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INTRODUCTION

International Competition of Student Scientific Works “Black Sea Science” has
been held annually since 2018 at the initiative of Odesa National University of
Technology (formerly Odesa National Academy of Food Technologies) with the
support of the Ministry of Education and Science of Ukraine. It has been supported by
Black Sea Universities Network (the Association of 110 higher education institutions
from 12 countries of the Black Sea Region) since 2019, and by Iseki-FOOD
Association (European Integrating Food Science and Engineering Knowledge into the
Food Chain Association) since 2020.

The goal of the competition is to expand international relations and attract
students to research activities. It is held in the following fields:

. Food science and technologies

. Economics and administration

. Information technologies, automation and rebotics
. Power engineering and energy efficiency

. Ecology and environmental protection

The jury includes both Ukrainian and foteign scientists. In the 4 years that the
competition has been held, the jury included scientists frem universities of 24
countries: Angola, Azerbaijan, Benin, Bulgaria, China, €zech Republic, France,
Georgia, Germany, Greece, Israel, Italy, Kazakhstan, lzatvia, Lithuania, Moldova,
Pakistan, Poland, Romania, Serbia, Slovakia, Switzerland, Turkey, USA.

At the same time, every year the geography has expanded and the number of
foreign jury members has increased: from46 jury members representing 25 universities
from 12 countries in 2018,£0'73 jury members of the 46 universities from 19 countries
in 2022.

More than a thousandsstudent research papers have been submitted to the
competition from both Ukrainian and foreign institutions from 25 countries: China,
Poland, Mexico, USA, France, Greece, Germany, Canada, Costa Rica, Brazil, India,
Pakistan, Israel, Macedonia, Lithuania, Latvia, Slovakia, Romania, Kyrgyzstan,
Kazakhstan, Bulgaria, Moldova, Georgia, Turkey, Serbia.

The'interest of foreign students in the competition grew every year. In 2018, the
students representing 15 institutions from 7 countries have submitted 33 works. In 2021
the mumber of submitted works increased to 73, authored by the students of 40
institutions from 18 countries.

The competition is held in two stages. In the first stage, student research papers
are reviewed by members of the jury who are experts in the relevant fields. In the
second stage of the competition, the winners of the first stage have the opportunity to
present their work to a wide audience in person or online.

All participants of the competition and their scientific supervisors are awarded
appropriate certificates, and the scientific works of the winners are included in the
electronic proceedings of the competition. Every year the competition receives a large
number of positive responses from Ukrainian and foreign colleagues with the desire to
participate in the coming years.
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INFORMATION TECHNOLOGIES, AUTOMATION AND ROBOTICS

CONTROL SYSTEM OF CONDENSING DRYING PROCESS
WITH ENERGY RECOVERY USING HEAT PUMP

Author: Denis Chaplygin
Adyvisor: Dmytro Kovalchuk
Odessa National Academy of Food Technologies (Ukraine)

Abstract. The purpose of the work is to develop a system of automatic control of
the drying process, which would support adjustable variables in the regulatory zones
in both steady and transient modes of operation.

Research methods and tools - in identifying the properties of the object of control
used methods of imaginary active and passive experiment with further processing of
their results, control object models and control systems were developed in Simulink /
Matlab environment, parametric synthesis of the control system is carried out by the
method of optimizing the quality of its operation, the development of the advanced
system was carried out analytically using the apparatus of transfer functions.

The obtained results - the received system of the increased dynamic accuracy
which supports adjustable variables in regulatory zones both in steady, and in transient
operating modes

Scope - the system can be used to modernize the process of production of dried
fruits.

Significance of work and conclusions - the developed system has advantages in
comparison with traditional ACS which are used in practice.

Key words: heat pump, drying unit, heater, mathematical model, simulation
model, channel model, perturbation model.

I. INTRODUCTION

In the last decade, heat pump technologies are increasingly used not only in the
field of heat supply to heat consumers, but also in heat technology processes, one of
which is the drying of various materials and, in particular, food raw materials. For
example, fresh fruits contain about 75-90% water and 5-15% sugar, so they spoil easily,
wither quickly, rot. If you reduce the moisture content in fresh fruit to 10-20%, they
become resistant to microorganisms, do not spoil, in appropriate conditions can be
stored for a long time quite suitable for consumption for a long time. But due to the
high heat capacity of water, drying processes are very energy-intensive, so the use of
energy-efficient modes of drying processes is an urgent task.

