit in total remain
unsolved.

In order to solve this problem, the authors of
[16] propose to evaluate the SRU energy efficiency
by indirectly determining the unit coefficient of
performance (COP). However, the proposed method
raises many questions about the accuracy of
refrigerant mass flow rate determining and the losses
in the drive. The authors of [17] propose the method
of indirect determination of the household
refrigerators energy efficiency, which can be applied
to SRU, however, only for the comparative
evaluation of existing models. It does not give the
COP absolute value. The works [18, 19] describe a
method for determining the SRU refrigerating cycle
basic thermodynamic parameters, but does not
consider the mechanical and electrical parameters of
the compressor, which significantly affect the unit
reliability.

Summarizing the literature review [12,13],
[14,15], [16,17], [18,19], it can be noted that despite
the many technical implementations of SRU control,
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diagnostics and technical condition monitoring
systems, there is no single approach to assessing
energy efficiency, reliability, timely diagnosis and
detection of SRU failures. Existing technical
solutions are aimed at automating the data collection
and processing with the provision of diagnostic
messages and the formation of control impacts.
Moreover, a great number of SRU sensors is used
and predictive diagnostics is not given much
attention. The issues of SRU energy efficiency
reliable estimation and reliability also remain
unsolved.

These problems actualize looking for new
approaches to the SRU diagnostics and technical
condition monitoring with the use of mathematical
modeling methods. It should be noted that the
existing models of both separate units and SRU in
general [19, 20], [21, 22] do not take into account
the variable mode of their operation, and the
mechanical processes in the compressor are
practically immeasurable.

THE PURPOSE OF THE ARTICLE

One of the main indicators of the SRU
efficiency and reliability is the COP. It characterizes
the degree of the refrigeration machine perfection
and determines the energy costs of cold producing.
Therefore, the system of SRU diagnostics and
technical condition monitoring should be able to
determine COP in real time and, if possible, to use a
minimum of technical means. Thus, the purpose of
this article is to develop a real-time algorithm for
determining the SRU energy efficiency using the
minimum required number of sensors.

MAIN PART. ALGORITHM FOR
DETERMINING THE PARAMETERS OF A
SRU ACTUAL REFRIGERATION CYCLE

The actual COP of any compression
refrigeration unit is defined as:
Qo

= =0 1

= €

where: Qo — the amount of produced cold; We — the
amount of consumed electricity.

Based on expression (1), we can conclude that
the algorithm for determining COP can be divided
into two parts: thermodynamic and
electromechanical. First, we will consider the
“thermodynamic” part of the algorithm, which
involves determining the parameters of the SRU
actual refrigeration cycle such as enthalpy at
characteristic points (Fig. 1).

As we can see from Fig. 1, determining the
enthalpies required calculating the compressor
specific work and cooling capacity requires
knowledge of the pressure values at the

characteristic points of the SRU cycle. Many
modern SRU especially ones with small and medium
cooling capacity do not have the ability to connect
external pressure devices, and depressurization of
the system leads to the refrigerant emission into the
atmosphere. This complicates the repair work. The
proposed method considers the option of
constructing the cycle with the possibility of
installing only four temperature sensors without

using pressure sensors.
A

Pressure, p

1 2

Entalpy, h
Fig. 1. Actual SRU refrigeration cycle

Source: compiled by the author

Thus, in order to calculate the cycle parameters
and determine the technical condition of the SRU in
operation, it is necessary to determine: the
refrigerant condensation temperature Ty and the
boiling point T, (Fig. 2); the compressor suction
temperature T,; the temperature of the supercooled
liquid refrigerant behind the condenser before the
thermostatic valve Tg; type of used refrigerant and
compressor model. The temperature sensors
locations are conditionally shown in Fig. 2.

KONDENSER " @«
5 4

/
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t
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Tsv /’ w
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&

Fig. 2. SRU structural scheme

Source: compiled by the author

It is possible to use special tables or thermal
diagrams of pressure — enthalpy and temperature -
entropy to determine the SHU parameters in the
single-phase field, but they are not always available
to watch engineer. In addition, the use of thermal
diagrams or tables reduces the calculations accuracy
because using graphical or numerical interpolation
methods. Taking into account the above, using a
complex of simple equations based on experimental
data and developed table of coefficients B, C, D of
refrigerant state equations [18] is proposed. These
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equations provide sufficient accuracy for calculating
enthalpy h as a function of the pressure p and the
temperature T.