The introduction of the condensing drying process with energy recovery through
the use of a heat pump can provide a significant increase in its energy efficiency.
However, existing heat pump drying control systems are usually not able to maintain
energy-efficient modes, the required dynamic accuracy of reproduction of the set
temperature and moisture content of the drying agent, which reduces energy efficiency
and may reduce the quality of finished products.

One of the most effective and proven ways to achieve this goal is to increase the
intellectual level of key process control algorithms (TP).
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One of such processes is the process of condensation drying of raw materials with
energy recovery through the use of a heat pump. This process is crucial in shaping the
quality of finished products, so increasing the requirements for the quality of regulation
of mode parameters is quite natural.

The paper presents studies of the process of condensation drying of raw materials
with energy recovery through the use of a heat pump as a control object (OK), which
resulted in mathematical models (MM) of the main control channels and perturbations.
Based on the obtained models, process control algorithms have been developed that
provide high quality control of regulated variables. Simulation modeling of the
behavior of the control system, which implements the developed control algorithms, is
performed, and its operability is confirmed.

II. ANALYTICAL REVIEW OF LITERATURE

There are various methods of automatic control of the drying process, which differ
in technological schemes, the number of adjustable parameters and control methods.

There is a method of automatic control of the grain drying process in a mine grain
dryer, including measuring and regulating the grain temperature,and drying agent
temperature in each zone of drying, measuring and regulating grain moisture at the exit
of the grain dryer and compensating for delays in'this control channel [I1latent Ykpainu
Ne 35801. Cnioci6 aBTOMaTUYHOTO YIpaBIiHAS HPOleCOM CYILHHS 3epHa B IIAaxXTHIN
sepHocymmapui F26B 25/22 / Crenano M.T., JloBue O.M.; 3assn. 02.04.2008.
Ony6:. 10.10.2008. bron. Ne 19]

The disadvantage of this method of automatic control is the low quality of the
finished product due to the harmful mutual influence of the control circuits, which is
quite significant.

I11. OBJECTysSUBJECT ANDMETHODS OF RESEARCH

3.1. Selection of the object for modernization of the automation system,
description and analysis of .the technological process and the corresponding
equipment implemented by him.

The essence of the technolegical process of condensation drying of raw materials
with energy recovery through the use of a heat pump is to remove moisture from the
raw material “and conyvert it into a dry product. The technological process is
implemented in the dryings«chamber. The technological scheme of the process is given
in Fig.1.
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Fig.1.— Technological scheme of the drying/process

In the stationary mode of operation of the installation, the flow of drying agent
with a temperature of 60 °C is fed into the drying chamber. After passing the material,
the stream enters the recycler, where excess heat is disposed of. After passing the
recycler, the flow of dryingagent passes throtigh the recuperator. After passing through
the recuperator, the flow/of drying agent enters the condenser of the heat pump, while
heating, and, heating up'in,the heater, enters the drying chamber. The cycle repeats.

The drying unit, which was developed in the laboratory of the Department of
ATP and RS ONAFT is a drying chamber with a heat pump.

The neminal eonsumption of the installation is 40 kg / h. The equipment also
includes atheat pump, the electric drive of the compressor of which has a capacity of 5
kW.

The purpose of the drying process is to obtain a product with specified quality
indicators./n industrial production, the achievement of the goal can be justified only
when ‘the technological process makes sense to implement, when a number of
requirements for the technological process are met.

It is expedient to realize technological process of drying if:

- there is a sufficient supply of raw materials for work, ie, if the stock is not less
than 1 ton;

- there must be electricity in the power supply circuits of the heat pump
compressor with average network parameters;

- There should be a place to ship the finished product.

The technological process of drying is a thermal process associated with the transfer of
heat from the drying agent to the wet material through their interaction in the drying
chamber. An important condition for the normal functioning of the technological
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process is the filling of the drying chamber with the product. We will parameterize the
technological scheme. The results of parameterization are shown in Fig.2.
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Fig. 2. — Parameterized technological scheme of the drying process
Designation on the parameterized technological scheme:
G — consumption of drying.agent, m*/c ;
O.asx — the temperature of the drying agent at the entrance to the drying chamber, set
by the drying technology, ¢C ;
dcasx — moisture content of the drying agent at the entrance to the drying chamber,
g/xg;
Ocasnx — the temperature of the driving agent at the outlet of the driving chamber, °C ;
deasux — the moisture content of the drying agent at the outlet of the drying chamber,
g/Kg;
O = the temperature of'the drying agent at the inlet of the condenser, °C ;
dg — the moisture eontent of the drying agent at the inlet of the condenser, g/kg;
®, — the temperature of the drying agent at the outlet of the condenser, °C ;
d; — the moisture content of the drying agent at the outlet of the condenser, g/kg;
®, — the temperature of the drying agent at the inlet to the recycler, °C ;
d, — the moisture content of the drying agent at the inlet to the recycler, g/kg;
®; — the temperature of the drying agent at the outlet of the recycler, °C ;
d; — the moisture content of the drying agent at the outlet of the recycler, g/kg;
®4 — the temperature of the drying agent at the outlet of the heat exchanger, °C ;
ds — moisture content of the drying agent at the outlet of the heat exchanger, g/kg;
G, — water consumption, M°/c;
Oy — cold water temperature, °C ;
O — hot water temperature, °C ;
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Gy — refrigerant consumption, M*/c ;

Giex — consumption of wet material, M%/c ;
Oqsx — temperature of wet material, °C ;

d,sx — moisture content of wet material, g/kg;
Gieux — consumption of dry material, m¥/c ;
Ousux — temperature of dry material, °C ;
d,enx — moisture content of dry material, g/kg;
P« — heat pump compressor power, KWT;

P, — fan power, kWT;

Up«— heat pump compressor speed, % X.p.o
Upren— power of the electric heater, % Xx.p.o
Uws— fan speed, % x.p.o

Table 1. — Table of regulations

Permissible deviations

from face value
Name of Unit of Nominal

Long Short-term

paramete | Marking | measure
value of the (t—a0) (0<t<<co)

IS ment parameter

time,
sec

size size

1 2 3 4 5 6 7

The
temperature
of the
drying
agent at the Ofanx e 60 +] +5 200
inlet of the
drying
chamber

Moisture
content of
the drying
agent at the

outlet of dédamnx g/kg 45 +] +5 200
the drying

chamber

The
temperature

of the water Oy oC 24 +0,5 +3 100c
entering the
recycler
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3.2. Development of a conceptual model of the object of regulation

For the drying process, the control actions include the power of the heater,
which changes the temperature of the drying agent at the inlet to the drying chamber
(Upren), the speed of the heat pump compressor (Uy,) and the fan speed that controls
the flow rate of the drying agent (Uws). For the drying process, it is expedient to
include the temperature of the recirculating drying agent ®,., in the controlled
disturbances. All other input actions are classified as uncontrolled disturbances. The
deterministic component of these perturbations is additively applied to the control
actions, and the stochastic component is applied to the adjustable coordinate.

Fig. 3.— Block dragram‘ofthe drying process as an object of regulation

3.3 ldentification of models of channels of transformation of object of regulation

Before starting the experiments, it is advisable on the basis of a priori data, based
on the physieal nature of the object, to pre-evaluate the properties of the channels
whose models are to be identified.

For the technelegical process of drying both on the control channel and on the
channel of controlled perturbation OK has the property of self-alignment, because the
technological process is thermal. Increasing the control action (power of the electric
heater) will'increase the drying temperature.

To identify the models of OK channels, we plan and conduct an active
experiment.
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Active experiment plan

1. By changing the control action, we achieve the value of the adjustable
coordinate, which would be in the vicinity of its nominal value. For our OK value
Upren = 60% x.p.0. , Upc = 60% x.p.o0. and U,,; = 60% x.p.o. will correspond to the
values of the adjustable coordinates @. = 60°C, Oy, = 24°C,

deasux = 45 g/kg.

2. We are waiting for the end of the transition process in the channels and the onset
of a stable mode in which the original variables will stop changing.