Below we consider the algorithm for determining
the amount of cold Qo produced by SRU over a given
period of time 7.

1. The measured values of Txand Todetermine the
condensation pressure p, and boiling pressure p, by the
expression

p — eD0+D1-T+D2/T . (2)

The pressure at points 1, 2, 7 is taken equal to po, and at
points 3-6 is equal to p. (Fig. 1).
2. Enthalpy at points 1 and 2 is determined:

3B
h=CoT +50C-@% +C, + p(—z?’—BZ@zj, ©)
©

where: ® = T/100.

3. The entropy at point 2 is determined:

T p (2B,
S = Inp—R+C'®+C2 +ﬁ[g—2Bz®—BlJ(4)

The entropy at point 3 is assumed to be equal to s».

4. From equation (4) the compressor discharge
temperature at point 3 is determined for known ps Ta Ss.

5. The enthalpy at point 3 is determined by
expression (3) for known ps and 7.

6. The enthalpy at point 6 is determined for
known pg and 75 and at point 7a for known po and 7o by
the expression

h —ay+a,-©+a,-0°. (5)
7. The steam dryness at point 7 is determined
hg —h
X7 — 6 "7a . (6)
hl - h7a

8. The enthalpy at point 7 is calculated, taking
into account the refrigerant parameters on the
condensation and boiling lines

h, = he + X7 (h, —hg). ()

9. The SHU specific cold capacity is determined
as the enthalpy difference at the inlet and outlet of the
evaporator

qo =y —h7. 8

10. The compressor specific compression work is
defined as the enthalpy difference on the suction and
discharge lines

w=h; —h,. 9

11. The compression power of the compressor
is determined by the pre-calculated mechanical
power on the shaft Pm, taking into account the
efficiency n for the given compressor model and
the load

N = I:)m 1 - (10)
The efficiency of the compressor nc is generally
determined by the geometric dimensions and the

indicator diagram and can be calculated by the method
[23].

12. The refrigerant mass flow through the
compressor is determined for a specified period of time ¢

L (11)

w
13. The amount of produced cold over a period of
time 7 is calculated by integration

Qo = J-or(m "o )dt : (12)
The integration time value 7 is determined
depending on the dynamic properties of the SRU.

TECHNIQUE FOR DETERMINING
MECHANICAL POWER ON THE SRU
COMPRESSOR SHAFT

The “electromechanical” part of the SRU COP
determination algorithm, which involves real-time
calculation of the consumed electricity We (1) and
mechanical power on the compressor shaft Pn (10) is
considered.

The determining the mechanical power on the
compressor shaft P causes a number of difficulties,
because it involves knowing the instantaneous values
of the load torque A and the shaft rotational speed Q.

The determining of Q requires the speed sensor
installation, which is practically impossible in hermetic
and semi-hermetic compressors. Existing sensorless Q
detection systems [24] are imperfect because they
require complex coordinate transformations and real-
time differentiation operations.

It is almost impossible to measure the load torque
on the compressor shaft. Indirect methods of
calculating M, [25] have a certain error and can only
determine the mean value for one rotate of the
compressor shaft. The accuracy of the indirect power
determination method on the compressor shaft
described in [16] also raises doubts because of a
number of assumptions made by the authors.

These issues can be effectively solved by using
adaptive observers of the compressor motor condition.
When using observers, a mathematical model of an
inductive motor (IM) is introduced into the diagnostics
and technical condition monitoring system. This model
evaluates the current value of the rotor rotational speed.

In the work [26], for this purpose, equations
describing only electromagnetic processes in IM are
used

dl1g] M1y

ﬂ‘PrJ: [A] [‘Iﬂf[B]'[US] N
My =

Is=[C]~h, |

where: s is the stator current vector; ¥; is the rotor
flux vector; Us is the stator voltage vector; A4 is the
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own matrix of IM; B is the control matrix; C is the
output matrix.

In this structure of the model, the measured
coordinates of the compressor electric drive state are
the phase stator currents I, and the recovered
coordinate is the rotor rotational speed €, which is
determined by a special adaptation algorithm

(Fig. 3).