3. Let's change control actions step by step on 10% x.p.o., noting the moment of
the beginning of their change.
4. Register the change of output variables before the onset of'new stable modes,
the input action in this case may not be registered.

The results of the active experiment are shown in Fig. 4 —6

Uprer % x.p.0.
70 ! T I | T , 1

{7 IR Wi e e R N N, % ATTIISTTOS Froee o

BO5 e L _ / AAAAAAAAAAAAAAA ................ ................ ................ . -

&0

Fig. 4. — The results of an active experiment on the channel «Upen - Ocapy?
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Upz .% X.p.0
70
o o o TR e TR e R S R R S R o TR T o R ................. =
60 i i i i i i
0 10 20 0 40 50 B0 70

Fig. 5. — The results of an active eXperiment on the.channel «Up, - O»

Use %0 Xp.o.
70 T T T T T ] T T T
55_ ........... -
1] 20 40 B0 a0 100 120 140 160 180 200

0 20 40 B0 a0 100 120 140 160 180 200
te

Fig. 6 — The results of an active experiment on the channel «Uy - deapux?
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The following are the transfer functions for the 1st and 2nd order models for all
OK channels.

Transfer function of the 1st order channel model «Upen— Ocany» looks like:

D,5~a 20T

Wo(p) = ETTTE (1)

Transfer function of the 2nd order channel model «Upen— Ocanx» looks like:

05 -0 11850

Wo (p)= 13.6p+1)2 (2)
Transfer function of the 1st order channel model «U,— Oy, » looksilike:
—0,2 - e—23:54D
W, = 3
o(p) 11,5p#1 (3)
Transfer function of the 2nd order channel model «Uy— Oy, » tlooks like:
_0’2 ,e"16 68p
Wo(p)7 (8.61p% 1)2 )
Transfer function of the 1st order channel model«UwB = dcamn» 100ks like:
R6 o 53.04p
W = 5
o(p) 36,16p+1 )
Transfer function of the 2nd order echannel.model «U®B — deasu» 100ks like:
. 0,6 '8—34'86p
Wo(p)= (6)

(25,65p+1)2

Static propertiesiof OK are described by static characteristics (models) of channels.
They reflect the relationship between the input and output coordinates (variables) of
the OK channels in statically constant modes, ie after the attenuation of all transient
components,of these variables.

To identify ‘'models of static characteristics of the OK, we will conduct an active
experiments The results of the experiment to determine the static characteristics of the
channelsiare summarized in tables 2-4 and in Fig. 7 - 9.

Table 2
The results of the experiment to determine the static characteristics of the OK channel
«UpTCH _ ®CaBX »

Upren, % Upk, % Uos, % Ocasx, °C
X.p.0 X.p.0 X.p.0
60 60 60 60
70 60 60 65
80 60 60 70
50 60 60 55
40 60 60 50
0 60 60 30
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Ocass, °C
90

FY

BO

) /
) /

50 /

40

30

20 : : : . ; . . : . , Uppet, % xpo

0 10 20 30 40 a0 &0 70 B8O S0 100

Fig. 7 — The results of the experiment to deter the s
OK channel characteristics «Uprea — Oganx »

15 : : . . Ups, “oxp.o

1] 20 40 60 B0 100

Fig. 8 — The results of the experiment to determine the static
OK channel characteristics «Upx — Oy »
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Table 4

The results of the experiment to determine the static characteristics of the OK channel
«Uos — deapux »

UpTeH, % Upl@ % UCU& % dcaBMx,
X.p.o X.p.0 X.p.0 g/kg

60 60 60 45

60 60 70 39

60 60 30 34

60 60 50 50

60 60 40 57

Qeapm. TIET

75

A5 -
&0

35 -
30—

15

u}

20 440

&0 B0

-

U:_'u, “'U Ipo

100

Fig. 9 — The results of'the experiment to:determine the static
OK channel characteristics «Uws— dcapux »

3.4 Identification of deterministic.and random models
components of uncontrolled disturbances
Models of uncontrolled perturbations should be represented as the sum of four
components. Moreoyer, the deterministic component (fjiy) it is expedient to lead to a
controlling action; and quasi-deterministic and stochastic components (fic) it is
advisable to bringto an adjustable/coordinate (look. Fig. 10).
The model of controlled perturbation by analogy with the model of uncontrolled
perturbations can be represented by four components that will be applied to the input
of the channel of controlled perturbations.