U o] 1
IM
I
L B { C ——
A+ @
ﬁ adaptation
algorithm
G

Fig. 3. The full order state observer of IM

Source: compiled by the author

This approach makes it quite simple to
determine the values of Q and the electromagnetic
torque M., and therefore the power Pg that the motor
produces. In the compressor steady operating mode,
the use of the described method for determining Pr,
is justified because, if the losses on the motor shaft
are neglected, Pn = Pq. But, as already mentioned,
the SRU compressors operate in variable operation
modes with a smooth or discrete control of the IM
rotor rotation speed. In this case, the above equality
is contravened and the task of identifying the load
torque M, on the compressor shaft arises.

As it will be shown below, this problem is
effectively solved if the complete mathematical
model of IM, which describes its electromagnetic
and mechanical processes [24], applies in the
structure of the compressor electric drive state
observer. In this case, the IM electromagnetic torque
can be used as the measured coordinate [27]. The
proposed structure of the state observer is shown in
Fig. 4.

In calculating the coefficients of the observer
matrix G, the use of the IM mathematical model
equations written in the canonical form [24] is
directly difficult, because the electromagnetic torque
M. is determined by the productions of the stator
current and flux vectors projections. However, this is
unnecessary, because the coefficients of the matrix
G are approximated determined on general
recommendations or practical experience [26, 27],
[28] and influent only on the state coordinates

identification rate by the observer. Therefore, it is
permissible to use a linearized IM model [29].

U o] M,
IM
B { C —=
9)
|—~ G A

Fig. 4. The proposed structure of the IM state

observer
Source: compiled by the author

Let's synthesize the IM state observer. For this
we use the modal method [30].
System of differential equations of IM

linearized mathematical model written in canonical
formis

d[M,]

at| ©
where: ws is the frequency of the IM current stator;
F is the perturbation matrix.

(R4 om0

Matrices of IM linearized model are

[ 1 _Zp-ﬂ1|
al=| T T |
|1 |
L5
[]—mm , (15)
o]
[F]zhlaj’

where: T, is the electromagnetic time constant of the
IM rotor; B is the mechanical characteristic stiffness;
J is the total moment of inertia of the IM rotor and
the compressor crank mechanism; z, is the number
of compressor IM pairs of poles. All these values are
determined by the catalog data of the IM and the
compressor.

Since the diagnostics and technical condition
monitoring system provides for direct measurement
of the IM electromagnetic torque Me, the vector of
the original (measured) variables is

Y = [C]-Pﬁj: i 0]-{'?;}: M,.

The state observer for estimating the vector of
state coordinates is constructed on the basis of the
IM mathematical model (14) by supplementing it
with a “stabilizing additive” [26, 27], [28, 29], [30].

(16)
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Considering the perturbation is uncontrolled,
and taking into account expressions (14) and (16), a
linearized mathematical model of the full order state
observer for the compressor IM will become as

d[M,] M, ] [G,] ;
o 7| a | B i) @

where: G is the matrix of the full order state observer
of dimension 2 x 1. The symbol " in (17) and further
indicates the estimated value of the corresponding
value.

The checking of the IM observability condition is
expressed by the requirement of the observation matrix
H rank equality to the research object order [31].
According to equation (14) the order of the IM
linearized model is 2. The observation matrix for the
accepted object of study is

o)
H=cT EATCT]=| z:-r~[3 I (18)
S

The rank of the observation matrix H is 2, which
satisfies the observation condition.

The elements of the matrix G are determined if
the characteristic polynomial of the observer D(s) is
equal to the normalized polynomial N(s):

. \2
SE-A+GC|=s"+A,-Q -s+(Q ) , (19
where: s is the Laplace operator; E is a single matrix;
Q' is the geometric mean root whose value is selected
from the condition of providing the required
performance of the observer; A; is the shape factor

whose value depends on the accepted root distribution
of the characteristic polynomial.

The characteristic polynomial of observer D(s)
taking into account (19) is

D(s)=52+[Ti+Gl].s_

r

2,96, -1)
T, -J
Equating the respective coefficients D(s) and N(s)

we obtain

(20)

G, =A-Q _t
Tr

( -)2 (21)
z,-B-J

If the value of the geometric mean root is taken
equal to Q'=1/(A+-T,), then finally the observer matrix is

[ 0 ]
G=| ALT =d (22)
[z, p-3-AZ-T, |

In the expanded form equations of the linearized
full order state observer of the compressor IM will be
written as

A ~ Z - ~
iMe :_iMe_p_’BQ_,_ﬁws
d . 1. .
EQ=3M9+GZ<Me—Me).