fen

Up‘rﬁﬂ

lBPEE

¥

h‘n‘ O cax

Fig. 10 — Block diagram of adding coordinate perturbations
Since it is not possible to obtain real experimental data, you can use a data generator

for educational purposes.
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Fig. 11 — The results of generating a random process corresponding to the
signal of uncontrolled perturbation for the studied OK
You can use the IdSoft environment program to identify modelswef controlled and
uncontrolled coordinate perturbations.
The results of estimating the probabilistic characteristics of a random process
corresponding to uncontrolled perturbations are given in/Fig. 12, a corresponding to
controlled perturbation — in Fig. 13.
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Fig. 12 — The results of estimating the probabilisti¢’ charactetistics of a random
process corresponding to uncontrolled,perturbations
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Fig.'13(1)— The results of estimating the probabilistic characteristics of a random
process corresponding to controlled perturbations
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Fig. 13— The results of estimating the probabilistic characteristics of a random
process corresponding to controlled perturbations

As can be seen from the simulation results, the"OK model fairly accurately
reflects the experimental data. This means that theiresulting OK‘'model is adequate.

To reproduce the model of perturbations as stochastic processes with given
properties, we will use the method of forming a filter. It,can be represented as such a
structural scheme of modeling (Fig. 14).
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Fig. 14 — Model modeling scheme OK
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Fig. 15 — The result of channel simulation «Upreq = ®ax», Where 1 is a model of the
Ist order; 2- 2nd order'model;3- experimental data.
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Fig. 16 — The result of channel simulation «Uy — ©y», where 1 is a model of the 1st
order; 2- 2nd order model; 3- experimental data.
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Fig. 17 — The result of channel simulation «Ugws — dcasnpwhere 1 is a model of the
Ist order; 2- 2nd order model; 3= experimental data.
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Fig. 18 — Block diagram ‘of the model of stochastic processes

Forming filter parameters: : k£ = 3,5, 7=187 c; { = 0,6. The scheme of modeling
the final forming filter is'shown in Fig. 19, and the simulation results - in Fig. 20.
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Fig. 19 — Uncontrolled perturbation simulation scheme with generating filter having
adjusted parameters
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Figy20 — The results of modeling uncontrolled perturbations
with the calculated parameters of the forming filter
Let's estimate accuracy of reproduction of parameters in model. The results show
that the reproduction error of, o i B less than 5%, hence the accuracy of the model of
uncontrolled perturbations is sufficient.
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3.5. Parametric synthesis and analysis of ACS base structure

The coordinate diagram of the drying process in the drying chamber is shown in
Fig. 3. According to it, the block diagram of the ACS will look like Fig. 21.

f1 i
@canﬂlH A®Casx UpTCH S~o .. @can
Wei(p) s --mmmmmmmmoee N ‘

®XB3JJH & A@XB UpK .- 7 /'/ @XB
SN, eI T R ST — - —

3
dcalmxgﬂH AdcaB”X Uon \\\\\ dCﬂBI/IX
——><T>—» Wes(p) 4.% —r

Fig. 21 — Block diagram of the ACS control of the moisture content of the drying
agent of the basic structure

A

In the picture:

Uy — the position of the,cold water temperature regulator;

Upren — the position of the temperature regulator of the drying agent;

U, — the position‘of the regulator of the moisture content of the drying agent;

Ocuex — the temperature of the input drying agent,’C ;

®,, — chilled‘water temperature, °C ;

deasux — moisture content of the drying agent, g/kg;

f1, f2.and {3 — veetors of uncontrolled perturbations;

We(p)y Wea(p) and Wes(p) — transfer functions of temperature controllers for the
preparation of the drying agent ;

Oore P~ the set temperature of the input drying agent, °C;

@ #" — the set value of the cooled water temperature, °C;

deasnd™' — the set value of the moisture content of the drying agent, g/kg;

A @ —error in adjusting the temperature of the input drying agent;

A O, — cooling control error;

Adcasux — error in adjusting the moisture content of the drying agent;

As a control algorithm we choose proportional-integral-differential (PID)
control algorithms.
Transfer function of the PID controller

1 T, . p
wh(p)=K, |1+ + Lt 7
)=k, (175 gt ©
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The block diagram of the ACS modeling with the PID controller is shown in Fig. 22,
and the structural scheme of modeling OK - in Fig. 23. The results of optimizing the
settings of the PID controller are shown in Fig. 24-26.