For the highest accuracy of the observer, it is
preferably to implement it on the basis of an IM
complete mathematical model. For this it is appropriate
to transform equations (23) to the next form

T, SN N <o, -2, 0)
(24
] (24)
dt

On the basis of equations (24) it is possible to
construct a structural diagram, which is presented in
Fig. 5.

1SG=M,+3:G,(M,-M,)

IM

ZLp
Fig. 5. Linearized full order state observer of IM
Source: compiled by the author

)
fo)

The analysis of equations (24) and the scheme in
Fig. 5, indicates that the “stabilizing additive” actually
represents the estimated value of the load torque on the
compressor shaft M,
M, =J-G, (M- M,). (25)
Therefore we build the full-order observer based on
the complete mathematical model of the compressor IM

%B}J - [A]{\;} }+ [B]-u.]
, (26)

M )

where: k; is the coefficient of electromagnetic coupling
of the rotor. The elements of the matrices A and B can
be taken from [26] and are determined by the
parameters of the equivalent circuit.

Based on equations (26) in the Matlab / Simulink
environment a simulation model of the compressor 1M
state observer is constructed (Fig. 6). For
simplification, the stator currents were expressed
through the appropriate fluxes and were excluded from
the model in the explicit form. The passport data of the
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small cooling capacity SRU compressor HCV6 were

Gain2

used as model parameters and were taken from [25].

Intl
< AN
¥
Gain3 / §
/
Gaing |  Gains Int2
<G
Gaind Gainl0 Gainl2  Int5
‘ Gain6 Int3
4 %_ Zp
~
Gainl3

| Gain9

Int4

Fig. 6. The simulation model of the IM full order state observer
Source: compiled by the author

The moment of inertia of the compressor crank
mechanism was assumed to be constant and equal to
its maximum value. This assumption is valid
because the change of the compressors total moment
of inertia in one revolution of the shaft does not
exceed a few percent.

As a result of the researching simulation model
of the SRU compressor IM and the state observer
when the signal of the stator voltage Us was equal to
220 V, and the nominal compressor load, the
average value of which was 0.3 N-m, graphs of the
Q, 1/s

200

§)

150

100

50

| | | | t,s
0 0.2 0.4 0.6 0.8 1

a

rotational speed Q (Fig. 7a) and the load torque M,
(Fig. 7b) on the compressor shaft (shown by solid
lines) as well as their estimates (shown by dots)
were received at the output of the state observer.
From Fig. 7, it can be seen that the estimated state
coordinates of the compressor are quite close to their
real values, and the observer error does not exceed
1.6 % of the rotational speed and 5.3 % of the load
torque. This indicates the efficiency of the proposed
method taking into account the assumed
assumptions.

M, Nm
0.8}

0.6F
0.4}

0 0.05 0.1

Fig. 7. Graphs of the compressor rotational speed and load torque
Source: compiled by the author

ALGORITHM FOR DETERMINING THE
ELECTROMECHANICAL PARAMETERS OF
THE SRU COMPRESSOR

the
SRU

The
electromechanical

algorithm  for
parameters  of

determining
the

compressor over a given period of time 7. is
considered.

1. The current value of the IM stator fluxes
vector ¥ is calculated from the measured values /s
and Us by the expression
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¥, =[(U R, I )dt, (27)
where: Rs is the active resistance of the IM stator
winding, which is determined from the passport
data. For excluding the accumulation of additive
measurement error that occurs during integration, it
is possible to use the recommendations from [28].

2. The current value of the IM electromagnetic
torque M. is calculated by expression

3
Me:E'Zp'(IlePs)- (28)

3. According to the passport data of the
compressor IM AD the elements of the matrices A,
B and G are determined.

4. The state observer determines the estimated
instantaneous values of the load torque M, and the
rotational speed Q of the compressor shaft. These
values are averaged over a period of time z..

5. The mechanical power on the compressor
shaft is calculated by the average values of M, and
Q:

Po=M,-Q. (29)
The resulting value Py is substituted into
expression (10) to calculate the compressor
compression power.