Fig. 22 — Block diagram of ACS modeling wi controller
for optimal parametric synthesis
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Fig. 25 — The results of optimizing the settings of the PID controller by channel
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Fig. 26 — The results of optlmlzmg the settlngs ofthe PID éontroller by channel

U — Ogo»

Research of ACS with PID-regulator on roughness will be carried out at
variation of £ 20% of time of delays'OK. The results of the rough analysis are shown

in Fig. 27.
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Fig. 27 — The results of the test ACS with PID-regulator
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As can be seen from the results, the ACS with the PID controller is rough,
because in conditions of variation of the parameters of the OK gives convergent
transients.

3.6. Structural and parametric synthesis and analysis of ATS

increased dynamic accuracy

The main way to increase the dynamic accuracy of the considered ACS is to
build an ACS invariant to the action of controlled perturbation. Accordingly, the block
diagram of the ACS will look like Fig. 28.

@ ca
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Fig. 28 — Block diagram of ACS of the‘increased dynamic accuracy
In the diagram W,“(p) — transfer function corrective communication.

Before the simulationy@ corrective link was calculated and simplified. The block
diagram of modeling of ACS'of the increased dynamic accuracy is resulted on Fig. 29,
and the results’- on Fig. 30.

.....

Fig. 29 — Block diagram of ACS modeling
increased dynamic accuracy

475



INFORMATION TECHNOLOGIES, AUTOMATION AND ROBOTICS

As in the case of ACS base structure, the study of ACS increased dynamic
accuracy for roughness will be carried out with a variation of = 20% of the delay time
OK. The results of the analysis for roughness are shown in Fig. 31.
As can be seen from the results, the ACS of high dynamic accuracy is rough, because
in the variation of the parameters of the OK gives convergent transients.
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Fig. 30 — The results of optimizingithe parameters of the corrective link
as a partof ACS of the increased dynamic accuracy
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Fig. 31 — The results of the test for the severity of ACS increased dynamic
accuracy
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IV. RESULTS OF WORK
We will conduct a comparative analysis of transients in parametrically optimal systems
by the value of the criterion of optimality and indicators for which the maximum
allowable values. Comparison of ACS of basic structure and ACS of the increased
dynamic accuracy is given in Fig. 32 and in table 5.
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Fig. 32 — Results of comparison of ACS of basic structure (1) and ACS
of the increased dynamic accuracy (2)

477



INFORMATION TECHNOLOGIES, AUTOMATION AND ROBOTICS

Table 5 - Comparison of ACS bass structure and ACS
increased dynamite accurations

Option ACS Direct quality indicators Adjustment time, ¢

AOcsx | Adeasnx | Oxn | Upren - | «Ugs —| «Upie — Criterion
max max Ocan? deasn” | Oxp»

T 2 2 1,5 150 150 30 147

AT 1,6 1,3 1,3 100 90 60 51

As can be seen from the results of the comparison of transients, the / ACS of increased
dynamic accuracy in terms of quality is almost no different from the ACSvof the basic
structure, except for a slight reduction in the criterion of optimality. But the ACS of
increased dynamic accuracy is coarser with a variation of £20% of the delaytime
OK, this can be seen by comparing the results of testingthe ACS,of the basic
structure and ACS of increased dynamic accuracy forroughness (Fig. 27 and

Fig. 31).

V. CONCLUSIONS

The scientific work was performed in order to study the possibilities of
increasing the energy efficiency of theprocess of condensation drying of raw materials
with energy recovery through the use of a heat pump by improving control algorithms.

The analysis and synthesis of. ACS of the increased dynamic accuracy is
executed. The synthesis of ACS was implemented and tested using the Simulink
emulator Matlab medium.

Increasing the dynamic accuracy of the ACS with PID-regulator gave a
significant improvement in thesquality of transients and the system became rougher.

ACS invariant te contrelled perturbation was chosen as the structure.
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