6. The amount of electricity consumed over a
period of time z. is determined by integrating the
voltage at the compressor motor stator clamps
instantaneous values and the consumed current:

W, = [*(1,-U )t (30)

Thus, for determination of Wk it is necessary to
provide for the installation of the voltage and
current sensors in the diagnostics and technical
condition monitoring system (Fig. 2). The value of
the period of time z. is assumed to be smaller than 1
because the inertia of the processes occurring in the
compressor is an order of magnitude smaller than
that of the evaporator.

GENERAL ALGORITHM FOR ESTIMATING
THE ENERGY EFFICIENCY OF SRU

The above provisions allow building a general
algorithm for estimating the energy efficiency of
SRU, the main indicator of which is the COP e.
This algorithm is presented in Fig. 8.

The analysis of the algorithm shows that it
actually contains three subroutines that calculate
specific  cooling capacity and compressor
compressing work, refrigerant mass flow through

the compressor and mechanical power on the shaft
in real time.

The most complicated solving process is the
estimation of the mechanical power Pn by a
synthesized full order observer. It is preferably that
the integration step in the calculation of the
equations was an order of magnitude smaller than
the inertia of the observer

1
At < -,
10-Q
It should be noted that with the on-off control
of the SRU cooling capacity for processor time
saving the Pn estimation subroutine and the W;
calculation can be started only when the
compressor works, and only Qo can be calculated
during the stop period.
Taking this into account the microprocessor
part of the diagnostics and technical condition
monitoring system is selected.

CONCLUSIONS

The conducted researches made it possible to
achieve the set purpose, namely the algorithm of
the real time SRU energy efficiency determination
was developed.

The algorithm provides the energy efficiency
estimation of the SRU as whole and also separate
elements such as compressor, motor and so on. All
this makes it possible to apply the FDD approach in
the design of the diagnostic system with specific
recommendations for service staff.

The use of a full order adaptive observer in the

(31)

SRU diagnostics and technical condition
monitoring system allows making a reliable
estimation of the compressor operational

characteristics which are practically not directly
measurable. In particular, the system is able to
determine in real time the mechanical load and the
rotational speed of the shaft for estimating possible
malfunctions of the compressor mechanical part.

The implementation of this algorithm requires
the installation of only 10 sensors. Among of them
there are 4 temperature sensors, 3 current sensors
and 3 voltage sensors. As temperature sensors, it is
preferably to use semiconductor thermistors with
the possibility of external connection to the
information outputs. In this case, it is possible to
create a mobile system for diagnosing and
monitoring the technical condition of the SRU,
which can be used by watch engineers.
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Fig. 8. Algorithm for SRU energy efficiency estimation
Source: compiled by the author
In general, the algorithm allows real time a system of the SRU diagnostics and technical
building the refrigeration cycle and in the presence  condition monitoring, which requires further
of a “reference” cycle can be the basis for creating researches.
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AHOTALIA

CrarTs po3risaae HOOyIAyBaHHS aJTOPUTMY OLIHKM CHEPreTH4HOi e()eKTHBHOCTI CyIHOBOI XOJIOJMIBHOI YCTaHOBKH 3
BHKOPUCTAHHSIM MiHIMaJbHO HEOOXIiZHOI KIIBKOCTI JaT4uKiB. BU3HaueHO, 110 iCHYIOYi METOAM [IarHOCTHKHA Ta KOHTPOJIIO
TEXHIYHOTO CTaHy CYIHOBHX XOJIOAWJIFHHX YCTaHOBOK HEJIOCKOHAJI Yepe3 HasBHICTh BEMMKOI KUIBKOCTI JaTYHKIB Ta HEOOXiTHICTH
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e(EeKTHUBHOCTI. 3aIpOIIOHOBAaHA METOJIMKA, SIKA JIO3BOJISIE BU3HAYATH XOJIOIMIBHUH KoeillieHT B pealbHOMY daci 6e3 HeoOXiMHOCTI
3yNMHKM POOOTH CYIHOBOI XOJOJWIBHOI YCTAaHOBKM Ta BCTAHOBJICHHA JAaT4MKIB THUCKy. s 1boro Meroiuka mnependauvae
OOYMCIICHHS TTMTOMOT XOJIOAOMPOAYKTHBHOCTI Ta PoOOTH CTHCKYBAaHHS KOMIIPECOpPAa, MEXaHIYHOI MOTYXKHOCTI Ha Baly Ta MacoBOI
BUTPATH XOJIOJWIGHOTO areHTa. PO3MISHYTHH anropHTM BH3HAYCHHS XOJIOJOIPONYKTHBHOCTI Ta pOOOTH CTHCKYBaHHS i3
3aCTOCYBaHHSIM JIMIIE YOTHPHOX MATYHMKIB TemIeparypd. JlaHuil anroputM meperndadae BH3HAYCHHS CHTANBIIH B XapaKTepHHX
TOYKAaX XOJOJMJIBHOTO IMKIYy 3 BHUKOPHCTaHHSIM DpIBHSHb CTaHy XOJOJMIBHOTO areHTa. 3ampoNOHOBaHA METOJIUKA OLIHKH
MeXaHIYHOI HOTY)KHOCTI Ha BaJly KOMIIpEcopa 3a IOMOMOTOI0 aIaNTHBHUX CIIOCTEpIrayiB CTaHy IIOBHOTO MOpsAAKy. OOIpyHTOBaHO
pIIEHHS B SIKOCTI BHMIPIOBAHOI BEJIMYMHU BHUKOPHUCTATH €IEKTPOMAarHiTHHH MOMEHT IPHBOJHOTO €JEKTPOJBHIYHAa KOMIIPEcopa.
CHHTE30BaHUH CIOCTEpirad CTaHy i3 3aCTOCYBAaHHAM MOJANBHOTO METOAY Ha OCHOBI JIIHEApHM30BAaHOI MOJEINI €NEKTPOJBUTYHA.
3anponoHOBaHUK BHpa3 Uil OOYMCICHHS CEpPeJHHOICOMETPHYHOIO KOPEHS Ta eNeMEHTIB MaTpHli crmocrepirada. OTpuMaHa
CTPYKTYypa CrocTepirada 103BoJsie OyyBaTH HOro Ha OCHOBI HOBHOI MaTeMaTHYHOI MOJIENIi €JIeKTPOIBUTIYHA Ta 3/i/ICHIOBATH OIIHKY
HE TINIBKM 4acTOTH OOepTaHHs, a ¥ MOMEHTY HaBaHTa)XCHHs Ha Baly Kommpecopa. B cepemosumii Matlab/Simulink mo6ynosana
iMiTaliifHa MOJENb cIocTepirada CTaHy eJEeKTPOABHUIYHa Kommpecopa. OTpuMaHi pe3ynbTaTd MOJENIOBAHHSA IMiATBEPIKYIOTh
Mpale3AaTHICTh 3alPONOHOBAHOT METOJUKU. PO3IISHYyTHH anropuT™M BH3HA4YEHHS €NEKTPOMEXaHIUYHMX TapaMeTpiB KoMIIpecopa 3a
3agaHUil MPOMDKOK dYacy 3 BHKOPHCTAHHSAM TPHOX JaTUYMKIB Hampyru Ta cTpyMmy. I[loOymoBaHW 3araibHHUN alrOpUTM OLIHKH
EHepreTHYHOI e(eKTHBHOCTI, KUl MOke OYTH OCHOBOIO JJIS CTBOPEHHS CHUCTEMH JIarHOCTHKU Ta KOHTPONIO TEXHIYHOTO CTaHy
CYIHOBOI XOJOAWIBHOI YCTAHOBKH.
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AHHOTAIIUA

CraTbsl paccCMaTpUBaeT MOCTPOCHHUE arOPUTMa OLEHKH JHEPreTHYecKoi 3((EeKTHBHOCTH CYHOBOM XOJIOAWIILHOW YCTAaHOBKH C
HCIIOJIB30BAaHMEM MHHHUMAJBHO HEOOXOIMMOro KOJMYECTBA JATYMKOB. YCTaHOBJICHO, YTO CYLIECTBYIOIIME METOIbI IUArHOCTUKH H
KOHTPOJISI TEXHHYECKOTO COCTOSIHHMS CYIOBBIX XOJOJMJIBHBIX YCTAHOBOK HECOBEPILICHHBI M3-3a HAIMYMsS OOJNBIIOrO KOJIUYECTBA
JTAaTYNKOB M HEOOXOIUMOCTH NMPHOCTAHABIUBATH PabOTy ycTaHOBKH. OOOCHOBAaH BBHIOOP XOJIOIMIBHOTO KOO(D(HUIMEHTa B KadeCTBE
nokasaTtensi sHepreTHueckod addexruBHocTH. [IpemioxkeHa MeTOAWKA, TMO3BOJSIOMIAS ONPENESTh XOJOAWIBHBIN KO3(QUIMEHT B
peabHOM BpeMeHH 0e3 He0OXOIMMOCTH OCTaHOBKH pabOThI CY0BOW XOIOIMIFHON YCTAaHOBKH U MCIOJIb30BaHMUS IATYMKOB JJABJICHUS.
JU1s 5TOrO METO/MKA MpENoNiaraeT BBIYMCICHHE YJIENBHON XOJOJONPOM3BOAUTENPHOCTH W paboThl CKAaTHS KOMIIpEccopa,
MEXaHMYECKOH MOIIHOCTM Ha Baly M MAacCOBOTO pacXoja XOJOAWIBHOTO areHTa. PacCMOTpeH alropHTM ONpe/eICHHUs
XOJIOIONIPOM3BOANTEIIBHOCTH M pabOTBl CKAaTHs C IPUMEHEHHEM TOJNBKO YeThIpeX AaTYMKOB TeMreparypbl. JIaHHBINH aaroputm
HpEeArosaraeT ONpeaeNICHHEe SHTANBIHI B XapaKTEPHBIX TOYKAX XOJIOAHJIBHOTO LHKJIA C HCIOJIb30BAHHEM YPAaBHEHHIl COCTOSHMS
XOJIOAMJIBHOTO areHTa. IIpe/yiokeHa METOJMKA OLGHKH MEXaHMYEeCKOW MOIIHOCTH Ha Baly KOMIIPECCOpa ¢ MOMOIIBIO aJalTHBHBIX
Ha0rofaTene COCTOSIHUS MOJIHOTO Topsiaka. OOOCHOBAaHHO pellleHHe B KadeCTBE H3MEpSeMOi BENMYHMHBI HCIONB30BATh
9NIEKTPOMarHUTHBIII MOMEHT MPUBOJHOTO JJIEKTPOABUraTess Kommpeccopa. CHHTE3npoBaH HaOIIOAATENb COCTOSHUS C MPUMEHEHUEM
MOJAIBHOTO METOAA Ha OCHOBE JIMHEAPH30BAHHOM MOJENM 3JeKTpoAaBHraressi. IIpemnoXeHO BBIPOKEHHE Ul BBIYUCICHHS
CpPEIHEreOMETPHYECKOro KOPHS M SJIEMEHTOB MaTpHIbl Haburoaarenst. [TomydeHHas CTpyKTypa HaOJIFoJaTelst I03BOISIET CTPOUTH €ro Ha
OCHOBE ITOJIHOM MaTeMaTHYeCKON MOJIENH 3JIEKTPOIBUTATENSI U OCYILECTBIISATH OLIEHKY HE TOJBKO YacTOTHI BPAllleHHs, HO U MOMEHTa
Harpy3ku Ha Baylly Kkommpeccopa. B cpeme Matlab / Simulink mnoctpoena umuTanMOHHAsE MOJETh HAOIIOAATENST COCTOSHHS
9JIEKTPOABHUIaTeNss KoMmipeccopa. IToydeHHbIe pe3yibTaThl MOJACIUPOBAHUS IMOITBEPXKIAIOT PabOTOCHOCOOHOCTh MPEIOKEHHON
METOJIMKHU. PaccMOTpeH ajiropuT™ OnpeaeNeH s IeKTPOMEXaHNUECKUX TapaMeTPoB KOMITpeccopa 3a 3a/IaHHbIN MPOMEXYTOK BpeMEHH
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C HCIOJNB30BAaHUEM TpPEX JATYMKOB HANpPsDKEHHS M ToKa. ITocTpoeH OOLIMi alropuTM OLEHKH SHEpreTHdeckoil 3(hdQexTHBHOCTH,
KOTOPBII MOXXET ObITh OCHOBOW JUISl CO3/IaHMSI CHCTEMbI JUAHOCTHKH M KOHTPOJISI TEXHHYECKOTO COCTOSIHHS CYHOBOH XOJIOAMIBHON
YCTaHOBKH.

KiroueBble ciioBa: Cy[oBas XOJOAWIbHAS YCTAHOBKA; HAOMIOAATENb COCTOSHHS, THATHOCTHKA, MOICIMPOBAHKE, alITOPUTM,
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